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SPEECH BY THE PRESIDENT OF THE AZERBAIJAN NATIONAL

ACADEMY OF SCIENCES, ACADEMICIAN AKIF ALIZADEH AT THE

INTERNATIONAL CONFERENCE �PHYSICS OF STARS AND

PLANETS:ATMOSPHERES, ACTIVITY, MAGNETIC FIELDS�

Dear participants of the conference! Ladies and gentlemen!

Azerbaijan has a rich scienti�c tradition and a long history of astronomy.

Today, we are celebrating the 60th anniversary of Shamakhi Astrophysical Ob-

servatory � the heir of the Maragha Observatory, which was founded in the 13th

century. The Maragha Observatory and its founder Nasiraddin Tusi have had

great contributions to the development of astronomy and other �elds of science.

It is no coincidence that Shamakhi Astrophysical Observatory is named after the

prominent Azerbaijani astronomer Nasiraddin Tusi.

The organization of the scienti�c activity at the state level in Azerbaijan was

initiated with the establishment of the Academy of Sciences in 1945. A new stage

in the development of the national astronomy started especially in this century.

In the 1920s, the expeditions were organized on the study of Astro-climate in the

territory of Azerbaijan, and �nally, Shamakhi Astrophysical Observatory, which

celebrates its anniversary today, was found in 1959. The former President of the

Academy of Sciences, academician Yusif Mammadaliyev played a particular role in

the establishment of the observatory and its formation as an independent research

center.

Shamakhi Astrophysical Observatory has become an important research cen-

ter and achieved great scienti�c results in the �eld of astrophysics, due to the

exceptional care and support of the Great Leader Heydar Aliyev, who gover-

ned Azerbaijan during the former Soviet Union and after its independence. The

Orders, signed by the National Leader for the comprehensive development of the

Observatory and his visit to the Observatory in 1974 are still of great importance.



Unquestionably, Shamakhi Astrophysical Observatory is experiencing the heights

of development today. Thus, Shamakhi Astrophysical Observatory has been re-

constructed, its physical infrastructure has been renewed, and has been equipped

with expensive tools and apparatuses for high-performance research by the re-

levant Decree of the President of the Republic of Azerbaijan, Mr.Ilham Aliyev,

who places great importance to the development of science in our country. The

President Ilham Aliyev personally participated in the opening ceremony of the

Observatory after the reconstruction and restoration, and stated that �Azerbaijan

should be the leader of the region in all areas, as well as in science.� All of these

have posed a daunting task not only for astrophysicists, but for all Azerbaijani

scientists as a whole.

Today, important reforms are underway in Azerbaijani science. Serious steps

are being taken to strengthen the physical infrastructure of science, to identify the

challenges of the world science and to set priorities for the interests of our country,

to integrate science and education, to train young specialists and to improve the

social status of researchers. Obviously, the priorities and goals, challenges and

tasks of independent Azerbaijani science fairly di�er from previous periods. Our

country has recently focused on space exploration more, and great opportunities

for the development of the space industry and technologies have been created.

The launch of the Azerbaijani telecommunications satellites into orbit is a typical

example of this. I am very delighted to say that in the near future, Azerbaijani

astronomers are planning to perform astrophysical experiments on nano-satellites.

Shamakhi Astrophysical Observatory is expanting its international scienti�c

relations. The Observatory has established scienti�c cooperation with many ins-

titutions throughout the world. In recent years, the employees of the Observatory

have been involved in the grants of the European Union, research programs wit-

hin the framework of various international projects, numerous international con-

ferences, symposiums and workshops. The participants, prominent scholars and

experts attending these conferences are also a good indication of the international

scienti�c relations of the Observatory.

Shamakhi Astrophysical Observatory, which celebrates its 60th anniversary,

is training young scientists and integrating science and education. Today, it has

close scienti�c relationship with Baku State University, National Aviation Aca-

demy and Azercosmos. As a result of these relations, the fundamental faculties

and joint laboratories have been established to provide extensive opportunities

for multidisciplinary research. The laboratory established under the leadership of

academician Arif Pashayev and academician Roald Sagdeev promises signi�cant

perspectives in the �eld of astrophysics.

Unlike previous years, the development of modern information and commu-

nication technologies, the rapid expansion of the Internet, the use of arti�cial

intelligence and Big Data technologies have paved way to new opportunities in

astrophysics, as in all other areas.

Dear participants of the conference!

The program of the conference and the reports to be delivered here are quite

rich and comprehensive. I think that the most relevant and current problems in



the �eld of astrophysics will be discussed and new ideas and concepts will ap-

pear. I wish you all success in the work of the conference and look forward for

cooperation. Thank you for your attention!
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OBSERVATIONAL CAPACITIES OF 1M OPTICAL

TELESCOPE ZEISS-1000 AT SAO RAS

V. V. Komarov a*, V. N. Komarova a, A. S. Moskvitin a,

S. V. Drabek a, E. V. Emelyanov a, V. S. Shergin a

a Special Astrophysical Observatory of Russian Academy of Sciences,

Nizhnij Arkhyz, Karachai-Cherkessian Republic, Russia

The optical telescope of SAO RAS Zeiss-1000 saw its �rst light of about

thirty years ago. Nowadays it is successfully used to solve a wide variety of

astrophysical problems. The main observational programs are photometry of

bright quasars and nearby Seyfert galaxies, studies of X-ray binaries, monitoring

of AGNs, bright supernovae, binary systems, magnetic survey of main sequence

stars, compilation of spectral atlases of bright Ae/Be Herbig stars, studying

variability of magnetic peculiar stars etc. We present a brief historical review

starting at the time the Zeiss-1000 was manufactured and put into operation.

A few words are said about the instruments the telescope was equipped

at the beginning and the enhanced ones. Photometric and spectroscopical

observational methods realized presently are described in detail. Attention

is paid to newly developed devices. When placed in commission they will

provide new observational capacities. To raise e�ectiveness of the Zeiss-1000

operation complex automatization of the telescope control system, update

of main mounting components and the telescope optical system adjustment

were done. There were increased the telescope pointing accuracy and the

tracking quality. The modes of fast-moving celestial bodies' program tracking

and of remote observations were realized. The Zeiss-1000 observational time

is scheduled and awarded by the Time-Allocation Committee for telescope

proposals submitted once a half-year semester.

Keywords: Telescopes � Photometry � Spectroscopy

1. INTRODUCTION

Zeiss-1000 is a meter-class re�ecting telescope with a Ritchey�Chrétien�coudè
optical system. The main advantage of such a scheme is a maximum possi-

* E-mail: komarov@sao.ru
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Fig. 1. Optical layout of a RC telescope with the Cassegrain focus F1 (left) and

the coudè one F2 (right): 1 �primary mirror; 2 � secondary one; 3 � �at mirrors

switching light beam to coudè focus F2

ble versatility at a moderate cost of instrument manufacturing. The Ritchey�
Chrétien (RC) system provides both wide �eld imaging and detailed photometric
and spectral studies of individual objects using small-sized attachable instruments
in Cassegrain focus(Figure1).

The English mounting "EM-2" used is suitable without design changes for
all telescope locations at geographical latitudes between −55 and 55 degrees. In
addition, owing to the symmetry of load distribution elastic deformations on the
angular deviation of the hour axis is negligible. The mounting "EM-2" makes
it possible to redirect light to the coudè focus with two �at mirrors (Figure 1).
The placement of �xed instruments of large size in the coudè focus. expands
the range of possibilities, allowing to equip the telescope with a high-resolution
spectrograph.

Serial production of one-meter optical telescopes was carried out at the Carl
Zeiss JENA Enterprise. Orders were made by various countries: Bulgaria, Hun-
gary, Czechoslovakia, China. The USSR acquired eight telescopes for observa-
tories of Dushanbe, Alma-Ata, Crimea, and Maidanak. One-meter optical tele-
scopes of the Ritchey�Crétien system with the English mount "EM-2" have been
created since 1968. The �rst two telescopes of this series were installed in obser-
vatories of India. The tenth of 11 Zeiss-1000 manufactured was ordered for the
Special astrophysical observatory [1].

After shipping to the location place in 1986 the Zeiss-1000 of the Special
astrophysical observatory was installed in close proximity to the Big Telescope
Alt-azimuthal (BTA). There was an idea to apply the Zeiss-1000 as an auxiliary
tool to test equipments and observational methods for the BTA and conversely
to use in part the instruments and techniques of the BTA. This would make the
observation time allocation more e�cient as pretty lot of observational programs
did not require the BTA facilities.

8
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The telescope Zeiss-1000 saw �rst light in October, 1989. The creation of
stationary equipment and respective observational methods laid the foundation
of running independent scienti�c programs. The main ones were studies of binary
systems, photometry of bright quasars and nearby Seyfert galaxies, monitoring of
AGNs, bright supernovae, x-ray binaries, magnetic survey of main sequence stars,
compilation of spectral atlases of bright Ae/Be Herbig stars, studying variability
of magnetic peculiar stars, etc. Most of them are e�ectively continued at present.

2. INSTRUMENTS IN OPERATION AT ZEISS-1000

For more than a quarter-century history of observations with the telescope
a variety of instruments were used. Three of them are in operation nowadays
being modernized. They are the CCD photometer and the Universal Astronomi-
cal Grating Spectrograph in the Cassegrain focus and the Coudè-Echelle Grating
Spectrometer.

2.1. CCD photometer

A CCD photometer was one of the �rst main instruments at the telescope. It
was designed for direct imaging of astronomical objects both without a �lter, in
white light (3600�10000Å), and in the bands of the Johnson�Cousins system U ,
B, V , Rc, Ic. Presently it is used in monitoring studies of variable objects such
as blazars (see [2]), x-ray sources, LBV-candidates, massive SNe, etc.

Table 1. CCD photometer characteristics

Limiting magnitude

Parameters of EEV 40-42 CCD Band Texp Seeing Mag

Format, px 2048× 2048 U 300s 1.5′′ 20.3

FOV, arcmin 7.3× 7.3 B 300s 2.0′′ 21.0

Scale (w/o binning), ′′/px 0.216 V 300s 1.8′′ 20.3

Gain (low), e−/ADU 2.02 Rc 300s 2.0′′ 20.3

Gain (high), e−/ADU 0.50 Ic 300s 1.6′′ 19.4

Readout noise (normal), e− 3.3 Rc 3h 1.8′′ 22.7

Limiting magnitudes for the detection of faint objects at a 3σ-level and the
parameters of CCD EEV 40-42 are given in Table 1.
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2.2. Coudè-echelle spectrometer CEGS

The Coudè-Echelle Grating Spectrometer1) was designed [3] for high-
resolution spectroscopy, R = 30000, in a wide spectral range of 3600 − 9000 Å.
The spectrometer is equipped with a circular polarization analyzer and replace-
able di�raction echelle gratings providing operation in several observation modes:
of high, medium, moderate and low resolution. Their paramemeters are listed in
Table 2. The instrument is successfully used in monitoring of long-period mag-
netic stars (see, e.g. [4]). The limiting magnitude for an hour exposure in good
weather conditions is about 7m.

Table 2. Parameters of CEGS gratings

Grating Size, mm Blazing angle, deg grooves/mm

G37.5 200× 300 63.5 37.5

G75 200× 300 63.5 75

G600-1 200× 200 24 600

G600-2 200× 200 8 600

2.3. Universal Astronomical Grating Spectrograph

For long slit spectropy of extended astronomical objects with medium spec-
tral resolution in the wavelength range of 360�1000 nanometers the Universal
Astronomical Grating Spectrograph2) (UAGS) is used.

The parameters of the UAGS di�raction gratings are given in Table 3.

Table 3. Parameters of UAGS

Grating grooves/mm Spectral Variance, Spectral

range, Å Å/px resolution, Å

R325 325 3700�7500 2.5 7.5

R400 400 3600�8000 2.1 6.3

R1302 (φ = 43◦10′) 1302 3880�6300 0.5 1.5

R1302 (φ = 53◦) 1302 5750�7050 0.7 2.1

Spectra are recorded using the CCD EEV 42-40 detector (2048 × 2048 px,
13.5× 13.5µm) mounted on the Schmidt�Cassegrain camera (F = 150 mm). The

1) https://www.sao.ru/Doc-k8/Telescopes/small/CEGS/cegs.html (in Russian)
2) https://www.sao.ru/Doc-k8/Telescopes/small/UAGS/
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Fig. 2. CCD images of a comet �eld (unreduced) and satellite tracking (Texp = 1s),

left and right panels correspondingly

spectra are obtained without binning in the `high' and `norm' mode, which cor-
responds to the readout sampling of 0.52e−/ADU, readout noise of about 2e−

and the scale of 1.35′′/px along the slit. For wavelength calibration a He+Ne+Ar
source of line spectrum is used. The main observational programs run with the
instrument are search for magnetic stars, spectroscopy of multiply systems, and
monitoring of AGNs, blazars and various transients (e.g. [5]).

3. ZEISS-1000 MODERNIZATION AND PROSPECTIVES

Since 2013 the automated control system creation with simultaneous upgrade
of the main telescope units has raised Zeiss-1000 to a new standard of observations
[6]. Contrary to a large number of existing projects of automation and roboti-
zation of telescopes, this has ensured integration of all the telescope instruments
with its control system, providing the possibility of remote observations based of
fully automated programs3). Replacement of control systems of telescope axes
drives, main axis sensors, implementation of calculation and tracking algorithms
has yielded a pointing accuracy increase and a signi�cant tracking quality im-
provement, including the possibility of program tracking of fast-moving celestial
bodies (see Figure 2).

In 2015, the telescope optical system was adjusted [7]. Presently it ensures
an image quality of about 0.5′′ at 80 per cent of energy level. This signi�cantly
expands the observational capabilities of the telescope.

3) https://www.sao.ru/hq/vsher/reports/report2014/ (in Russian)
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The Zeiss-1000 observational time is scheduled and awarded by the Time-
Allocation Committee for telescope proposals submitted once a half-year semester.
It is also allocated to observations with "guest" instruments (e.g. MaNGaL [8]).

The Multi-Mode Photometer-Polarimeter (MMPP) has been designed re-
cently [9] to be installed in the Cassegrain focus. It is equipped both with highly
e�ective broadband interferential �lters of the Johnson-Cousins system and medi-
umband �lters centered on the wavelengths of basic emission lines of the objects
under investigation. In the polarimetric mode there is a possibility of linear and
circular polarization studies. MMPP is a modern instrument for a solution of a
wide range of photometric and polarimetric tasks (see e.g. [10]). When placed in
commission it will provide new observational capacities.

REFERENCES

1. P. Köhler, D. Gutcke, and H.-J. Teske, Jenaer Rundschau 32, 189 (1987).

2. V. S. Bychkova, A. E. Volvach, L. N. Volvach, et al., Astrophysical Bulletin 73,

293 (2018).

3. F. A. Musaev, Astronomy Letters 22, 715 (1996).

4. V. D. Bychkov, L. V. Bychkova, and J. Madej, (2016).

5. V. P. Goranskij, E. A. Barsukova, A. N. Burenkov, et al., Astrophysical Bulletin

75 (2020), accepted to Astrophysical Bulletin.

6. V. V. Vlasyuk, S. V. Drabek, V. V. Komarov, and V. S. Shergin, in Ground-based

and Space Optics-electonic Complexes (Lytkarino, Russia, 2014), p. 81.

7. S. V. Drabek, V. V. Komarov, S. A. Potanin, et al., Astrophysical Bulletin 72,

206 (2017).

8. A. E. Perepelitsyn, A. V. Moiseev, and D. V. Oparin, in Trudy VII Pulkovskoj

molodezhnoj astronomicheskoj konferencii (Pulkovo, Sankt-Peterburg, 28 � 31

maja 2018), Izvestija GAO, 226, pp. 65-70, in Russian.

9. E. V. Emelyanov and T. A. Fakhullin, in Trudy 9-oj Vserossiiskoj nauchnoj kon-

ferencii "Systemnyj Analyz i prikladnaya sinergetika" (Nizhnij Arkhyz, Russia,

2019), pp. 216�221, in Russian.

10. R. I. Uklein, E. A. Malygin, E. S. Shablovinskaya, et al., Astrophysical Bulletin

74 (2019).

12



Astronomical Journal of Azerbaijan, 2020, Vol. 15, No. 1

ON SOME STARS PROBABLY HAVING EXTENDED

ATMOSPHERES OR GAS-DUST SHELLS, OR CIRCUMSTELLAR

DISK-LIKE STRUCTURES, ACCORDING TO THE RESULTS OF

HIGH-SPEED PHOTOMETRY OF THEIR LUNAR

OCCULTATIONS

E. M. Trunkovsky*

Shamakhy Astrophysical Observatory named after Nasireddin Tusi of the Azerbaijan National

Academy of Sciences

When the edge of the dark part of the lunar disk covers (occults) one or

another star, at the movement of the Moon relatively stars in the sky, a

di�raction e�ects arise, and as a result one can record a di�raction curve of

stellar occultation. A typical duration of passing of the �rst Fresnel zone over

line of sight of the observer for the light source with a very small angular

diameter (of the order of a few milliarcseconds (mas)) is of the order of 20

milliseconds (ms), therefore for a su�ciently detailed registration of changes

of the light �ux in the di�raction pattern it is necessary to record them

with a time resolution of the order of 1 ms. For that one should have some

modern photometric recorder which allows us to record light �ux from the

investigated star with the mentioned time resolution. If the di�raction curve

of the lunar occultation of a star is recorded then it is possible to do it's

analysis in order to distinguish it from the di�raction curve corresponding

to the occultation of a point-like source, and thus to determine directly the

angular size of the star under study. During more than 35 years a several

tens of occultation di�raction curves of various stars have been recorded with

a time resolution of 1 ms in the Observatories of Sternberg Astronomical

Institute of M.V.Lomonosov Moscow State University. When processing the

data obtained the angular sizes of some stars have been determined directly.

Among the stars studied by the method described, the author discovered

a number of objects that, in all probability, have a complex structure and

include either an extended stellar atmosphere, or a gas-dust envelope, or

a circumstellar disk-like structure. Some examples of such results are presented.

Keywords: Stars - Ultrafast photometry � Lunar occultations of stars � Di�rac-

tion curves � Detailed study of complex objects structure - Personal

*

E-mail: tem@sai.msu.ru
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1. GENERAL PRINCIPLES

When the edge of the dark part of the lunar disk covers (occults) one or an-

other star, at the movement of the Moon relatively stars in the sky, a di�raction

e�ects arise, and as a result one can record a di�raction curve of stellar occul-

tation. Of course, a model of Fresnel di�raction on the in�nite rectilinear edge

of the remote screen is applied. A typical duration of passing of the �rst Fresnel

zone over line of sight of the observer for the light source having a very small

angular diameter (of the order of a few milliarcseconds (mas)) is of the order of

20 milliseconds (ms), therefore for a su�ciently detailed registration of changes

of the light �ux in the di�raction pattern it is necessary to record them with a

time resolution of the order of 1 ms. For that one should have a photoelectric

photometer which allows us to record light �ux from the investigated star with

the mentioned time resolution. If the di�raction curve of the lunar occultation of

a star is recorded then it is possible to do it's analysis in order to distinguish it

from the di�raction curve corresponding to the occultation of a point-like source

(having a zero angular diameter), and thus to determine directly the angular size

of the star under study. In case of a close double star it is also possible to analyze

the recorded occultation di�raction curve and to determine angular sizes of it,

though in this case a model of the occultation process is more complex [2].

2. SOME TYPICAL ASTROPHYSICAL RESULTS OBTAINED FROM

THE ANALYSIS OF THE OCCULTATION DIFFRACTION CURVES

RECORDED IN THE OBSERVATORIES OF STERNBERG

ASTRONOMICAL INSTITUTE

During more than 35 years in the observatories of Sternberg Astronomical

Institute of M.V.Lomonosov Moscow State University several tens of occultation

di�raction curves of various stars have been recorded with a time resolution of

1 ms. When processing the obtained data the angular diameters of some stars

have been determined directly, and in some other cases a close binarity of the

stars under study has been discovered, and the angular distances between their

components and their luminosity ratios have been measured.

Further, we will focus on those cases where the results of processing of the

recorded occultation curves suggest the presence of either extended atmosphere or

gas-dust envelope, or a circumstellar disk-like structure around the studied star.
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3. THE CARBON STAR Y TAURI

The occultation di�raction curve of the very interesting carbon star Y Tauri

has been recorded by the author with a time resolution of 1 ms in the �R� spec-

tral band of optical range on February 4, 1982, with the 48-cm telescope-re�ector

AZT-14 of the High-Mountain Tien-Shan' Observatory of Sternberg Astronomical

Institute located near Alma-Ata (Kazakhstan). The results of this observation

have been �rst published in the paper [1]. The �gure below shows the recorded

occultation curve and the optimal model di�raction curve corresponding to the

determined value of the star's angular diameter.

The horizontal axis here presents the time in milliseconds relative to a certain

conditional moment. Vertical axis - signal values proportional to the measured

�ux. Dots - photometer counts corresponding to the accumulation interval of 2 ms

(obtained by adding each two consecutive counts accumulated over 1 ms); solid

line - optimal model curve for the occultation of a single star. The lower part of

the �gure shows the deviations of the counts from the optimal model curve.

15



E. M. Trunkovsky AJAz: 2020, 15(1), 13-19

In the processing of the photoelectric occultation curve the dependences of u

� the sum of the squared normalized deviations of photoelectric counts from the

model curve - on the angular diameter value d, under di�erent limb-darkening

assumptions have been obtained. The following angular diameter values (in mil-

liseconds of arc) corresponding to the minima of the function u(d) were obtained

from these dependences: d = 5.0 mas for a uniformly illuminated stellar disk,

and d = 5.6 mas for a fully limb-darkened disk. The error of d was estimated

by the value σd ≈ 1.2 mas. This estimate was obtained by constructing �qua-

siobserved� realizations by perturbing the resulting optimal model curve with use

of the data on the observed noise in the recorded occultation area.

The analysis of the available results of direct angular diameter measurements

of this carbon star in di�erent spectral bands of the optical and near-IR spectral

ranges has been carried out in the paper [3]. Currently, the author is aware of

the results of seven (7) direct measurements of the angular diameter of Y Tau ob-

tained from the analysis of photoelectric lunar occultation curves recorded from

May 14, 1975 to February 20, 1994. It should be emphasized that among the
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known occultation observations only two were made in the optical range (in the

red part) of the spectrum. All the remaining occultation observations of this star

were conducted in the near-IR spectral range.

The existing picture is generally such that the values d in the near-IR range

are signi�cantly larger than the values obtained in the red region of the optical

range. Therefore, a possible interpretation of the measurement results suggests

that the values of the star's angular diameter d obtained from the observations

in the red part of the optical spectral range correspond to the star's photosphere,

whereas the values d obtained from observations in the near-IR range correspond

to the optically thick radiating layers of its extended atmosphere or envelope.

4. 68 δ3 TAURI = HR 1389

This is the case when a visual inspection of an occultation curve reveals no ob-

vious indications of binarity, however the di�raction curve analysis disagrees with

the indirect estimates of a star's angular size. Such discrepancies could be due

to a previously unknown binary or multiple nature of the star, or the presence of

circumstellar matter (extended envelope or atmosphere, disk-like structure, etc.)

around the primary component. In the given case, the analysis of the lunar oc-

cultation curve using a single-star occultation model results in angular diameters

far in excess of any reasonable indirect diameter estimates for a star of the given

spectral type and corresponding luminosity, though the agreement of the model

curve with the photometric data is fairly good.

In the next �gure the di�raction occultation curve of 68 δ3 Tauri = HR

1389 obtained by the author on March 2, 1982 at 14h46m29s UT in the B band

(λ0 ≈ 0.44µm) at the Tian-Shan' High-Altitude Observatory with the 48-cm re-

�ector is presented. The points are light-�ux measurements (photometer counts

for 2 ms intervals); the solid curve is the best-�t model di�raction curve for the

occultation of a single star. The horizontal axis plots the time from an arbitrary

zero point (in milliseconds); the vertical axes of the upper and lower panels plot

the light �ux (2-ms counts) and the deviations of the counts from the best-�t

model di�raction curve (2-ms counts). The star's magnitude is V= 4.29 and its

spectral type is A2 IV; it is a visual triple star (ADS 3206), with the angular

separation of the two brightest components, A and B, being 1.6", with a magni-

tude di�erence of 3m.7. The third component C is at an angular distance of 77"

from the component A, and its magnitude is ∼ 11m. 68 δ3 Tauri is also known as

variable V776 Tau.

The occultation curve presented here corresponds to the primary compo-

nent A; its angular diameter d was estimated using several indirect methods as

0.0006", 0.00046", or smaller. The primary A was itself long known as a spec-
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troscopic binary with a period of 57.2d; however, some spectroscopic observations

obtained in the 1990s did not con�rm its binary nature. Thus, information about

the structure of the primary is somewhat contradictory.

From analysis of the similar manner as in the case of Y Tau where we assume

�tting a best-�t di�raction curve for the occultation of a single star we have ob-

tained the following angular diameter values for the component A of 68 δ3 Tauri:

d = 0.00182" (for a uniformly illuminated stellar disk, with the limb-darkening

coe�cient µ = 0) or d = 0.00204" (for a stellar disk with full limb darkening, µ

= 1).

The relative rms deviation of the photometer counts from the best-�t model

curve is fairly small (compared to many similar occultation light curves), approx-

imately 3.2% (which is corresponding to a signal-to-noise ratio S/N ∼ 30), so the

quality of the curve is fairly high, and our results are reasonably reliable. As it

follows from our numerical simulations the possible uncertainty in the measured

diameter d due to the in�uence of stochastic noise present during the observations

should not be much larger than 0.001"; and for the noise level in our particular
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case, this is within 0.0007".

Thus, the value of d derived from our occultation observation is much larger

than reasonable diameter estimates for the primary, and can be considered as a

kind of e�ective size of the object, which possibly has a complex structure. This

could mean that the primary of 68 δ3 Tau is actually a very close binary or mul-

tiple system, especially if we take into account the indications of close binarity

noted above. On the other hand, since information on the primary's binarity is

somewhat contradictory, the presence of an extended envelope or some kind of

a disk-like structure around the primary star is also possible. In principle, the

presence of exoplanets in a hypothetical circumstellar disk is not ruled out. The

angular diameter of the radiating region determined from our occultation obser-

vation corresponds to a linear size (projected on the plane of the sky) of about

0.1 AU.

5. CONCLUSIONS.

From the material presented above we can see that photoelectric observations

of the lunar occultations of stars with a high time resolution allow us to reach a

very high angular resolution of the order of 1 milliarcsecond, and on this basis

to measure directly the angular sizes of various stars and to study in detail their

structure. This, of course, gives a possibility to obtain very valuable and unique

information for stellar astrophysics and physics in general.
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The results of our search for the fast line pro�le variations (LPVs) in spectra
of selected OBA stars presented. The regular variations of the line pro�les
with periods ranging from several hours to days in spectra of OBA stars are
well known. Our recent observations of the A0 supergiant HD 92207 using
FOcal reducer low dispersion spectrographs FORS 2 in spectropolarimetric
mode mounted on the 8-m telescopes of the VLT showed moderate line pro�le
variations of various lines on a time-scale of minutes or maybe even of a
fraction of a minute. This �nding triggers our program of looking for the short
time-scale LPVs in spectra of early-type stars. Such LPVs were detected in
our spectral time series for HD 93521 (O9.5III), rho Leo (B1Iab), α2 CVn,
and other stars obtained with the multi-mode focal reducer SCORPIO at
the 6-meter telescope (Northern Caucasus, Russia). Both regular LPVs with
periods from 1 to 90 minutes and non-regular LPVs with amplitudes of 1-2%
of the continuum level are detected. The presence of such short-term spectral
variability in spectra of massive OBA stars, which are suggested to be the
progenitors of Type II supernova, was not studied systematically in the past
and can be critical for the current theoretical understanding of the supernova
physics and for the stellar evolution modeling.
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1. INTRODUCTION

Houtgast [7] �rstly argued that line pro�les in the solar spectra are variable

and depend on the location on studied region of the solar disks. Later, nearly 50

years ago line pro�le variations (LPVs) in the stellar spectra were detected [4].

50 years of LPV's investigations showed that the main causes of them are the ro-

tational modulations and non-radial pulsations (NRPs). The typical time scales

of LPVs in spectra of OBA stars vary from days to hours (see, for example, pa-

pers [5, 11]).

For example, for bright A0 supergiant HD 92207 Kaufer et al. [12] detected the

NRPs with period of 27 days. No shorter periods were revealed. Searching fast

and super-fast LPVs appeared to be far from the scienti�c interest. Nevertheless,

recently the short time-scale line pro�le changes in the spectra of HD 92207 were

discovered by Hubrig et al. [9].

These authors detected the clearly visible LPVs for di�erent elements in indi-

vidual subexposures up to 3% in intensities and up to 30 km/s in radial velocities.

Such short-term variations were not known before for non-radially pulsating su-

pergiants. To test whether short-periodic spectral variations are typical or not

among all OBA stars, we start the investigations of the LPVs for selected OBA

stars with the multi-mode focal reducer SCORPIO at the 6-meter BTA telescope

and spectropolarimeter FORS2 at the 8-meter VLT (Antu) telescope in ESO.

In the present paper we describe our program of the fast LPVs studies and

review the results of our investigations of the fast LPVs in spectra of selected

OBA stars at the moment. The program itself and suitable targets are presented

in section 2. In section 3 it is formulated what kinds of telescopes and spectro-

graph can be used to reach the necessary quality of spectra. The results of our

observations are given in section 4. Parameters of super-fast LPVs for observed

targets are discussed in section 5. Some conclusions are given in section 6.

2. THE PROGRAM AND TARGETS

The goal of the program is to study the super-fast variations of line pro�les in

spectra of OBA stars at second and minute time scales and to develop the mod-

els explaining such variations. We also plan to investigate how the parameters

of the super-fast LPVs depend on the spectral type, rotation velocity, chemical

abundances, and other parameters of the stars.

The list of program stars includes all bright stars for which we are able to get

high temporal resolution and to provide the signal to noise ratio S/N ≥ 1000.

The list of targets contains all bright OBA stars with V≤ 4m. A catalog of bright

stars [3] will be used as a source for selecting the targets. It means that the sam-
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ple of OBA stars will be complete up to this magnitude. The list of more weak

targets with V> 4m will predominantly include the massive OB stars.

3. TELESCOPES AND INSTRUMENTS WHICH ARE NEEDED TO

REVEAL THE FAST LPVS

Super-fast variability of line pro�les in spectra of OBA stars on minute and

second time scales can be detected for such parameters of observations only:{
∆T < 30 s,

S/N ≥ 1000.
(1)

Here ∆T is the time interval between successive observations. Usually ∆T is a

sum of exposure and CCD matrix reading time. The selection of telescopes and

spectrographs have to be made to provide such parameters of observations as

those given in Eq. 1.

This means that the diameters of the telescopes used for observations must

be in the any case greater than 1 meter. To provide the ratio S/N ≥ 1000 it is

necessary to use spectrographs with low resolving power R ∼ 1000/2000. Higher

spectral resolution can be only used for very large telescopes with the diameter

D > 5 meter.

4. RESULTS OF OBSERVATIONS

4.1. List of targets

So far, we obtained spectra of 6 OBA stars with high time resolution. Next

instruments were used to search the fast LPV:

1. ESO, 8-m telescope VLT with spectropolarimeter FORS2. Standard resolv-

ing power is R = 2000. Typical S/N ratio is 1000-3000.

2. Special Astrophysical Observatory (SAO, Russia), 6-m telescope with spec-

trograph SCORPIO and resolving power R = 2000. Typical S/N ratio is

∼ 2000.

Parameters of our observations can be found in Table 1. The object names are

given in 1st column. Spectral types and visual magnitudes are presented in tables

2-3. In columns 4th and 5the we marked the total number of spectra for each

star and the exposure time. Dates of observations are given in the last column.

The star λ Eri from our list can be observed both in ESO and in SAO as it can

be clearly seen from the �nding cart in Fig. 1. We plan to organise such multisite

observations in a future.
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Fig. 1. Constellation Eridanus. The location of λEri is marked with red circle.

Table 1. Stars observed to detect the fast LPVs.
Star Sp.Type V Nsp Exp (s) Date obs.

6-m telescope, SCORPIO

HD93521 O9Vp 7.06 529 3 19-20.01.2015

ρLeo B1 Iab 3.871271 1 19-21.01.2015

α2 CVn A0spe 2.90 387 1 21-22.01.2015

γ UMi A2III 3.00 249 11 07.01.2017

VLT, FORS2

HD92207 A0Ia 5.45 32 ∼ 60 2011-2012

λ Eri B2III(e)p4.02 155 ∼ 3 2006-2007, 2016

4.2. Regular LPVs

We detect the regular components of LPVs with periods from 1 to 90 minutes

for all studied stars excluding HD 922207. Full time of observation for this star

was too small to be sure that detected by us LPVs are periodic.

For fast rotating O9.5III star HD 93521 the regular variations of H and He

line pro�les with periods 4-5 and 32-36 minutes were discovered (see Figs 1-3 in

paper [15]). Kholtygin et al. [15] argued that the fast LPVs in spectra of HD 93521
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can be connected with the high mode of Non-Radial Pulsations (NRPs). Periods

of regular line pro�le variations depends on the pulsation mode. It is probable that

detected LPVs are connected with p modes of NRP with values of l ∼ 50 − 200.

Such high NRP modes are well known in the solar 5-minutes oscillations (see, for

example, the paper [20].

Investigation of the super-fast variability of line pro�les in spectra of the slowly

rotating BIa supergiant ρ Leo by Kholtygin et al. [1, 16] showed the presence of

the regular short-period variations of the H and He line pro�les with periods rang-

ing from 2 to 90 minutes. Using the window Fourier transform we were able to

reveal the presence of short-period regular components of the LPVs with periods

from 1 to 5 minutes and a slightly varying frequency, up to 20% per 2 hours. Such

quasi-regular components with variable periods have not been detected previously

and their nature remains unclear. The authors also revealed the irregular LPVs

in spectra of ρ Leo discussed in the next subsection.

The LPVs in spectra of the magnetic standard α2CVn were investigated

by Kholtygin et al. [17]. The regular short-time variability in spectra of this

star was not studied earlier. We discovered 3 regular components in the LPVs

with periods P1 = 50.4 ± 3.6min, P2 = 31.4 ± 2.2min, and P1 = 17.3 ± 0.4min.

Studying the LPVs in spectra of δ Sct variable γ UMi revealed the regular

components with periods P from 9 to 65 minutes (see Fig. 2). The components

with shorter periods can be harmonics of the main periodic component with a

period P = 64.9 ± 6.6min.
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Fig. 2. Left panel: Hγ LPVs in spectra of γ UMi, Right panel: Fourier spectra
of Hγ LPVs in spectra of this star.

Super-fast line pro�le variations in spectra of well-known non-radially-

pulsating single bright Be star λEri were investigated by Hubrig et al. [10]. The

LPVs with periods from 3 to 40 minutes were detected. A search for periodicity

in the time series from 2006 to 2016 indicates the potential presence of a magnetic
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�eld variations with a period of ∼ 13.7min, which possibly indicates the presence

of the small-scale local magnetic �elds on the stellar surface.

4.3. Irregular LPVs

Fig. 3. Clumped wind structure.

We suppose that there can be irregular spectral variations connected with

the cooling the hot plasma heated by shocks in the wind. Characteristic vari-

ability time for irregular variability can be estimated from plasma cooling time

and plasma recombination time. These values for hot plasma in the clumped

stellar wind (see Fig. 3) vary from ∼ 3 − 6 seconds to ∼ 5 minutes [13]. The

typical amplitude of the variability is ∼ 10−2�10−3 s of the �ux in the adjacent

continuum.

Kholtygin et al. [16] reported that Hβ line pro�les in spectra of ρ Leo ob-

tained after 1332 and 1338 seconds from the start of observations (shown with

dashed-and-dotted curves in the paper Fig. 2 in [16]) are 2-4% higher (in units

of the continuum �ux) than the rest of the line pro�les. The same �ux excess is

detected for other line pro�les in spectra of ρ Leo as it can be seen in Fig. 4.

5. PARAMETERS OF SUPER-FAST LPVS

We detect the LPVs in spectra of all studied stars. In Table 2 the global

parameters of line pro�le variations in spectra of these stars are listed.

Star names are given in the 1st column of Table 2. In the 2nd column the

characteristic times of fast LPV are written. In the 3rd column we put the charac-

ter times of the regular LPVs. In the column 4 the rms magnetic �elds of studied

stars calculated accordingly the formula by Borra et al. [2] are given The mag-

netic �eld measurements are taken from the references given in the column 5. The

connection of detected LPVs with possible magnetic �eld of the star is now under
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Fig. 4. Overplotted line pro�les for all 1271 spectra of ρ Leo in the region
λλ4621 − 4675Å. The thick red curves show the line pro�les obtained after 1332s

and 1338s from the start of the observations.

Table 2. Parameters of LPVs in spectra of program stars.
Char

Star LPV time LPV type B, G References

HD93521 2-5 min Regular ∼130 [8]

ρLeo 1-90 min Regular+ ∼50 [14]

irregular ∼50
α2 CVn 18-135 minRegular ∼1100 [18]

γ UMi 10-65 min Regular non detected [19]

HD92207 2-3 min probably regular ∼225 [9]

λ Eri 3-40 min Regular ∼150 [10]

question. Many authors pointed out the regular variability of the line pro�les can

be an indicator of the stellar magnetic �eld. All studied by us stars excluding

γ UMi appeared to be magnetic. Resuming we can preliminarily conclude that

the fast line pro�le variability in spectra of OBA stars may be related with their

magnetic �elds.

6. CONCLUSIONS

Our study allowed us to make the following conclusions:

� VLT, FORS2 and 6-m telescope BTA, SCORPIO observations show the

presence of short-period LPV not known previously for OBA stars.
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� Fast variations in the pro�les in the spectra of HD 93521, λ Eri, ρ Leo,

γUMi, and α2 CVn are probably associated with high modes of NRP.

� There is evidence that fast irregular LPVs can occur among OBA stars.
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Di�erent methods of fundamental parameters determinations � e�ective tem-

perature (Teff), surface gravity (log g), metallicity ([M/H]), radius R/R�, mass

M/M�, luminosity � for B to K stars are brie�y described. They include both

`model-independent' methods such as total �ux measurements + interferom-

etry; asteroseismology (Teff , R/R�, log g, M/M�); and `model-dependent'

methods. The latter methods are based on the modelling of di�erent observ-

ables such as photometric indexes, stellar spectra, stellar �ux ( Infra Red Flux

method - IRFM).

A special attention is paid to spectroscopic methods. The �rst one is based

on equivalent width measurements and excitation/ionization equilibrium. The

second method is `Spectroscopy Made Easy' (SME) package which �ts the

calculated spectrum to the observed one varying the global stellar parameters

(Teff , log g, [M/H] ) and parameters de�ning spectral line shape (ξt, microtur-

bulent and macroturbulent velocities). Although SME originally was developed

for massive parameter determinations in F-G-K stars hosting planets, it is suc-

cessfully working for B and A stars, in particular SME version that includes

NLTE analysis.

Keywords: fundamental parameters � stars � photometry � interferometry �

asteroseismology � spectroscopy

1. INTRODUCTION

Determination of fundamental stellar parameters is one of the most impor-

tant tasks in astronomy. The accurate parameters and atmospheric abundances

together with the star positions and kinematic properties allow us to constrain

Galactic stellar populations and chemical evolution. I present a short review of the

modern methods of stellar fundamental parameters determinations. These meth-

ods are either 'direct' � interferometry, asteroseismology, or 'model-dependent'

such as photometry and spectroscopy.

* E-mail: ryabchik@inasan.ru
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2. INTERFEROMENTRY

Stellar e�ective temperature Teff may be derived from the Stefan-Boltzmann

low: Teff =
(

4fbol
σθ2LD

)1/4
, if one knows the bolometric �ux and stellar angular diam-

eter. The modern observational interferometric technique allows us to measure

angular diameters of relatively bright stars [2, 3] with an accuracy of 3% and

better. Linear diameters are estimated using known stellar parallaxes taken from

Gaia DR2 catalogue [4], for example. The uncertainty of the linear radii is 3 �

5%. Bolometric �ux is derived by the integration of the observed photometric

data calibrated in absolute units (see Fig. 1, taken from [3]).

Fig. 1. Photometric energy distribution of four stars. Squares represent the photo-

metric points and the grey curve represents the �tted spectrum. Copy of Fig.1 from

[3].

Interferometry gives us direct stellar radii, e�ective temperatures and lumi-

nosities, although some modelling of the limb-darkening is applied. Stellar masses

then are estimated from the evolutionary tracks, and surface gravites are derived

from model-dependent masses and direct radii: g/g� = M/M�(R/R�)−2. A

comparison of angular diameters derived with the di�erent instruments shows an

agreement within 10% (see Fig.3 in [3]).

3. ASTEROSEISMOLOGY

Observations of the solar-like stellar pulsations privide a unique possibility

for accurate mass, radius and surface gravity determinations. A short theory de-
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scription is given in [5] and schematically represented in Fig. 2, which is taken

from [5]. Large frequency separation between modes of the same angular degree

` and consecutive radial orders n, n+ 1 is proportional to stellar mass and radius:

∆ν0 ∝M1/2R−3/2. This relation is valid for the Sun and stars with the solar-like

oscillations. The second relation connects the frequency of the maximum power

spectrum with the stellar fundamental parameters: νmax ∝ MR−2T
−1/2
eff . Scaled

to the solar values these two relations allow us to derive stellar mass and radius

from the observed ∆ν0 and νmax if we know stellar e�ective temperature (direct

method):

M

M�
≈

(
νmax
νmax,�

)3 ( ∆ν0

∆ν0,�

)−4 ( Teff

Teff,�

)3/2

(1)

R

R�
≈

(
νmax
νmax,�

)(
∆ν0

∆ν0,�

)−2 ( Teff

Teff,�

)1/2

(2)

One also may include models of stellar evolution for the masses and radii es-

timates calculating a grid of evolutionary tracks in a range of metallicities. The

resulting mass and radius are derived from the best-�tting model for the observed

∆ν0, νmax and known Teff , and [M/H]. This method is called as grid-based method

(see [7] and references therein), which is not direct but assumes modelling.

Fig. 2. Schematic diagram of the power spectrum of solar oscillations. Each peak

corresponds to an oscillation mode: solid peaks are ` = 0 modes and dashed peaks

are ` = 1. Copy of Fig.4 from [5].

Huber et al. [6] performed fundamental parameters determinations for 10 stars

using simultaneously interferometric and asteroseismic observations provided by

space missions Kepler or CoRoT. The authors provided detailed description of
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the methods, performed a careful analysis of the possible errors and made com-

parisons between the parameters derived by di�erent methods. They found that

asteroseismic radii are accurate to 4%. A comparison between asteroseismic and

interferometric radii is shown in Fig.7 of [6], which is reproduced in Fig. 3. Other

comparisons will be mentioned later.

Fig. 3. Comparison of stellar radii measured using interferometry (PAVO) and calcu-

lated using asteroseismic scaling relations. Black diamonds show Kepler and CoRoT

sample, and red asterisks show several bright stars as indicated in the plot for com-

parison. The dashed line marks the 1:1 relation. Copy of Fig.7 from [6]. See details

in [6].

4. PHOTOMETRY

Now I brie�y describe fundamental parameters determinations based on the

photometric observations.

4.1. Infrared Flux Method (IRFM)

This method was proposed by [8] �rst to derive stellar radii. The main idea is

that stellar angular diameter is de�ned by the ratio of the �ux measured at the
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top of Earth's atmosphere fbol to the �ux emitted from the stellar surface Fbol,

and this relation is valid for the bolometric �uxes and for any monochromatic �ux

(infrared, for example):

θ2
LD = 4fbol/Fbol = 4fλ/Fλ (3)

While Fbol = σT 4
eff , we have a relation for Teff :

Teff =

(
4
fbol

σ

FIR

fIR

)1/4

(4)

Surface infrared monochromatic �ux FIR is chosen because for stars hotter

than 4000 K it is dominated by the continuum opacities, which are rather well

known, and it depends linearly on Teff (Rayleigh�Jeans region). Hence, this

�ux is easily calculated from the model atmosphere. The bolometric �ux fbol

is derived from the multi-band photometry taking into account the bolometric

correction (see Fig 1). The IR �ux fIR is usually derived from JHKS magni-

tudes. Iterative procedure is used to determine Teff because of the mild depen-

dence of the bolometric corrections and IR �uxes on atmospheric model. After

Teff determination it is easy to derive stellar angular diameter and linear radius

for the stars with known parallaxes. R/R� determinations. The homogeneous

Teff scale was obtained for more that 1000 dwarf and giant stars in the wide

range of parameters: 3600≤Teff≤8000 K and −4.0 ≤ [Fe/H] ≤ +0.5 ( [9] and

references therein). Based on these determinations Ramírez & Meléndez [10] pro-

vided metallicity-dependent temperature versus color calibrations. Calibration

coe�cients for seventeen colors in the photometric systems UBV, uvby, Vilnius,

Geneva, RI(Cousins), DDO, Hipparcos-Tycho, and Two Micron All Sky Survey

(2MASS) were derived which �t the IFRM Teff with standard deviations from

30 to 120 K. Fig. 4 shows a comparison between angular diameters and e�ective

temperatures derived by direct methods (interferometry) and by IRFM. These

plots are taken from [9] (Figs.14,16).

No systematic shifts are noticeable. Angular diameters derived by two meth-

ods agree to better than 0.2 mas on average; e�ective temperatures agree within

70 K with the small shift of 18 K.

5. SPECTROSCOPY

Determination of the stellar atmosphere parameters by means of spectroscopy

is based on the selective sensitivity of the line intensities and the line pro�les to

the variations of the atmospheric parameters: Teff , log g, element abundance εel,

and microturbulent velocity ξt.
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Fig. 4. Comparison of stellar angular diameters (left panel) and Teff (riht panel)

measured using interferometry (θLD, Teff (dir)) and by IRFM (θIRFM, Teff (IRFM)).

Copy of Figs.14,16 from [9]. See details in [9].

5.1. Equivalent widths method

The eqiuvalent width (EqW) method is based on the EqW measurements of

well-de�ned absorption lines. Usually, the lines of Fe I and Fe II are used be-

cause the stellar line spectrum consists of the numerous lines of this element with

accurate atomic parameters for many of them. If one has a model atmosphere

then it is easy to calculate theoretical line EqW and deduce the individual line

abundances The �nal atmospheric parameters are derived by removing any de-

pendance of individual line abundances on the excitation energy E.P. (excitation

balance � Teff indicator), on the line equivalent width (ξt indicator), and on the

equal mean abundances for Fe I/Fe II lines (ionization balance � surface gravity

indicator).

where

These three equilibrium conditions are solved simultaneously to derive the stel-

lar atmospheric parameters: e�ective temperature (Teff), surface gravity (log g),

microturbulent velocity (ξt), and the iron abundance ([Fe/H]). A good description

of EqW method is given in [11] and is illustrated here by plots taken from this

article (Fig. 5).

EqW method has been successfully applied to study large samples of F, G,

and K solar type stars (see, for example [12,13] � 1033 stars).
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Fig. 5. Abundance of Fe I as a function of excitation potential (E.P.) and reduced

equivalent width (R.W.) for the �nal stellar parameters of the solar-type star HD 1461

[11].

5.2. Spectrum �tting

The EqW method is mostly based on the lines of Fe I and Fe II because

they compose the largest part of the lines with the accurate atomic parameters

observed in stellar spectra. However, in hot stars Fe I lines disappeared from

stellar spectra, while atomic parameters for higher ionization lines are not enough

accurate and may produce large errors in atmospheric parameters determinations.

'Spectroscopy Made Easy' (SME) program package, developed by [14, 15] al-

lows us to determine automatically the atmospheric parameters Teff , log g, average

metallicity [M/H], and also parameters of atmospheric velocity �elds (ve sin i, ξt,

Vmacro) by �tting the synthetic spectrum to the high-resolution, high signal-to-

noise ratio stellar spectrum. SME solver consists of the IDL routines for preparing

spectral synthesis and performing optimization, and external library for synthetic

spectrum calculations. The external library (synth code) is written in C++ and

Fortran. SME spectral synthesis consists of molecular and ionization equilibrium

solver EOS, continuous opacity package CONTOP, line opacity package LINEOP

and radiative transfer solver RTINT.

SME is working with the observations in ascii or �ts formats. The format of the

input linelist is the output format of VALD 'Extract Stellar' request ( [16]). SME

has model libraries of Kurucz' (1993) models [17], the latest version of MARCS

models [18] and LLmodels set of models [19]. While in EqW method the lines of
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Fe I and Fe II are mostly utilized, many spectral lines of di�erent elements in �rst

three ionization states are used simulteneously for parameters determination in

SME. Current versions of SME include NLTE departure coe�cients for MARCS

and LLmodels sets [15, 20].

The user constructs spectral mask where lines/regions for �tting procedure

are marked. An example of SME mask is given in Fig. 6.

Fig. 6. An example of spectral mask in solar-type star HD 107211 for SME analysis.

Observations are shown by black line, synthetic spectrum calculations are shown by

blue line. The spectral regions participated in �tting are marked by yellow colour,

those omitted from �tting are marked by white.

First, the user derives the global parameters. Once �xing atmospheric pa-

rameters: Teff , log g, average metallicity [M/H], ve sin i, ξt, Vmacro, SME allows to

perform a full abundance analysis.

SME was applied to parameter determination of 1617 planet-search FGK stars

[21]. There are 98 common stars analysed by EqW ( [12,13]) and SME methods.

Comparison of the parameters derived by two spectroscopic methods, ionization

equilibrium (EqW) and SME, is shown in Fig. 7 (top panels), while on the bottom

panels a comparison between the parameters derived by SME and asteroseismol-

ogy methods is displayed.

There is an evident trend for SME results to produce slightly higher Teff and

log g, for stars hotter than 5500�6000 K. However, we may conclude that stel-
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Fig. 7. Comparison of the Teff and log g derived by ionization equilibrium (EqW) and

pro�le �tting (SME) spectroscopic methods (top panels). The same is for comparison

between SME and asteroseismology methods (bottom panels).

lar parameters Teff and log g derived by di�erent spectroscopic methods and by

asteroseismology agree within 100 K and 0.1 dex.

6. CONCLUSION

Di�erent methods of stellar fundamental parameters determination are con-

sidered. Comparison between these methods allow us to conclude that stellar

angular diameters (linear radii) may be derived with the uncertainty better than

7%. E�ective temperatures Teff and surface gravities determinations agree within

100 K and 0.1 dex, respectively. These limits exceed the uncertainty estimates

cited in di�erent analyses of large star samples.

The current work was performed with the partial �nancial support from the

Presidium RAS program KP19-270.
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Determination of the fundamental parameters of stars is one of the main tasks

of astrophysics. Magnetic chemically peculiar (Ap) stars HD∼118022 (78 Vir)

and HD∼110066 (AX CVn) have similar strengths of the surface magnetic

�eld ∼3 � 4 kGs..The atmospheric analysis of the these two Ap stars results

in the determination of the e�ective temperatures Teff , surface gravities

lg g , radii R/R� and luminosities L/L�, as well as element abundances by

self-consistent way. It allows to de�ne more accurately their position on the

Hertzsprung-Russell diagram. Additionally, we derived the vertical distribution

(strati�cation) of Fe and Cr elements for all spectra. Our analysis is based

on high-resolution (R = 65000), high S/N spectra of 78∼Vir obtained with

the NARVAL spectropolarimeter attached to the 2 m telescope of the Pic du

Midi observatory (7 phases of rotation), and on one spectrum at the phase

of magnetic maximum which was obtained with the UVES (R = 80000)

spectrograph of the VLT. For star AX CVn the spectra were obtained with

ESPaDOnS (R = 81000) spectropolarimeter of CFHT. HD 118022 and

HD 110066 show nearly similar element abundance pattern and element

strati�cation.

Keywords: Fundamental parameters � Magnetic stars � Chemically peculiar

stars

1. INTRODUCTION

The magnetic chemical peculiar stars 78 Vir (HD 118022) and AX CVn

(HD 110066) are well studied variable stars of spectral classes A1p SrCrEu and

A0p SrCrEu respectively. According to current estimates the averaged surface

magnetic �elds are Bs = 3000 Gs for 78 Vir and Bs = 4100 for AX CVn [1,2].

*
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Spectra of Ap stars are characterized by anomalous chemical abundances of

many elements. Usually light elements, He, CNO, show a de�ciency compared to

the solar abundunces while heavier elements, especially rare earth elements (lan-

thanoids), are enhanced by few orders of magnitudes [3]. To explain the anoma-

lous chemical compositions in magnetic stars, Michaud proposed a mechanism of

di�usion separation in the atmospheres of Ap stars [4] under the combined action

of several forces, the main of which are gravitational pressure directed toward the

center of the star, and the radiation pressure force that pushes particles into the

outer layers of the atmosphere. This fact creates conditions for the di�usion of

chemical elements (vertical strati�cation).

Studies of the strati�cation of chemical elements by spectral observations

showed that most of the elements to Ba mainly are concentrated closer to the

photosphere (deep layers of the atmosphere) with an abrupt decrease of abun-

dance towards the upper layers [5]. Heavier rare earth elements are concentrated

in the upper layers of the star's atmosphere [6]. Anomalous chemical abundance

with the strati�cation a�ects the spectral energy distribution (SED) through ab-

sorption in lines, which distinguishes it from SED in normal stars.

2. MODEL ATMOSPHERE

When we know initial fundamental parameters of the star

(Teff , lg g ,metallicityandBs), it is possible to calculate the model atmo-

sphere. For studied stars initial parameters were taken from [7]. The initial

model atmosphere was calculated using the ATLAS9 program [8]. After that the

atmosphere parameters were re�ned by comparing the observed (calibrated in

asolute �ux units) and theoretical energy distribution taking into account the in-

dividual chemical anomalies and the element strati�cation in stellar atmosphere.

In subsequent iterations the models atmospheres were calculated by LLmodels

[9], where the line absorption is calculated with the individual abundances and

strati�cation.

The synthetic spectrum calculations with taking into account the magnetic

�eld were carried out using program Synmast [10]. Atomic parameters were taken

from the 3rd version of the Vienna Atomic Line Database VALD3 [11].

3. CHEMICAL ABUNDANCES

The average abundance of an element was determined by equivalent widths

measurements with the help of a code WidSyn [12], where magnetic (Zeeman)

splitting of spectral lines was taken into account. The abundance is given as the
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logarithm of the ratio of the number of given element atoms to the total number of

atoms of all elements - log(Nel/Ntot). The abundances of the following elements

are determined: C, N, O, Na, Mg, Al, Si, S, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Sr, Y,

Zr, Nb, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Er, Tm, Yb.

Abundances in HD 118022 and HD 110066 are similar, and show a typical

pattern for Ap stars: de�ciency of light elements of CNO, then nearly solar Na

and Mg abundances, an excess of an order of magnitude for iron-peak elements,

and a large excess of the rare-earth elements (REEs) (Fig. 1).

Fig. 1. Abundances of stars relative to solar values.

4. STRATIFICATION

The chemical strati�cation depends on the e�ective temperature Teff and

lg g magnetic �eld strength 〈Bs〉 of the star [13]. As follows from the theoretical

strati�cation calculations [14], the abundance distribution may be represented by

a step function with four parameters: the element abundance in the upper atmo-

sphere, the element abundance in the lower atmosphere, the position of abundance

jump in the atmosphere and the width of this jump. It was then widely used in

empirical strati�cation analysis (e. g. [5, 9]).

A sample of unblended lines with di�erent excitation potentials Ei and var-

ious intensities was selected to study the strati�cation in the atmosphere of Ap

stars. This choice suggests the formation of spectral lines at di�erent optical

depths, which makes it possible to probe the di�erent atmospheric layers of a
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star. Fe and Cr elements were condsidered because their lines provide the main

contribution to the observed line spectrum. 24 lines of Fe and 15 Cr lines in

both ionization stages were selected for HD∼118022, and 24 Fe lines and 19 Cr

lines - for HD∼110066. The strati�cation of the elements was calculated by the

programm DDaFit [9].

Fig. 2. Strati�cation of Fe and Cr in the atmospheres of HD 110066 (upper panel)

and HD 118022 (lower panel). The dashed line shows the theoretical distributions of

Cr and Fe for the 9000g40 model. The dotted line shows the solar abundance.

Abundance distributions in the atmospheres of both stars are shown in Fig.2,

where the empirical strati�cations were compared with the theoretical di�usion

calculations [13,15].

5. FUNDAMENTAL PARAMETERS

To compare the observed �uxes from the star with the theoretical �ux at

di�erent wavelengths, we need to know the radius of the star and the distance

(parallax) to it. Theoretical �uxes are calculated using an atmospheric model. We

optimize stellar radius, Teff , and lg g for a given abundance pattern and strati-

�cation to reach the best �t to the observed energy distribution. This approach

allows us to re�ne the atmospheric parameters and the radius of the star simul-

taneously. The �nal parameters of the atmospheric models for HD∼118022 and

HD∼110066 are presented in Table∼1.
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Table 1. Fundamental parameters of stars of study.

Stars Teff , K lg g Bs, kG R/R� L/L� Parallax, mas [Reference]

HD 118022 9142±30 4.2±0.2 3.0 2.10±0.02 1.44±0.05 17.65 [16]

HD 110066 9200±100 4.1±0.1 4.1 2.68±0.02 1.66±0.02 7.131 [17]

6. CONCLUSION

In this work we carried out a detailed atmospheric analysis of two Ap stars

employing high-resolution spectroscopy. HD 118022 and HD 110066 show nearly

similar element abundance pattern: CNO de�ciency, practically solar Na and Mg

abundance, 1-2 dex overabundance of the iron peak elements, and a large excess

of the rare-earth elements (REEs). Our empirical abundance strati�cation for Fe

and Cr analysis is in a good agreement with the predictions of modern di�usion

models. The fundamental atmospheric parameters are determined.

Autors acknowledges �nancial support from the Presidium RAS program

KP19-270.
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We present the results of the optical spectroscopic analysis and modeling of B1a

star ρ Leo. We have analysed spectra of rho Leo obtained with the 6-m BTA

telescope (Special Astrophysical Observatory, Nizhnij Arkhyz, Russia) using

the SCORPIO focal reducer. We obtain the stellar parameters and chemical

abundances of rho Leo comparing models with the observed spectra. Model

spectra were calculated using non-local thermodynamic equilibrium (non-LTE)

radiative transfer code CMFGEN. We �nd temprature Te� = 23500K, luminos-

ity L = 2.8× 105 L�, radius R = 31R�, mass M = 28M�, log g = 2.88 and

mass-loss rate in the range Ṁ = 9.55�15.0 × 10−7 Ṁ�yr
−1. We investigate

the impact of an enhanced mass loss rate on theHβ , Hγ and helium line pro�les.

Keywords: radiative transfer � stars: fundamental parameters � stars: atmo-

spheres

1. INTRODUCTION

The line pro�les in spectra of OBA stars are variable on the time scales from
days to hours [1]. This work continuates the study by Kholtygin et al (2018) [2]
of the short-period line pro�les variability of B1a supergiant ρ Leo.

As shown by Kholtygin (2018) [2], ρ Leo has periodic pro�le variations of H
and He lines with periods from 2 to 90 minutes and irregular variations on a
subminute time scale. Perhaps the changes in the contribution of the emission
component to the line pro�les (due to the instability of the stellar wind or addi-
tional emission from the shock waves in the wind) can cause variations in the line
pro�les on the second time scale. To estimate the contribution of the emission
component to the line pro�les, it is necessary to determine all main stellar (log g,
Te�) and wind (Ṁ , V∞) parameters.

*

E-mail: kostenkov@sao.ru
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2. OBSERVATIONS AND DATA REDUCTION

ρ Leo spectra were obtained with the 6-m BTA telescope using SCORPIO
spectograph on 19�20 January 2015 with in spectral ranges 4050�5830Å. The
spectral resolution was 2000 (slit width 0.5"). The exposure time is 1�2 seconds.
During the observations, 1271 star spetra were obtained.

3. METHODS AND RESULTS
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Fig. 1. The mean ρ Leo optical spectrum (solid blue line) compared to the best-�t

model (solid red line). The spectral lines are marked with the black solid lines (He I),

red solid lines (N II), blue solid lines (Si III), blue dashed lines (Si II), green solid lines

(Fe II) and green dashed lines (O II).
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Fig. 2. Mean ρ Leo spectrum (solid blue line) and best-�t models (red dashed line,

Ṁ = 9.55 × 10−7M�yr
−1, β = 1.0). The most deviating from the average ρ Leo

spectrum (black solid line) is modelled with an enhanced Ṁ = 1.50× 10−6M�yr
−1,

β = 1.5 (green dashed line).
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For our analysis of the optical spectra we have used the iterative non-LTE line-
blanketing code CMFGEN [3], velocity structure was approximated by simple β
law.

The mean spectrum and best-�t model are presented in Figure 1. We present
main stellar parameters and chemical abundances of our best-�t model for ρ Leo
in Tab. 3 and 3. In this work, we investigated in�uence of the emission component
to line pro�les. The emission component of line pro�les can be changed due to
the mass-loss rate variations in the magnetized stellar wind and gas emission after
shock waves. In Figure 2 we present Hβ line pro�le of the mean and the most devi-
ating from the average spectrum. There are also several models at di�erent mass
loss rates (we applied typical values of X-ray luminosity for OB stars in Galaxy
for our models). We did not �nd a signi�cant contribution of the X-ray emission
to line pro�les for mass loss rates Ṁ ∼ 10−6�10−7M�yr−1. As shown in Figure
2, the signi�cant deviation of the Hβ line pro�le from the average corresponds to
an increase in the mass loss rate by > 60%.

logL∗ [L�]R [R�]log gTe� [kK]log Ṁ [M�yr−1]v∞ [km s−1] β

ρ Leo 5.45 31 2.88 23.5 −(5.8�6.0) 1100 1�1.5

XH [%]XN/X�XC/X�XO/X�XSi/X�XFe/X�

ρ Leo 55 5.81 0.72 0.13 0.78 0.71
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APPLICATIONS OF THE PROBABILITY CURRENT

METHOD TO NUCLEAR DYNAMICAL

CALCULATIONS IN COLLISIONS WITH HYDROGEN

Ya. V. Voronov a*, A. K. Belyaev a**

a Department of Theoretical Physics and Astronomy, Herzen University, St. Petersburg,

191186, Russia

The probability current method is applied for nuclear dynamics treatment of

inelastic processes in collisions of heavy atoms and ions with hydrogen atoms

and ions, in particular: Li + H, Li+ + H−, Ca + H, Ca+ + H−, Ca+ + H,

Ca + H+, Ca2+ + H−, O + H, O− + H+ and O+ + H−. Comparison of the

data obtained by di�erent methods (both full quantum and model quantum

calculations) shows good agreement for the processes with the large values of

the rate coe�cients, which are of particular astrophysical interest.

Keywords: atomic data � atomic processes � stars: abundances

1. INTRODUCTION

Non-Local Thermodynamic Equilibrium modeling of stellar spectra requires

data on inelastic collisions, especially with hydrogen atoms and ions. Since full

calculations (both for ab initio electronic structures and complete nuclear dy-

namics) are still time-consuming and still complicated in applications to di�erent

collisional systems, the classical Drawin's formula for estimating rate coe�cients

of inelastic processes in hydrogen-collisions provides unreliable data, approximate

but reliable model methods are desired.

The probability current method [1, 3] is one of such models. It is developed

within the Born-Oppenheimer formalism and based on the Landau-Zener model

for determination of a transition probability for a single passage of a non-adiabatic

region. An application of this method is especially reasonable when potential ener-

gies are calculated by the quantum chemical methods, but non-adiabatic couplings

are not computed.

* E-mail: voronov_yaroslav@mail.ru
** E-mail: akbelyaev@herzen.spb.ru
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The rates obtained by the probability current method agree with rates calcu-

lated by other nuclear dynamical approaches. The method has been applied for

studies of inelastic collisions in LiH [2], CaH [3], CaH+ [4] and OH [5, 6] quasi-

molecules. It is shown that for all considered collisions the largest values of rate

coe�cients (larger than 10−8 cm3/s) correspond to neutralization processes into

�nal states with the binding energies around -2 eV.

2. RESULTS

2.1. Li + H and Li+ + H− collisions

Nuclear dynamic calculations are performed for 7 covalent states and one

ionic. The potentials are taken from [7]. The cross sections are calculated for the

collisional energy range 0.01�100 eV, the rate coe�cients are calculated for the

temperature range 1'000�10'000 K with the step 1'000 K.

Comparison of the rate coe�cients obtained by the probability current method

and by the full quantum calculations [7] for mutual neutralization processes at

temperature T = 6'000 K shows good agreement: for the processes into the �nal

channels Li(3s,3p,3d,4p) + H(1s) a di�erence between these two datasets is less

than 19%. The largest rate coe�cients (larger than 10−8 cm3/s) corresponds to

mutual neutralization processes into the �nal molecular states Li(3s,3p) + H(1s).

2.2. Ca + H and Ca+ + H− collisions

Nuclear dynamics calculations for 10 covalent and one ionic ab initio poten-

tials are performed by the probability current method. The cross sections and the

rate coe�cients are calculated for the collisional energy range 0.01�100 eV and

for the temperature range 1'000�10'000 K with the step 1'000 K, respectively.

The largest values of the rate coe�cients correspond to the mutual neutraliza-

tion processes into the �nal states Ca(4s5s 1,3S, 4s5p 1,3P) and belong to the

range (2.40�5.50)×10−8 cm3/s. Comparison of these data with the rate coe�-

cients, obtained by the full quantum calculations (Belyaev et.al., in press), at

the temperature T = 6'000 K for the mutual neutralization processes shows good

agreement: di�erence for the processes Ca+ + H− → Ca(3d4s 1D), Ca(4s5s 1,3S),

Ca(4s5p 1,3P) + H(1s) is less than 33%.

2.3. Ca+ + H, Ca + H+ and Ca2+ + H− collisions

Nuclear dynamics in CaH+ collisions is performed for 17 states obtained by

quantum chemical calculations in [8]. The cross sections are calculated for the
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collisional energy range 0.01�100 eV , and the rate coe�cients are calculated for

the temperature range 1'000�10'000 K with the step 1'000 K.

The largest values of the rate coe�cients correspond to the mutual neutral-

ization processes into the �nal states Ca+(4f, 6s, 5d, 6p, 7s) + H(1s), and also

to the de-excitation process Ca(4s4p 1P) + H+ → Ca+(4s 2S) + H(1s 2S) and

belong to the range 1.79×10−8 � 1.56×10−7 cm3/s.

2.4. O + H, O− + H+ and O+ + H− collisions

Nuclear dynamic calculations for OH quasimolecule are performed for 11 co-

valent states and two ionic: O−(2p5 2P) + H+ and O+(2p3 4S◦) + H−, the

potentials are taken from [5]. Six molecular symmetries have been treated sepa-

rately, the total rate coe�cients for each inelastic process are calculated as a sum

over all molecular symmetries. The cross sections are calculated for the collisional

energy range 0.01�100 eV, the rate coe�cients are calculated for the temperature

range 1'000�10'000 K.The largest values of the rate coe�cients (greater than 10−8

cm3/s) at the temperature T = 6'000 K correspond to the mutual neutralization

processes O−(2p5 2P) + H+ → O(2p4 3P) + H(2p 2P) (2.56 × 10−8 cm3/s),

O+(2p3 4S◦) + H−(1s2 1S) → O(2p33p 3P) + H(1s 2S) (1.98 × 10−8 cm3/s) and

O+(2p3 4S◦) + H−(1s2 1S) → O(2p34s 5S◦) + H(1s 2S) (2.95 × 10−8 cm3/s).
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During 2006-2019, using the Russian-Turkish 1.5-meter telescope (TUBITAK

National Observatory, Turkey) and 6-m BTA telescope of SAO RAS (Russia)

the spectroscopic observations of a large sample of stars of the δ Sct type-stars

were carried out. At these observations a high-resolution spectra for 75 stars

were obtained. In this work we present results of determinations the e�ective

temperatures and gravity for all studied stars on the basis of photometric

indices of Johnson and Strömgren systems using empirical dependences.

Keywords: δ Sct-type stars - Fundamental parameters - E�ective temperatures.

1. PHOTOMETRICAL OBSERVATIONS

For more than ten years, the Department of astronomy and satellite geodesy

of KFU has been conducting a multi-year program of complex researches of a

sample of low-amplitude δSct-type stars. The main task is the analysis of the

chemical composition of these stars and study the in�uence of the fundamental

parameters on the e�ects of strati�cation in the atmosphere [1,2]. To implement

this project, four sets of observations on the 6-m telescope BTA of SAO RAS and

�fteen sets of observations on the 1.5-m Russian-Turkish telescope RTT-150 at

TUBITAK National Observatory (Bakirletepe, Turkey) were perform. As a result,

high-resolution spectra were obtained for 75 Delta Sct-type stars with magnitudes

from 5 to 8 using the NES BTA spectrograph and the Coude-echelle spectrometer

RTT-150. DECH20T software package was used for spectra processing - normal-

ization, the measurement of radial velocities and equivalent widths of spectral

lines.

* E-mail: almazgaleev2@yandex.ru
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2. STELLAR FUNDAMENTAL PARAMETERS

To calculate the theoretical spectra of stars and to analyze observations, pre-

liminary sets of parameters of their atmospheres (e�ective temperature and sur-

face gravity) based on the analysis of photometric data on various color indices

presented in the literature were determined. Observational data in the photomet-

ric systems of Strömgren and Johnson were used in combination with empirical

calibrations of Balon [3] and Alonso et al. [4], respectively.

Table 1 presents the results of calculations of e�ective temperatures according

to di�erent indices for about a third of the studied δSct-type stars (all data are

available from the authors), the analysis of which allows us to draw a number of

interesting conclusions:

- the sample star e�ective temperatures are quite varied from 6200 K for HD

127986 to 9540 K for HD 172167, but the vast majority of stars are in the 7000

to 8000 K temperature range;

- calculations of temperatures for some indices give noticeable underestimated

(H-K index) or overestimated (color indicators b-y, V-I) temperature values;

- a large variation in temperature values obtained from di�erent photometric

indices for some stars may also indicate the peculiarity of the chemical composi-

tion of these stars.

3. RESULTS

In this paper, on the basis of photometric data the values of e�ective temper-

atures and gravity for 75 δ Sct-type stars observed on RTT-150 and BTA were

obtained. The analysis of the obtained atmospheric parameters is carried out.

It is shown that the values of e�ective temperatures obtained by di�erent color

parameters demonstrate certain di�erences associated with the accuracy of the

photometric data. The best agreement of e�ective temperatures is obtained for

the photometric indices V-H, V-R, V-K. The temperatures calculated by the color

index H-K for all stars show underestimated values by 2000-3000 K.

In the future, the fundamental parameters of the star atmospheres (Te�, log g,

[Fe/H]) will be determined on the basis of studying the spectra and the parameters

obtained by photometric and spectroscopic methods will be compared.
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Table 1. Temperatures and gravity for part of δ Sct-type stars obtained from photo-

metrical data and comparison with published temperatures.

HD Te� (K) σ (K) log g Te� (K) Papers

2628 7538 250 3.5 7335 2011A&A...531A.165P

17094 7180 220 3.8 7225 2003AJ....126.2048G

23607 7745 150 3.8 7586 2011A&A...531A.165P

26322 7090 200 3.4 6950 2012A&A...537A.120Z

27628 7225 250 4.0 7019 2012A&A...541A.150P

45311 6810 200 6826 2011A&A...530A.138C

50420 6910 250 2.9 7265 2012A&A...538A.143K

64491 7198 200 4.0 6968 2006A&A...450..735M

69242 7055 200 3.2 6894 2011A&A...530A.138C

71297 7790 200 4.1 7700 2013MNRAS.431.3258C

79781 6830 250 6749 2011A&A...530A.138C

85040 7565 250 3.6 7414 2014ApJ...791...58A

87696 7980 250 4.2 7870 2012A&A...537A.120Z

110951 7435 150 3.8 7113 2012A&A...542A.116A

115604 8098 300 3.6 7673 2014ApJ...791...58A

127986 6187 100 3.7 6430 2018A&A...614A..55A

152830 6845 220 3.5 6903 2011A&A...530A.138C

154225 6965 250 7138 2011A&A...530A.138C

172167 9538 150 4.0 9550 2014A&A...562A..84R

197461 7578 250 3.4 7334 2011A&A...531A.165P

204188 7627 200 4.2 7762 1999A&A...352..555A

214698 8845 250 3.7 9183 2018yCat.1345....0G

220564 7025 250 6828 2011A&A...530A.138C

223661 6925 100 6916 2011A&A...530A.138C
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The atmosphere of the HR8334 ( ν Cep, A2Ia ) star is studied by the

atmosphere model. The e�ective temperature Te� of the star and the surface

gravity g are determined by comparing the observational and theoretical

estimates of equivalents widths W the Balmer lines Hβ, Hγ , Hδ and [c1],Q

photometric indexes : Te� = 9200±200K, logg = 1.4 ± 0.2. Based on

FeII lines the microturbulent velocity is determined: ξt = 6km/sec. In the

atmosphere of the star the iron abundances are calculated and compared

with the abundance in the Sun. The iron abundances are determined by the

comparison of measured from observation and theoretically calculated values

of equivalent width FeII lines. The iron abundance is close to the abundance

in the Sun: logε (FeII) = 7.54

Keywords: fundamental parameters - stars; chemical composition - stars;

individual-HR8334 ( ν Cep, A2Ia) .

1. INTRODUCTION

In this work the atmosphere of the HR8334(A2Ia) star is studied by the at-

mosphere model. The e�ective temperature Te� of the star, the surface gravity

g in the atmosphere, the microturbulent velocity ξt, iron and carbon abundances

are determined.

The observation material of the star was obtained from the Kasseqren focus

of the 2m telescope ShAO, with the CCD (R=5600,S/N>150). The equivalent

width of the spectral lines was measured.
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2. ATMOSPHERE PARAMETERS: EFFECTIVE TEMPERATURE,

SURFACE GRAVITY

The e�ective temperature and the surface gravity of the star is determined by

model method. The following criteria have been used:

1. Comparison of the measured from observation and theoretically calculated

values of the equivalents widths W the Balmer lines Hβ, Hγ , Hδ;

2. Comparison of the measured from observation and theoretically calculated

values of the [c1] index;

3. Comparison of the measured from observation and theoretically calculated

values of the Q index.

In the uvbyβ photometric system the index [c1] is determined by the expres-

sion [c1] = c1 - 0.2(b - y). In the UBV photometric system the Q is determined

by the expression Q = (U - B) - 0.72(B - V ). The parameters [c1] , β, Q are

exempt from the e�ects of the interstellar space. The observing values of these

parameters are determined from catalog [1] (Hauck & Mermilliod 1998). For cal-

culation of the theoretical values of the parameters [c1] , Q the work (Castelli

et al. 2003) are used [2]. The logg - Te� diagram is constructed on the base

of above mentioned criteria (Figure 1). From this diagram the star's parameters

Fig. 1. A diagram determined the Te� and log parameters of the HR 8334 star.

are de�ned: Te� = 9200 ± 200K, logg = 1.4 ± 0.2. In [3] (Lyubimkov 2009) the

applying method is described in detail and the accuracy of thismethod is justi�ed.

Therefore, the determined values in this paper is perfect from the results obtained

of other authors.
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3. MICROTURBULENT VELOCITY, CHEMICAL COMPOSITION

To determine the microturbulent velocity ξt it must be a plurality of lines

that contain a wide equivalent widths W range of the atoms or ions of any given

element. The microturbulent velocity ξt is chosen such that the abundance of

elements determined by the di�erent lines does not change with the increasing

of the equivalent widths W. The most lines in the studied spectrum are the FeI

and then the FeII lines. However, the e�ect of the LTE extremes to the neutral

iron lines is signi�cant. If the calculations are carried out in LTE, the abundance

determined on the FeI lines is less than the abundance when refused from LTE

[4, 5] (Boyarchuk et al. 1985; Thevenin & Idiart 1999). Unlike FeI lines there is

no e�ect of the LTT extremesto the the FeII lines. Therefore, in the atmosphere

of the star, the microturbulent velocity ξt and the iron abundance are determined

on FeII lines.

As is shown in Lyubimkov and Samedov (Lyubimkov & Samedov 1990) [6] that

the velocity ξt increases with the altitude of the height in the the atmosphere of

spectral classes stars F. The e�ect is more e�ective if the line is stronger. For

weak lines, this dependence is not taken into account and it is assumed that the

microturbulent velocity ξt is constant in the atmosphere of star. Only the weak

lines are used when determining the microturbulent velocity ξt. These lines are

formed in deep layers of the atmosphere, these layers are parallel and in LTE

form.

The iron abundance logε(FeII) is calculated by giving di�erent values to the

microturbulent velocity ξt based on the Kurucz model [7] (Kurucz 1993) with the

parameter Te� = 9200K, logg = 1.4 The iron abundance is determined on the

basis of comparison of the values measured from observation and theoretically

calculated equivalent width of lines FeII. The atomic data of the spectral lines

were taken from the database VALD-2 [8] (Kupka et al. 1999). There is no cor-

relation between logε(FeII) and W, when ξt = 6km/sec (Figure 2). Thus, in the

the atmosphere of star the value for the microturbulent velocity ξt = 6km/sec is

determined. At the same time, the iron abundance is determined too: logε (Fe)

= 7.54 . The parameter [Fe/H] = ∆ logε = logε (Fe)- logε� (Fe) is called the

metallicity indicator of the star. Here logε� (Fe) = 7.47 is the iron abundance

in the Sun [9] (Scott et al. 2015). The parameters of the star are: Te� = 9200

± 200K, logg = 1.4 ± 0.2, ξt = 6km/sec, logε (Fe) = 7.54 , [Fe/H] = 0.07, The

abundance of metals in the star is almost equal to the abundance in the Sun.

The HR8334 (A2Ia) star and the Sun have the same chemical composition. This

result is an important in the point of view of the Galactic chemical evolution.
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Fig. 2. Determination of the microturbulent velocity ξt .

4. MAIN RESULTS

1. Using the model method the e�ective temperature Te� of the HR8334

(A2Ia) star and and the surface gravity g are determined: Te� = 9200± 200K,

logg = 1.4 ±0.2. 2. Based on the FeII lines the microturbulent velocity ξt is de-

termined: ξt = 6km/sec. 3. In the atmosphere of the star the iron are calculated

and compared with the abundance in the Sun. It has been found that the iron

abundance is close to abundance in the Sun.
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Investigations in cyclic stellar activity naturally departs to some extent from

solar cyclic activity studies and are expected to provide a valuable material for

understanding of solar activity. Solar instrumental observations are however

much more detailed rather the stellar ones and covers much longer temporal

interval. This creates various problems in comparison between observational

and theoretical concepts for stellar activity with that ones for solar activity.

We discuss the problems to arrive to conclude that the key issue to develop

solar-stellar activity comparison is organizing of long-term monitoring of cyclic

activity of several more or less solar like stars.

Keywords: Stellar activity � Stellar dynamos

1. INTRODUCTION

Solar activity cycle can be considered as a basic phenomenon of various man-
ifestations of solar magnetic activity like solar �ares. Solar dynamo based on
joint action of di�erential rotation and mirror-asymmetric magnetic convection
in solar interior is believed to be a physical mechanism responsible for solar mag-
netic �eld formation which underlines various physical processes known by solar
surface data. The point however is that solar dynamo operates somewhere in
solar interior and we are unable to observe this action directly and have to learn
about it using indirect surface activity data which have to be considered as trac-
ers for dynamo action. In particular, the very solar cycle was isolated in XIX
century basing on temperature data and its magnetic nature becomes clear in
XX century only. Such indexes of solar activity as sunspot number and sunspot

* E-mail: sokolo�.dd@gmail.com
** E-mail: ismailovnshao@gmail.com

59



D. Sokolo� & N. Ismaylov AJAz: 2020, 15(1), 59-67

area being temperature data which are connected with magnetic �eld indirectly
remain important until now.

Common sense tells us that solar type magnetic activity hardly can be a pecu-
liar property for the Sun only. Stellar observations for last several decade con�rm
this natural expectation and provide information concerning magnetic cycles in
several dozens late type stars (e.g. [1]). Stellar activity cycle data are interesting
not by themselves only however can provide better understanding of slar activity
and leads even to practically important results. To be speci�c, resent observations
(see for review [2]) tell that stars quite closed to the Sun by physical properties
can demonstrate �ares with so huge energy which would be dangerous for modern
civilization provided they happens at the Sun. It is an obvious duty for stellar
and solar activity experts to decide to what extend this fact isolates a new hazard
for our civilization.

Obviously, solar activity data are more rich and detailed rather the stellar
activity ones however a rapid progress in observational abilities for stellar activity
observations is obvious as well. In particular, an important development from
photometric observations to spectral photometry and then to inverse Doppler
imaging and Zeeman-Doppler imaging is a fundamental achievement in this area.
Importance of this line of development is obvious and do not need particular ad-
vertising. Another direction of research is development of long-term monitoring
of a sample reasonably chosen stars to reveal how reach is the variety of magnetic
stellar activity. Here we argue the importance of the second line of development.

2. STELLAR CYCLES AND OSCILLATIONS OF STELLAR ACTIVITY

Duration of solar activity cycle is about 22 years (nominal 11-year Schwabe
cycle represents a half of the whole cycle only). It immediately means that a
project for stellar cycle observations have to be presumed for several decades.
Contemporary astronomical community appears to be able for such long-term
project. The most well-known example here is the well-known HK-project ini-
tiated by O.Wilson [3] (see for review [1]). Historically, the Schwabe cycle was
isolated in sunspot data just by naked eye consideration. A natural more deep
tool for isolation of (quasy)periodic components in time series is Fourier analysis
in this contemporary form known as wavelet analysis (e.g. [4]). The point however
is that apart from 11-year peak the solar as well as stellar activity data may con-
tain several additional peaks, in particular Gleissberg cycle with a length of about
century (e.g. [4]). Instrumental observations of solar activity are available for 4
centuries what allows to argue that the additional peaks are unstable and should
be considered as physically di�erent phenomenons rather Schwabe cycle (e.g. [5]).
From the viewpoint of dynamo theory, Schwabe cycle corresponds to an eigenfre-
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quency of mean-�eld dynamo equations while additional peaks is more naturally
to consider as various time scales of magnetic convection in solar interior.

Available data of stellar activity monitoring provide the stars for which wavelet
spectra of activity tracers demonstrate at least two peaks of di�erent frequencies
(e.g. [1]). Corresponding interpretation sounds sometimes as two periods of sub-
stantially variable frequency and shape. It looks attractive to think that we deal
here with two scales in magnetic convection rather with two eigenfrequencies of
stellar dynamo (e.g. [6]) however simultaneous excitation of two dynamo eigen-
solutions is possible in principle and may be useful for understanding of solar
activity data as well (e.g. [7]). Of course, the �nal decision in such cases can
be obtained after centuries of corresponding observations and can be achieved in
remote future only however a more critical interpretation of available data is very
desirable at this stage already.

3. VARIOUS SHAPES OF STELLAR CYCLES

A more accessible aim of stellar activity monitoring is clari�cation of the vari-
ety of the shapes of stellar activity and understanding of the point how general are
more or less sinusoidal shape of solar activity known from solar observations. Ex-
perts in numerical models of spherical dynamos recognized as early as in 1980th
that the same mechanism of cyclic activity based on di�erential rotation and
mirror asymmetric convection can result in several very speci�c shapes of cyclic
activity (e.g. [8]). Of course, including in the model additional physical processes
as meridional circulation or interaction in binary systems dynamo modellists ob-
tain even more reach variety of cycle shapes.

First of all, stellar dynamo can produce magnetic con�gurations symmetric to
the stellar equator (e.g. [9]) rather the antisymmetric solar con�guration. Even
if the con�guration is antisymmetric, activity wave can propagate to the stellar
poles rather to the equator.

Speaking about temporal shapes of activity cycle only, we obtain several pos-
sible shapes of the cycles. In course of the cycle, dipole magnetic moment can
avoid reversal and demonstrate periodic variations with nonvanishing mean level
(such behaviour is known as vacillations rather oscillations). A magnetic cycle
with a shape very remote from a sinusoidal one, with a rapid increase of mag-
netic moment just before reversal (so called dynamo bursts) is also possible. A
regime with long epochs of quasy-stationary magnetic moments and further sharp
reversals is possible as well. By the way, the last option is typical (according to
paleomagnetic data) for the geomagnetic �eld. All these regimes was obtained
experimentally in course of laboratory dynamo experiments (see for review [10]).
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Various basically nonaxisymmetric magnetic con�gurations can be excited by
stellar dynamo action as well (e.g. [11]).

Magnetic energy produced by spherical dynamo action can di�ers quite sub-
stantially from one type of cyclic activity to another one while a di�erence in am-
plitudes in shapes of dynamo drivers responsible for two di�erent activity shapes
may be reasonably moderate (e.g. [12]). In is far to be clear in advance which of
the above mentioned shapes of activity cycle can be a result of arbitrary play with
the shape of dynamo drivers and which could be physically relevant. In partic-
ular, clari�cation of this point could be important to clarify whether super�ares
can occur on the Sun (e.g. [2]).

Some of the above mentioned activity cycle shapes can be in principle identi�ed
basing on photometric data, another need technique of inverse Doppler imaging.
Of course, Zeenam-Doppler imaging is the most preferable however di�cult in
realization option. The point however is that each option needs a monitoring on
the time scales of decades comparable with famous HK-project.

4. METHODS FOR STELLAR ACTIVITY OBSERVATIONS

Magnetic activity can be observed in various time scales staring from the ex-
position times (minutes and hours) up to decades. Minimal time scale for stellar
activity seems to be the �are time scale provided a�ares are considered as a kind
of stellar activity. Flares lead to larger temperature what results in enhancement
of coronal spectral lines as well as larger X-ray �uxes. What about solar-type
magnetic activity, long-term projects of photometric, spectral and polarimetric
monitoring are required.

4.1. Photometric observations

Cool star monitoring in wide band photometric system in UBVRI bands with
accuracy 0.01- 0.005 mag look as a relevant for the problem. Indeed, for a typical
cool star with KOV spectrum (Te = 5000 K) with a spot (temperature Ts = 4000

K and area of about 2% - 10% of the whole stellar disc) the light variations are
expected to be of about 0.01 � 0.3 mag what looks accessible for contemporary
observations. Contemporary photometric CCD observations with small telescopes
like Zeiss 600 (60 cm at Shemakhy observatory) or AZT 8 (70 cm, at Crimean
observatory) provided observations with accuracy up to 0.01 mag (e.g. [13, 14]).

Classical T Tauri stars are known to be magnetoactive stars at early stage
of stellar evolution (e.g. [15] � [17]) and observations of this activity is a very
attractive goal. Observation of angular momentum losses for such stars before
they reach the Main Sequence, magnetic �elds up to 0.5 � 2 kGs, anomalous high
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emission in UF and optical ranges de�nitely require its long term monitoring.
Starting from the middle of XX century a huge bulk of corresponding observa-
tions for young stars in young open starfburst clusters is accumulated. The most
rich archive of photometric data for T Tauri and Ae/Be Herbig is [18, 19]. The
arcive accumulates the light estimates for more than 1000 nights in various �lters
over 30 � 50 years. Some stars from the database demonstrate the light variations
similar to the solar ones [20]. Among 28 investigated stars, 13 stars (e.g. DR
Tau, sp K7V, Fig. 1) do not demonstrate any pronounced yearly averaged light
variations, while variations inside an observational season can be as large as 0.5
mag (refrred as type II, [20]). We see from Fig. 1 that the light variations for DR
Tau from a peak to peak in V-band in some seasons can rich 0.5 � 1.5 mag and two
times in 30 years was in an active state with ∆V ≈ 1.5 mag (JD 2448000-2450000
and JD 2453000-2455000) and at least one time (JD2450000 - 2453000) was in a
low activity state (∆V ≈ 0.5 mag).

Fig. 1. Light curve for a classical T Tauri star, DR Tau obtained after POTOR data

( [18,19], black circles) and archive ASAS [21] data, open circles. Each vertical strip

of points corresponds to a particular observational season.

63



D. Sokolo� & N. Ismaylov AJAz: 2020, 15(1), 59-67

One more T Tauri star, AA Tau (sp K7V) also demonstrate a similar light
curve (Fig. 2). Again, a yearly average light is stable, while particular seasons
demonstrate various light variabilities.

Fig. 2. Light curve for AA Tau, notetions as in Fig. 1.

A consistent photometric monitoring programm should include Main Sequence
stars of various ages what would allow to learn magnetic activity evolution for
solar type stars.

4.2. Spectral monitoring

The light of many solar type stars in young open clusters is quite weak so
its long-term spectral monitoring requires telescopes with aperture at least 2 m.
The desired observation are expected to show variations in selected spectral lines,
temperature, gravity, rotation rates, radial velocities basing on spectra with high
spectral resolution. Lines H, K Cal II or S-index which shows this lines variability
in respect to the continuum in V and R bands are known to be the most reliable
tracer of magnetic activity [22]. Again, monitoring of solar type stars with various
ages including various young stars is desirable. There are e.g. a subgroup of T
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Tauri (WTTS and NITS) which losses in course of its evolution their accretion
discs so main emission comes from their chromosphere.

Spectral monitoring of young stars in di�cult because many T Tauri are of
10 mag and weaker so observations at 2 m telescope of Shemakhy observatory
with 1 hour exposition allows to observe stars up to 16 mag using 2 × 2 prism
spectrograph Canberra or di�raction spectrograph UAGS with R = 2000− 3000.
Observation of �ne dynamical spectral variations which correspond to velovities
of about 2 � 5 km/sec [23] are problematic for this spectral resolution. For the
signal-to-noise ratio S/N = 100 the continuum level can be measured with accu-
racy of about 1-2% while radial velocities can be measured with accuracy up to
±15 km/sec. Equivalent width of spectral absorption lines (EW) in intervals 0.10
� 0.15 Åcan be measured with accuracy 15-20% while EW of more intensive chro-
mospheric emission lines (H and K Ca II lines) can be measured with accuracy
up to 4 � 5 %.

What about more brighter late type stars from the Main Sequence, spectral
observations with resolution R = 28000 and R = 56000 can be performed with
eshelle spectrograph ShAFES with CCD matrix 4K × 4K cooled by liquid ni-
trogen [24]. One hour exposition allows to get spectra with resolution 28000 for
S/N = 100 and star up to 8 mag. Accuracy for radial velocities is ±1 km/sec and
EW accuracy is about 4 � 5 % while accessible spectral range is 3700-8000 Åwhat
allows to observe H and K CaII, Hα and another chromosperic lines simultane-
ously. Similar telescopes are available at Terscol (Zeiss 2 m) [25] and in Crimea
(2.6 m) [26]. The telescopes allow late type stare monitoring with V ≈ 5−8 mag.

4.3. Magnetic �eld measurements

Observations in chromospheric lines as well as Faraday dispersion and linear
polarisation gives indirect information conserning magnetic activity while Zeeman
e�ect gives a direct information concerning stellar magnetic �elds. Observations
of Zeeman splitting requires however large telescopes with high spectral resolution
(see for review [27, 28]). There are several realisations of the idea and the most
developed now is believed to be the Least-Square Deconvolution [29] which allows
to measure magnetic �eld with accuracy of about 30-40 G [30].

It attidion to the mean �eld stellar observation, mapping of stellar surface is
possible. Inverse Doppler imaging gives possibility to obtain temperature maps of
stellar surface [30,31] while Zeeman Doppler Imaging [33] gives surface magnetic
�eld distribution. Both methods provides very high requirements to the signal-to-
noise ratio and direct long term accumulation of photons is not applicable because
individual expositions have to be short enough to get su�cient spatial resolution.
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Both methods are very attractive however it looks convincing that the monitoring
have to be started with less sophisticated methods.

5. CONCLUSIONS

We can conclude now that stellar activity monitoring is the key issue for under-
standing of the nature and properties of stellar magnetic activity. This monitoring
is however a very complicated and di�cult undertaking. In our opinion, this is
a challenge for several forthcoming generations of stellar astronomer. A natu-
ral way to resolve the problem is to use gradually more and more sophisticated
observational approaches.

The paper is produced in the framework of Azerbaijan-Russian bilateral
project (RFFI 18-52-06002 Az-a), corresponding �nancial support is acknowl-
edged.
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Ap/Bp stars are unique astrophysical laboratories.Studies of these stars are of

particular importance to improve our understanding of the physical processes

taking place in the presence of strong magnetic �elds. The focus of current

Ap/Bp star research is on providing information on the statistics of magnetic

�eld properties, the distribution of their rotation periods, and on the possible

relations between the magnetic �eld strength and other stellar parameters.In

contrast to the kG-order magnetic �elds detected in Ap/Bp stars, the latest

analyses of the magnetic �elds of their predecessors, the Herbig∼Ae/Be stars,

support the idea that the low detection rate of magnetic �elds in these stars

can be explained by the weakness of these �elds: only a few stars have longi-

tudinal magnetic �elds stronger than 200G, and half of the sample possesses

longitudinal magnetic �elds weaker than 100G, unlike their lower mass TTauri

counterparts, which possess kG magnetic �elds.

Keywords: magnetic �eld �evolution �chemically peculiar �pre-main sequence

�variables: T Tauri, Herbig Ae/Be

1. INTRODUCTION

Globally ordered magnetic �elds are observed in roughly 10�20% of the inter-
mediate and massive main-sequence stars with spectral types between approxi-
mately B2 and F0. These stars, generally called the chemically peculiar Ap and
Bp stars, exhibit strong overabundances of certain elements,such as iron peak el-
ements and rare earths,and underabundances of He, C, and O, relative to solar
abundances, and are characterized observationally by anomalous line strengths.

* E-mail: shubrig@aip.de
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Massive Bp stars usually show overabundances of He and Si. As the star rotates,
the magnetic �eld and the surface abundance distribution is observed from vari-
ous aspects,resulting in variability of the measured magnetic �eld and the spectral
line strengths.

Variable magnetic �elds are most frequently diagnosed through measurements
of the mean longitudinal magnetic �eld, the mean magnetic �eld modulus, or the
net broadband linear polarization. Chemical abundance anomalies are commonly
believed to be due to radiatively driven microscopic di�usion in stars rotating
su�ciently slow to allow such a process to be e�ective (e.g. [1]). The indirect
surface mapping Zeeman Doppler Imaging (ZDI) method has been used to derive
magnetic �eld maps. However, it has been applied only for a few Ap/Bp stars
so far. The global magnetic �eld geometry usually changes little from one star
to another, with nearly all stars showing dominant dipolar magnetic �elds, with
a varying degree of distortion. The past two decades have seen a signi�cant step
forward in our understanding of the occurrence of magnetic �elds in upper-main-
sequence A- and B-type stars and their predecessors, the Herbig∼Ae/Be stars.
However, the most important aspects, such as the origin of stellar magnetic �elds
and the evolution of magnetic �eld con�gurations, are still not understood. For
massive and intermediate mass stars with radiative envelopes, it has been argued
that their magnetic �elds could be fossil relics of the �elds that were present in
the interstellar medium from which these stars have formed (e.g. [2]). A search
for the presence of magnetic �elds in massive stars located in active sites of star
formation, in the ρOphiuchus star-forming cloud and in the Tri�d nebula, led
to the detection of magnetic �elds of several kG in two early B-type stars, the
B2V star HD147933 and the B1V star HD164492Cb [3, 4]. However, the fossil
�eld hypothesis has several problems as it does not explain the low (∼ 10− 20%)
occurrence of magnetic stars and their broad range of �eld strengths. Moreover, a
study of the distribution of magnetic Ap stars in the H-R diagram using accurate
Hipparcos parallaxes [5] main-sequence band and only rarely can be found close
to the zero-age main sequence (ZAMS). Similar studies using Gaia DR2 data are
on the way, but their results are not published yet. Alternatively, the magnetic
�elds may be generated by strong binary interaction, i.e., in stellar mergers, or
during a mass transfer or common envelope evolution (e.g. [6]). The resulting
strong di�erential rotation is considered as a key ingredient for the generation of
magnetic �elds [7]. Especially studies of magnetic �elds in Herbig Ae/Be stars at
early evolutionary stages, before they arrive on the main sequence, are of great
importance to get an insight into the magnetic �eld origin. Moreover, such stud-
ies enable us to improve our understanding of how the magnetic �elds in these
stars are generated and how they interact with their environment, including their
impact on the planet formation process and the planet-disk interaction.
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In the following we discuss recent advances in the studies of Ap/Bp stars
and their predecessors,the Herbig Ae/Be stars,along with the underlying assump-
tions in the interpretation of magnetic �eld measurements and the requirements,
both observational and theoretical, for obtaining a realistic overview of the role
of magnetic �elds in these types of stars.

2. NEW DIRECTIONS IN THE STUDIES OF AP/BP STARS

The recent analysis of a sub-sample of 43 Ap/Bp stars with resolved, magnet-
ically split lines [8] and the announcement of the APOGEE sample of 157 Ap/Bp
stars with similar characteristics and representing a187% increase in the number
of stars with magnetic �eld modulus measurements 〈B〉(compared with the 84
such objects known before) [9], indicate the existence of a signi�cant population
of stars exhibiting strong magnetic �elds and rotating slowly. The lines most
frequently resolved into their split components in the H-band primarily pertain
to Ce iii, Cr ii, Fe i, Mn ii, Si i, and Ca ii for these 157 stars. They represent
the extreme magnetic end of a still-growing sample of more than 1000∼ Ap/Bp
stars selected among the APOGEE telluric standard stars as those with Ce iii

absorption lines and/or literature Ap/Bp classi�cations.
While the study of the characteristics of the APOGEE magnetic stars is cur-

rently underway, the analysis of the sub-sample of 43 Ap/Bp stars [8] revealed that
the geometrical structures of their magnetic �elds in general depart only slightly
from centred dipoles.In more than half of the stars with magnetically resolved
lines that have a rotation period shorter than 150 days,the mean magnetic �eld
modulus 〈B〉 is larger than 7.5 kG,while those stars with a longer period all have
a 〈B〉 smaller than 7.5 kG. A possible correlation between magnetic �ux and the
rotation period, or, in other words, a correlation between magnetic �ux and angu-
lar rotational velocity was already indicated earlier [5]. One of the questions still
remaining open is the presence of very weak magnetic �elds, below 100G,in Ap
stars with very sharp spectral lines, with no hint of magnetic splitting or broad-
ening. A search for magnetic �elds in a small sample of Ap stars gave rise to the
suggestion of a cut-o� of about 300G as the ultimate lower limit for the dipole
strength [10]. On the other hand, current much more accurate magnetic �eld
measurements of Ap and Bp stars do not con�rm this conclusion (e.g. [11, 12]).
Clearly, observations of a representative sample of Ap/Bp stars� volume-limited,
with low and high projected rotation velocities,high accuracy magnetic �eld mea-
surements, etc. �have to be obtained to properly characterise the low end of the
magnetic �eld strength distribution.

Of the 43∼Ap stars that were studied in detail [8], 22 are in wide binary
systems. The shortest orbital periods of those systems is 27∼days. The lack of
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Fig. 1. SVD Stokes I, V , and diagnostic null Z pro�les (from bottom to top) of

HD161701 obtained over six consecutive nights using 206 Fe ii and Fe i lines. The

V and Z pro�les have been expanded by a factor of 7.5 and shifted upwards. No

polarization is observed at the position of the average pro�le of the primary.

short orbital periods among binaries containing an Ap/Bp component with mag-
netically resolved lines is probably related to their slow rotation and remains to
be fully understood. In addition to the binary system HD161701, with a HgMn
primary,only one other close binary system with a magnetic Ap component, the
system HD98088 with a lower mass Am companion, is currently known [13, 14].
The Ap component inHD98088 exhibits a primary intensity maximum of the rare
earth element europium at the surface persistently facing the companion, similar
to the behaviour found in the Ap component in HD161701 [4]. In Fig1 we present
singular value deconvolution (SVD) Stokes I, V , and diagnostic null Z pro�les
obtained over six consecutive nights of HD161701. The detected spectrum vari-
ations take place with the same period as the orbital motion [14]. According to
[13],also the longitudinal magnetic �eld varies with the same period and, similar
to the magnetic �eld behaviour in the secondary of the HD161701 system, the
surface of the Ap component in HD98088 facing the companion carries a positive
magnetic �eld. The alignment of the magnetic axis with the orbital radius vector
may indicate that the generation of the magnetic �eld was a dynamic process
during tidal synchronization. A magnetic instability was proposed [15,16] to gen-
erate magnetic �elds in Ap stars. Tidal forces may alter the �ows during unstable
phases to align the �nal �eld geometries in the observed way. A search for mag-
netic �elds and the determination of their geometries in close binary systems is
very important as the knowledge of the presence of a magnetic �eld and of the
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Fig. 2. The magnetically split lines Fe iii λ5074, Si ii λ6371, and C ii λ6583 in

high-resolution Stokes I spectra of the early B-type stars HD58260, HD96446, and

HD149277. The red lines denote the �t of a multi-Gaussian to the data. For two

lines in the spectrum of HD96446, the splitting is not su�cient to allow a proper

�t.

alignment of the magnetic axis with respect to the orbital radius vector in Ap/Bp
binaries may hint at the mechanism of the magnetic �eld generation.

More massive early B-type stars rotate generally faster than Ap and late
Bp stars. Currently, only three early B-type stars, HD58260, HD96446, and
HD149277, with low projected rotation velocities and kG order magnetic �elds
are known to show resolved Zeeman split spectral lines [17]. In Fig. 2 we present
several examples of magnetically split lines in these stars. Although they are ex-
pected to have radiative envelopes, chemically peculiar Ap and Bp stars [13] are
the most magnetic non-degenerate stars, with surface �eld strengths up to 34 kG
[18]. To answer the question on the origin of their magnetic �elds it is important
to establish their exact evolutionary status. Evidence based on Hipparcos mea-
surements showed that magnetic Ap stars below 3M� have completed at least
30% of their main sequence lifetime [5]. Knowing the distribution of strongly
magnetic Ap stars in the Hertzsprung-Russell diagram also allows us to study
the evolution of their magnetic �elds across the main sequence. With a newly
extended Ap star sample from APOGEE and available Gaia DR2 data, we can
now critically

review the results of previous studies based on Hipparcos data [19].
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3. THE WEAK MAGNETIC FIELDS OF HERBIG∼ AE/BE STARS

As already mentioned above,studies of magnetic �elds in stars at early evolu-
tionary stages, before they arrive on the main sequence, are of special interest to
get an insight into the magnetic �eld origin. The presence of magnetic �elds in the
Herbig Ae/Be stars has long been suspected, in particular on account of Hα spec-
tropolarimetric observations pointing out the possibility of magnetospheric accre-
tion, similar to that of classical TTauri stars. While models of magnetically driven
accretion and out�ows successfully reproduce many observational properties of the
classical TTauri stars, the picture is completely unclear for the Herbig∼Ae/Be
stars, mostly due to the poor knowledge of their magnetic �eld topology. So far,
the magnetic �eld geometry was constrained only for two Herbig∼Ae/Be stars,
V380Ori [20] and HD101412 [21], and only about 20 Herbig∼ stars were reported
to host magnetic �elds ( [22] and references therein). Notably, the evolutionary
status of V380Ori is uncertain, as it appears to be already at an advanced age
[23]. The best studied Herbig Ae/Be star HD101412 exhibits a single-wave varia-
tion in its mean longitudinal magnetic �eld during the stellar rotation cycle. This
behaviour is usually considered as evidence for a dominant dipolar contribution
to the magnetic �eld topology. Presently, this star possesses the strongest mag-
netic �eld ever measured in any Herbig Ae star, with a surface magnetic �eld
〈B〉 of up to 3.5 kG. HD101412 is also the only Herbig Ae/Be star for which the
rotational Doppler e�ect was found to be small in comparison to the magnetic
splitting, presenting several spectral lines resolved into magnetically split com-
ponents observed in unpolarised light at high spectral resolution [24]. Notably,
the task of magnetic �eld measurements in Herbig stars is very challenging, as
demonstrated in a compilation of all magnetic �eld measurements reported in
previous spectropolarimetric studies [22].This study indicates that the low detec-
tion rate of magnetic �elds in Herbig∼Ae stars, about 7% [25], can indeed be
explained not only by the limited sensitivity of the published measurements, but
also by the weakness of these �elds. The obtained density distribution of the
rms longitudinal magnetic �eld values reveals that only a few stars have mag-
netic �elds stronger than 200G, and half of the sample possesses magnetic �elds
of about 100G and less. Consequently, the currently largest spectropolarimetric
survey of magnetic �elds in several tens of Herbig stars [25]using ESPaDOnS and
NARVAL cannot be considered as representative: the measurement accuracy in
this study is worse than 200G for 35% of the measurements, and for 32% of the
measurements it is between 100 and 200G. Clearly, to improve our understanding
of the origin of magnetic �elds in Herbig∼ Ae/Be stars and their interaction with
the protoplanetary disk,it is of utmost importanceto study magnetic �elds with
high accuracy measurements in a representative sample of Herbig∼Ae/Be stars.
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Fig. 3. SVD Stokes I (bottom), V (middle), and diagnostic null (N) pro�les (top)

for �ve Herbig∼Ae/Be stars [27].

Zeeman signatures in the spectra of Herbig Ae/Be stars are generally very small,
and increasing the S/N by increasing the exposure time is frequently limited by
the short rotation period of the star. Therefore, multi-line approaches such as the
Least Square Deconvolution (LSD) and the Singular Value Decomposition (SVD)
are commonly used to increase the S/N . The SVD approach [26] is very similar to
that of thePrinciple Component Analysis(PCA). In this technique, the similarity
of the individual Stokes V pro�les allows one to describe the most coherent and
systematic features present in all spectral line pro�les as a projection onto a small
number of eigenpro�les.

A few examples of very weak Zeeman features of Herbig∼Ae/Be stars are
displayed in Fig. 3, where we present HARPSpol observations of the two Her-
big Ae stars HD139614 and HD190073, the two late Herbig Be stars HD58647
and HD98922, and the early Herbig Be star HD165133, which were obtained on
2016 June 15 and 16, and on 2017 June 3 to 6 [27]. Each observation consisted
of subexposures with exposure times varying between about 6 and 47 minutes,
depending on the target visual magnitude. After each subexposure, the quarter-
wave retarder plate was rotated by 90◦. The resolving power of HARPSpol is
about R = 115 000, with spectra covering the spectral range 3780�6910Å, with a
small gap between 5259Å and 5337Å. The reduction and calibration of the ob-
tained spectra was performed using the HARPS data reduction software available
on La∼Silla.
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The presented magnetic �eld measurements � with the strongest longitudi-
nal magnetic �eld of 209G detected in the Herbig∼Be star HD58647 and the
weakest �eld of 17G measured for HD190073 � provide further evidence that
Herbig∼Ae/Be stars possess much weaker magnetic �elds than their lower mass
counterpart TTauri stars, which have magnetic �elds of kG order.

Importantly, single snapshot observations are not su�cient to judge whether
a Herbig∼Ae/Be star is magnetic or not. The longitudinal magnetic �eld is de-
�ned as the disk-integrated magnetic �eld component along the line of sight and
therefore shows a strong dependence on the viewing angle of the observer, i.e.
on the rotation angle of the star. The limitations set by the strong geometric
dependence of the longitudinal magnetic �eld are usually overcome by repeating
observations several times, so as to sample various rotation phases, hence various
aspects of the magnetic �eld.

4. DISCUSSION

In the future, the focus of Ap/Bp and Herbig Ae/Be star research should be
related to providing information on the statistics of magnetic �eld properties, to
be able to study possible relations between the magnetic �eld strength and other
stellar parameters. Unfortunately, stellar parameters of Herbig Ae/Be stars still
remain poorly known. As an example, while the distribution of rotation periods
of Ap/Bp stars was intensively studied in the last two decades,rotation periods
of Herbig∼Ae/Be stars are almost unknown [21, 28]. Only for two Herbig∼Ae
stars, HD101412 and HD104237, were rotation periods determined in the past
[21,29]. For most Herbig stars photometric observations are in general not useful
because the observed light variations are likely of stochastic nature and caused
by �uctuating disk accretion. Multi-epoch rotation-modulated longitudinal mag-
netic �eld measurements are frequently used to determine rotation periods, but
such monitoring with HARPSpol is possible only in the framework of a large
programme.
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MAIN RESULTS OF MAGNETIC FIELD OF CP

STARS STUDIES WITH THE 6M TELESCOPE BTA
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Spectropolarimetric observations of more than 200 chemically peculiar stars

have been carried out during 2005-2019 at the 6m telescope with the aim of

searching for the presence of stellar stellar magnetic �elds. Magnetic �elds have

been detected in 80 of them. Di�erent correlation between magnetic �elds and

anomalies in the energy distribution in the continua of the stars have been

considered.

We have studied magnetic �elds and other physical parameters of chemically

peculiar stars in Orion OB1 association. We have obtained at least 500 zee-

man spectra for 55 very young stars, we have found 10 new magnetic stars in

association.

We have studied very slow rotation of magnetic stars with period of rotation

more than 1 year. We have found very long period of rotation for three stars:

3.7 years for HD 18078, 29 years for HD 50169 and 17 years for HD 965. The

results of unique star observations are discussed.

Keywords: Stars�Chemically peculiar stars�Magnetic �eld

1. GENERAL REVIEW

Time Allocation Committee o�ered 550 nights from 2005 to 2019 for all type
of magnetic stars for observations with the BTA, which corresponds to approxi-
mately 13% of the distributed time.

Largest long-term programs from 2005 to 2019 are shown in Table 1.
In addition telescope time was allocated for short-term programs by Yu. V.

Glagolevskij, E. A. Semenko, I. S. Savanov, A. I. Kolbin et al. Total 12000 zee-

*

E-mail: roman@sao.ru
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Table 1. Largest long-term programs.

Kudryavtsev D.O.SAO RAS New magnetic CP stars 101

Romanyuk I.I. SAO RAS Magnetic �eld of massive stars 85

Wade G. Canada Geometry of magnetic �eld of CP stars 71

Piskunov N.E. Sweden Magnetic mapping of CP stars 48

Lamzin S.A. SAI MSU Magnetic �eld of T Tau stars 45

Polosukhina N.S. Crimea Litium in magnetic stars 32

Kholtygin A.F. SPBU Microvariability of OB stars 25

Valyavin G.G. SAO RAS Magnetic �eld of white dwarfs 25

man and echelle-spectra were obtained. Most of observations were executed using
Main Stellar Spectrograph (MSS) (R=15000, CCD 4600x2000 px, ∆λ = 500 Å)
[13]. Zeeman analyzers designed and constructed by G. A. Chountonov [3].

Raw MSS frames were reduced in a common spectroscopic way using the sets
of routines from ESO-MIDAS [5] and IRAF system.

2. MAIN RESULTS OF MAGNETIC FIELD MEASUREMENTS,

OBTAINED BY SAO GROUP

Main directions of SAO RAS group activity concerning on magnetic chemically
peculiar stars study:

� search for new magnetic stars;

� magnetic �eld of massive stars;

� very slowly rotating stars;

� study of various unique stars.

2.1. Search for new magnetic stars

The Zeeman e�ect is very weak and its in�uence on the spectrum in general
is insu�cient. Only 25% of chemically peculiar stars have measurable magnetic
�elds. Search for e�ective candidates is very important because of high pressure
for observation time at large telescopes. The best way for selections of magnetic
candidates is study of CP stars with large �ux depression at λ 5200 Å. The results
are know from ∆a [7] photometry from the Vienna observatory and Z-parameter
from Geneva photometric system [12].
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Cramer and Maeder [4] found correlation between intensity of �ux depression
and magnetic �eld value on the surface of CP stars.

We observed all possible CP stars with large ∆a or Z-parameters. Practi-
cally all of the stars have large magnetic �eld. We founded 72 new magnetic CP
stars among 96 candidates [6] and more than 70 new magnetic CP stars after
2006 [16�20] and now the total number of magnetic CP stars is about 500. Two
hundred of them were found with the 6-m telescope.

A few conclusions concerning on the all sample of magnetic CP stars.

1. No large-scale magnetic �eld stronger than 50 kG is found in CP stars. This
is the limit: a stronger �eld cannot be formed in CP stars.

2. The distribution function of a magnetic �eld of CP stars: the number of
stars strongly decreases for �eld larger than 1 kG. For the stars with �eld
weaker then 1 kG very strong in�uence of di�erent instrumental e�ect.

3. Magnetic CP stars are observed in the age interval from 1 million to hun-
dreds of million years in clusters of di�erent ages and in the �eld.

4. No di�erences in spatial distribution between peculiar and normal A and
B-stars.

Unfortunately, no new measurements of Vienna ∆a and Geneva Z-parameters.
New possibilities have appeared recently. Accurate photometric observations with
satellites Kepler and TESS are available now. Light curves of magnetic CP stars
are of typical shape. Hundreds of light curves have been obtained for CP stars
already. These new opportunity to search for them is available (detail in the paper
by Yakunin et el, this meeting).

We calculated fundamental parameters of 160 new magnetic CP stars [11].
New data are in the good coincidence with the previous one.

2.2. Magnetic �eld of massive stars

2.2.1. Introduction

It is need to know the age of di�erent type of CP stars for study the evolution
of their magnetic �elds. Most of Ap stars (70%) are �eld stars and their ages are
poorly know. Most of Bp stars (75%) are cluster members with well determined
ages. We selected 17 open clusters and associations with 3 CP stars at least.

The list of these clusters are presented in Table 2.
Ages were taken from Paunzen's catalogue WEBDA [14].
Orion OB1 association matched best, we selected 85 CP stars in it using the

catalogue of Renson and Manfroid [15]. Among them: 23 Am-stars, 7 -He-rich,
27 - He-weak,19 - Si,Si+ and 9 peculiar stars of other type.
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Table 2. Ap/Bp stars in open clusters and association.

Cluster Age (log t)Number of stars

Orion OB1 6-7 85

Sco-Cen 6-7 34

Pleiades 8.13 5

Alpha Per 7.85 8

Coma 8.65 8

NGC 2242 7.85 7

NGC 2287 8.38 12

IC 4756 8.70 6

IC 4665 7.63 3

Hyades 8.90 3

Berkley 11 7.72 3

NGC 884 7.03 3

NGC 1039 8.25 4

NGC 6350 6.87 3

NGC 6871 6.96 3

NGC 7092 8.45 4

Trumpler 57 7.05 7

2.2.2. CP stars in Orion OB1 association

Stellar content of Orion OB1 association numbers of 814 objects [2]. Total
fraction of CP stars is 10.4% which is usual for �eld stars (see Figure 1).

Age of subgroups and number of all A and B-stars and CP-stars are presented
in Table 3.

Table 3. Age of subgroups and number of all A and B-stars and CP-stars.

SubgroupsAge (log t)All starsCP starsFraction

A 7.05 311 24 7.7%

B 6.23 139 21 15.1%

C 6.66 350 37 10.6%

D > 6.0 14 3 21.4%
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Fig. 1. Four subgroups in Orion OB1 association.

The fraction of CP stars decrease with age from 21.4% (subgroup D) to 7.7%
(subgroup A). Gaia parallaxes indicate distances from 100 and 300 pc for 23 Am
stars, they appeared not to be members of the Orion OB1 association 59 Bp stars,
account 13.4% of the total number of B-stars in association.

Fig. 2. Spatial distribution of CP stars in Orion OB1 association.

We determined magnetic �elds, radial velocities VR, rotational velocities
vesini, e�ective temperatures Teff and other fundamental parameters for most
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stars in association (see dissertation thesis by A. V. Moiseeva, 2018). We found 10
new magnetic CP stars in Orion, HD 34736 among them is extremely anomalous
[21] and more than 15 new double and multiple stars.

Preliminary results on magnetic �eld measurements of CP stars in di�erent
subgroups of association are as follows:

� subgroup A: 7 stars out of 15 (46.7%) are magnetic, for 7 magnetic stars
average <Be> = 915 ± 298 Gs using regression method [1];

� subgroup B: 10 magnetic and 4 probably magnetic stars out of 16 Ap/Bp
stars;

� subgroup C: 12 magnetic and 4 probably magnetic stars out 24 Ap/Bp stars;

� subgroup D: no data for 3 CP stars.

We need to get new observations for subgroups B.C and D. The proportion
of CP stars among normal and the proportion of magnetic stars (for subgroups
A,B,C) decrease with age in the Orion OB1 association. Because of the e�ec-
tive temperatures in subgroups A,B and C are approximately equal, we have age
dependence but not temperature dependence.

2.3. Very slowly rotation magnetic stars.

We studied very slowly rotating stars (with period of rotation more than 1
year). We will demonstrate below results of our magnetic monitoring for 3 Ap
stars: HD 18078, HD 50169 and HD 965.

2.3.1. HD 18078

Period of rotation P = 1358d±12d. More detail study described in paper [8].
Magnetic �eld variation see in Figure 3.

2.3.2. HD 50169

Period of rotation P = 29y.04±0y.82.
At Figure 4 di�erent symbols indicates results of measurements by Babcock

(1958), Mathys and Hubrig (1997), Mathys (2017), Romanyuk et al. (2014). For
more details see [9].

2.3.3. HD 965

Period of rotation P = 16y.5±0y.5. Magnetic measurements variation see at
Figure 5.

For more details see [10].
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Fig. 3. Mean longitudinal magnetic �eld (top) and mean magnetic �eld modulus

(bottom) of HD 18078 against rotation phase.

Fig. 4. Mean longitudinal magnetic �eld of HD 50169 against rotation phase.
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Fig. 5. Mean longitudinal magnetic �eld of HD 965 against rotation phase.

2.4. Unique stars.

We have detailed study of most interesting stars with rotational phase. As
for example, we demonstrated below the results of our investigation of chemically
peculiar star HD 34736, member of Orion OB1 association.

Fig. 6. Longitudinal �eld variations of HD 34736 against phase of rotation period P

= 1d.29.
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The star is a SB2 binary. The primary, secondary components have temper-
atures of 13700 K and 11500 K. The lines of the primary component are broads
with vesini = 75 km s−1, the secondary component lines are even broader with
vesini > 100 km s−1. The orbital period is not determined exactly and is in within
the limits from 80d to 85d, eccentricity exceeds e = 0.8.

Magnetic �eld of the star was discovered from observation from 6-m telescope.
We have obtained more than 130 zeeman spectra (see Figure 6). Magnetic �eld
in the surface of the star exceed 10 kG.

3. CONCLUSION

The BTA remains one of the main world telescope, where magnetic �elds are
measured. As for CP stars, 200 out of 500 magnetic stars have been discovered
with our telescope.
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The paper presents the results of a study of the role of the peculiarity e�ect -

the in�uence of chemical anomalies and a strong magnetic �eld in the atmo-

spheres of about 30 di�erent magnetic stars, which are located in the spectral

range of B4-F0. To this end, extremal phases were determined for each star

corresponding to the spotted and (relatively) normal region on the surface of

the star. The role of the chemical anomaly and the magnetic �eld separately

and their combined actions are analyzed in detail. The role of anomalies in

the chemical composition leads to the appearance of an additional source of

opacity - a coating e�ect in the atmosphere of CP stars. The magnetic �eld

changes the structure along with the height of the atmosphere and strengthens

the spectral lines and depression in the continuum, which manifests itself at

di�erent depths of the atmosphere of the stars under study. Extra-atmospheric

observations also indicate that the distribution of the chemical anomaly over

the height of the atmosphere is not monotonic, but is strati�ed - stepwise. In

peculiar areas, depending on their types of peculiarity, magnetic �eld intensity

and temperature, several depressions are found in the continuum (e.g., λ1400,

λ1600, λ2500, λ3700, λ4100, λ5200 AA, etc.).

It is concluded that, due to the peculiarity e�ect in the region of spots, the at-

mospheric structure of magnetic CP stars has a strati�cation - layered character.

Keywords: magnetic CP stars�chemical abundance�magnetic �elds� variability

1. INTRODUCTION

The concept of the peculiarity e�ect was previously used as the spotting e�ect

[1, 2]. Unlike sunspots, the size of the spotted region on the surface of magnetic

SR (MCP) stars is approximately 15-20% of the star's surface. According to [3,4],

in magnetic stars, the spot temperature is on average 500-1500 K and the content

* E-mail: sabirshao5@gmail.com
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of peculiar elements is 2-4 orders of magnitude higher than the surrounding region

of the star's atmosphere. To distinguish stellar spots from sunspots, instead of the

spotting e�ect, it is advisable to use the term �peculiarity e�ect�. The peculiarity

e�ect arises due to a strong anomaly in the chemical composition and powerful

magnetic �eld, which are characteristic in the spotted region on the surface of

MCP stars. For the study, about 30 di�erent magnetic stars were selected, which

are located in the spectral range of B4-F0. For each star, extreme phases were

determined to correspond to the spotted and (relatively) normal region on the

surface of the star.

2. THE EFFECT OF ANOMALIES IN CHEMICAL COMPOSITION

It has been established that excesses in the content of peculiar chemical ele-

ments (Si, Mn, Cr, Sr, Eu, etc.) in magnetic stars are approximately 2-5 orders

of magnitude. As a result of collective energy absorption by the lines of these

elements in the peculiar regions of stars, the coe�cient of the coating e�ect (CE)

reaches about 15�20% [5, 6]. As a result, the structure of the atmosphere and

the distribution of energy in the spectrum change. Due to additional PE, the

chemical anomaly has a signi�cant e�ect on the atmospheric structure of mag-

netic superlattices. In other words, a chemical anomaly leads to the appearance

of an additional source of opacity in the atmosphere of these stars. As a result of

increased energy absorption by lines of peculiar elements in the underlying lay-

ers, the density of radiant energy, respectively, and temperature increases, and

the upper layers of the atmosphere are cooled. Due to the chemical anomaly

in the peculiar regions, the temperature is 500�1500 K higher than the normal

atmospheric region of these stars [3, 4]. In addition to the reasons that lead to a

change in the structure of the atmosphere and physical conditions, they can also

be associated with a change in the absorption coe�cient in the peculiar regions of

the atmosphere of magnetic stars. The continuous absorption coe�cient for the

stars B0-F0 can be represented as follows

Kλ = Kλ(H,He) +Kλ(M) +Kλ(e) (1)

Where Kλ(H, He) is the absorption coe�cient of hydrogen and helium, Kλ(M)

is the absorption coe�cient of metals, Kλ (e) is the scattering coe�cient on free

electrons. The main contribution to continuous absorption comes from helium

and hydrogen. In the work of Leushin [7], it was noted that the electron densities

for MCP stars obtained from the last number of hydrogen lines of the Balmer

series, which refers to the upper layers of the atmosphere τ ≤ 0.1, slightly di�er

from normal values. This is due to the fact that due to PE in the upper atmo-

sphere, the temperature and electron densities in the normal and spotted regions
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are almost the same. However, in the lower atmosphere (τ ≤ 0.1-0.7), where the

continuous spectrum and the �rst members of the Balmer series (Hα - Hγ) are

e�ectively formed, which determine the electron densities (Unsold method), the

calculated electron densities in the spot region are 2 -3 times more than in the

normal atmosphere of MCP stars [8]. Based on these facts, we can conclude that,

due to an increase in temperature, the electron concentration and the coe�cient

of continuous absorption increase. In this regard, the role of the main absorbing

element, hydrogen, decreases and the structure of the atmosphere in the peculiar

regions of the studied stars changes.

In addition, due to an anomaly in the chemical composition and the associated

increase in Kλ a change occurs in the redistribution of the �ux over wavelengths in

peculiar regions, which partially ��lls� the Balmer jump, decreasing its magnitude.

Thus, we can conclude that the change in Kλ, the Balmer jump, photometric (∆α,

Z) and spectral indices (P(E)) of peculiarity are mainly associated with anomalies

of chemical composition. Change of these parameters and structure of the atmo-

sphere are also associated with a magnetic �eld, which enhances the anomaly of

the chemical composition itself.

3. THE ROLE OF THE MAGNETIC FIELD IN THE ATMOSPHERES

OF MCP - STARS

It is known that magnetic CP stars have strong magnetic �elds (34 Kg). There-

fore, of particular interest is the question of the in�uence of such a strong magnetic

�eld on the structure of the atmosphere and the spectra of these stars. A magnetic

�eld can a�ect the atmosphere of a star in two ways:

1. A change in the magnetic �eld with the height of the atmosphere leads to a

change in hydrostatic equilibrium in the peculiar regions of the star's atmosphere.

2. The magnetic �eld through the Zeeman splitting of numerous lines, espe-

cially lines with a large Lande factor, increases the opacity of the star's atmo-

sphere.

Let's consider each fact separately. According to [9], the measured di�erences

in the magnetic �eld before and after the Balmer jump indicate the existence of

changes in the magnetic �eld along with the height of the atmosphere, i.e. there

is a radial gradient of the magnetic �eld. In the monograph by Sakhibulin [10],

it is indicated that at the same temperature in magnetic stars the gas pressure is

less than that of non-magnetic stars. A magnetic �eld suppresses convection and

additionally supports atmospheric layers in peculiar regions.

However, in the direction of the magnetic �eld, the microturbulent velocities

νt increase according to [11] according to the formula νt = 1, 4 × 10−4λ Z Bs,

where Z is the Lande factor, and Bs is the surface magnetic �eld.
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Fig. 1. Dependense of ∆α on the magnet �eld.

Simultaneously with the change in the gas pressure Pg, the concentration of

free electrons [8,12] and the temperature (blanketing e�ect) also change with the

height of the star's atmosphere. Thus, the existence of a radial gradient of the

magnetic �eld leads to a change in the distribution of pressure (P = Prg+Pe),

temperature and electron density with a depth of the atmosphere; those. the

atmospheric structure in the peculiar regions of MCP stars changes [13]. In [14],

it was found that the content of iron-type elements near the photosphere is 3-4

orders of magnitude higher than in the upper atmosphere. It was also noted there

that rare-earth elements are concentrated mainly in the upper atmosphere, which

also indicates the strati�cation character of the atmosphere of MCP stars, i.e. the

atmospheric anomaly of these stars is not monotonic, but �layered� in nature. The

above facts indicate that, due to the existence of a radial gradient of the magnetic

�eld, the distribution of physical parameters (P, Te and ne) and anomalies of the

chemical composition are not monotonic, but layered. The results of spectral and

photometric observations of a large number of MCP stars (about 25 stars) show

that the magnetic �eld enhances the spectral (P) and photometric indices (∆ α,

Z) of peculiarity. As an example, Fig.1 shows the dependences of the degree of

peculiarity (P) on the magnetic �eld. The values of the degree of peculiarity were

taken from [15] and [16]. These values were averaged for all studied chemical

elements. The mean values (P) for Cr, Si, Sr and rare earth were estimated. The

values of the surface magnetic �eld (Bs) were taken from [17]. Figure 2 shows

the dependence of ∆α on the magnetic �eld Bs. As can be seen from Fig.2, as

the magnetic �eld grows, so does ∆α. Thus, with an increase in Bs, the inten-
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sity of depression increases and reaches a maximum (Bs ≈ 4.5KG), then remains

constant (saturation occurs).

Fig. 2. Dependence of P(E) on the magnetic �eld
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MAGNETIC FIELDS OF NEWLY-IDENTIFIED MCP

STARS IN THE KEPLER FIELD

I. A. Yakunin a*, I. I. Romanyuk a, Z. Mikulá²ek b, J. Janík b,

A. Moiseeva a, S. Hümmerich b
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We present �rst results of the ongoing search for magnetic �elds in eight

Ap/CP2 stars and one candidate in the Kepler �eld using the spectropolarime-

ter of the 6-m SAO telescope in Russia. Five stars (KIC 4180396, KIC 5264818,

KIC 5473826, KIC 6065699 and KIC 8324268) were found to harbor a strong

magnetic �eld. Very likely, KIC 6864569 is also a magnetic star, but more

observations are needed. The status of KIC 8161798 and KIC 10324412

remains as yet unclear; no signi�cant �eld was detected for the CP2 star

candidate KIC 6278403. The resulting sample will facilitate research on the

connection between magnetic �eld topology and surface chemical structures in

mCP stars.

Keywords: stars: chemically peculiar � stars: magnetic �elds

1. INTRODUCTION

We present �rst results of a search for magnetic �elds in eight Ap/CP2 stars

and one candidate in the Kepler �eld. These upper main-sequence objects are

characterized by peculiar photospheric abundances thought to be produced by

selective processes (radiative levitation, gravitational settling) operating in their

calm radiative atmospheres. CP2 stars belong to the magnetic chemically pecu-

liar (mCP) stars, which possess strong global magnetic �elds, possibly of fossil

origin. In many mCP stars, the overabundant chemical elements are concentrated

into chemical spots or patches. These objects display strictly periodic light, spec-

trum and magnetic variations, which can be well described by a rotating star

*

E-mail: elias@sao.ru

93



I. A. Yakunin et al. AJAz: 2020, 15(1), 93-96

Fig. 1. Kepler light curves of the eight CP2 stars and the CP2 star candidate

KIC 6278403, represented by normal points. All objects have been selected from

the list published by Hümmerich et al. [1], except for KIC 4180396 and KIC 5264818

(as yet unpublished).

model with a non-axial stable magnetic �eld and persistent chemical structures.

However, the physical connection between the magnetic �eld topology and the

structure of the chemical surface inhomogeneities is not yet understood or well

explored.

Our intended project �Probing the role of the magnetic �elds in the physics

of chemically peculiar stars using BTA-6 spectropolarimetry� aims to assess and

better comprehend the role of the global magnetic �eld in the process of the

formation and sustaining of the chemical surface abundance inhomogeneities of

mCP stars by using high-quality spectropolarimetry from the 6-m telescope and

ultra-precise photometric data from the Kepler and TESS satellites. These data

will o�er unique and detailed information about chemical structures and magnetic

�eld geometry for a representative sample of mCP stars. As a pilot study, we have

observed eight Ap/CP2 stars and one candidate in the Kepler �eld, which were

selected from the list of [1] and unpublished observations (see Table 1 and Fig-

94



AJAz: 2020, 15(1), 93-96 Astronomical Journal of Azerbaijan

ure 1). Our data constitute the �rst spectropolarimetric measurements of these

objects.

2. OBSERVATIONAL DATA

In April and May 2019, we obtained a total of 31 spectra for all nine ob-

jects using the Zeeman analyzer. Strong magnetic �elds were found in �ve stars

(KIC 4180396, KIC 5264818, KIC 5473826, KIC 6065699 and KIC8324268). Very

likely, KIC 6864569 is also a magnetic star, but more observations are needed.

The status of KIC 8161798 (only one spectrum) and KIC10324412 (�ve spectra)

remains as yet unclear. No signi�cant magnetic �eld (amplitude 40± 140 G) has

been detected in the only CP2 star candidate of the sample, KIC 6278403.

3. CONCLUSIONS

The here presented results from our pilot study in the framework of the pro-

posed Czech-Russian project collaboration are very promising and con�rm the

feasibility of the chosen approach. With the ongoing collection of more and more

spectra, we will be able to signi�cantly enlarge the sample of mCP stars with ac-

curate phase-resolved magnetic measurements. The resulting sample, which will

also boast ultra-precise light curves from satellite photometry, will be unique and

Table 1. Essential data for the nine stars from the Kepler �eld chosen as targets

for the 6-m SAO telecope spectropolarimetric observations. From left to right, the

columns denote: (1) KIC identi�cation; (2) other conventional identi�cation; (3) G

magnitude from GAIA DR2; (4) spectral type; (5) period, d; (6) e�ective amplitude

of light variations, Aeff ; (7) number of newly obtained magnetic spectra, Nm; (8)

magnetic �eld detection. Unless indicated otherwise, spectral types were taken from

[1].
KIC ID Other ID G,mag SpT Period, d Aeff , mmagNmMagnetic field?

4180396 HD 225728 10.388 B9 IV Si 3.6843458(3) 7.7 2 Yes
5264818 HD 180374 8.798 A0 IV Si 1.90505059(5) 25.8 4 Yes
5473826 HD 226339 10.813B9 V SiCr1.051203405(16) 29.3 2 Yes
6065699 HD 188101 7.720 B7 V Si 3.9873152(4) 28.7 5 Yes
6278403 HD 181436 8.758 n/a 1.19123857(4) 7.2 5 No
6864569 BD+42 3356 9.954 B9 V Si 2.32517273(4) 27.2 2 Likely
8161798 BD+43 322310.373A0 V SiCr 2.20296272(5) 90.5 1 1 spec
8324268 HD 189160 7.881 A0 V SiCr 2.00912016(7) 27.1 5 Yes
10324412 HD 176436 8.209 A0 V Si 1.73149557(5) 21.0 5 Unclear
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Fig. 2. Mean longitudinal magnetic induction plotted versus photometric phase.

Ephemerides were based on our own observations (KIC 5264818) and taken from

Hümmerich et al. [1] (all other stars).

greatly facilitate further research on the connection between the magnetic �elds

and other parameters in mCP stars.
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FUNDAMENTAL PARAMETERS OF MCP STAR HD

17330 WITH WIDE DEPRESSION IN THE

CONTINUUM
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We present a measurement of fundamental parameters and magnetic �eld of
the CP star HD17730 with broad �ux depression centered at 5200 Å. This
work continues the series of papers about detailed study of individual magnetic
CP stars with large �ux depressions [1, 2].
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1. INTRODUCTION

In the work by Cramer & Maeder [3] a correlation between the photometric
parameter ∆a and the strength of the surface magnetic �eld Bs was introduced.
The �rst attempt to �nd any correlations between these parameters was made
in the paper by Kudryavtsev et al. [4]. However, more statistics are needed to
quantify this relation.

2. OBSERVATIONS

Spectropolarimetric data were obtained with the Main Stellar Spectrograph
(MSS) [5] installed in the Nasmyth-2 focus of the 6-m telescope. 22 circularly po-
larized spectra for this star were taken during the observational program. Main
characteristics of the spectra see in Table 1.

The observational technique and data reduction had been described in paper
[6].
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Table 1. Main characteristics of spectra from MSS

Spectral range 4400-4970 Å, 3950-4365 Å

Resolution 15 000

Signal-to-noise 300-400

3. METHODS AND RESULTS

The fundamental parameters were estimated using the following technique:
Teff and log g were determined using both model atmospheres of the polarized
spectra and photometric calibrations (see Figure 1).

a)
b)

Fig. 1. Determination of Teff and log g using model atmospheres. Two spectral lines
were used for the estimation: Hγ (a) and Hβ (b).

Luminosity and radius were determined by using fundamental laws (see e.g.
[7]). After this, using evolution tracks from [8] we determined mass and age of
the star (see Figure 2).

We measured magnetic �eld using two methods: standard Babcock's method
[12] and regression method, implemented by Bagnulo et al. [13]. In Table 2 the
RMS magnetic �eld is shown [14]. We are unable to �nd any periodic variations
for this star using obtained magnetic measurements. Taking into account small
v sin i, HD17330 can be a slow rotator or the star which is seen from the pole.
More detailed study is needed to distinguish between these two assumptions.

Table 2 summarizes all the parameters found for HD17330.
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Fig. 2. Evolution tracks for HD 17330 and other stars with large �ux depressions.

Fig. 3. Chemical composition of HD 17330.

Table 2. HD 17330 summary

Teff (sp)/(phot) 13200±210 / 8500±113 vesini, km s−1 <20

log g(sp)/(phot) 3.5±0.2 / 3.8±0.3 logL/L� 2.9±0.2
M, M� 4.6±0.4 R, R� 5.4±0.5

(<B2
e >)1/2 (cog)/(regr), Gs 394±61 / 366±28 χ2/n (cog)/(regr)6.5 / 13.1

log t 8.2

4. ACKNOWLEDGEMENT

The research was supported by the grant: RFBR 18-29-21030.

99



A. V. Moiseeva et al. AJAz: 2020, 15(1), 97-100

REFERENCES

1. Romanyuk, I. I., Kudryavtsev, D. O., Semenko, E. A., Moiseeva, A. V., AstBu,

2016, 71, 447

2. Semenko, E. A., Romanyuk, I. I., Semenova, E. S., et al., AstBu, 2017, 72, 384

3. Cramer, N., Maeder, A., A&A, 1980, 88, 135

4. Kudryavtsev, D. O., Romanyuk, I. I., Elkin, V. G., Paunzen, E., MNRAS, 2006,

372, 1804

5. Panchuk, V. E., Chuntonov, G. A., Naidenov, I. D., AstBu, 2014, 69, 339

6. Kudryavtsev, D. O., Magnetic Fields of Chemically Peculiar and Related Stars,

2000, 84

7. Moiseeva, A. V., Romanyuk, I. I., Semenko, E. A., Kudryavtsev, D. O., Yakunin,

I. A., AstBu, 2019, 74, 62

8. Bertelli, G., Girardi, L., Marigo, P., Nasi, E., A&A, 2008, 484, 815

9. Kurucz, R. L., VizieR Online Data Catalog, 1993, 6039

10. Kochukhov, O. P., Physics of Magnetic Stars, 2007, 109

11. Ryabchikova, T., Piskunov, N., Kurucz, R. L., et al., Physica Scripta, 2015, 90,

054005

12. Babcock, H. W., APJS, 1958, 3, 141

13. Borra, E. F., Landstreet, J. D., APJL, 1973, 185, 139

14. Thompson, I. B., Brown, D. N., Landstreet, J. D., APJS, 1987, 64, 219

100



Astronomical Journal of Azerbaijan, 2020, Vol. 15, No. 1

INFLUENCE OF PECULARITY EFFECT ON

BALMER DISCONTINUITY IN THE ATMOSPHERES

OF MAGNETIC CP STARS

S. N. Gulahmadova a, S. G. Aliyev a, J. M. Kuli-zadea a,

V. M. Khalilov a

a Shamakhy Astrophysical Observatory named after Nasireddin Tusi of the Azerbaijan National

Academy of Sciences

On the basis of 10 color photometric materials Balmer jumps were determined

for di�erent magnetic stars taking into account the peculiarity e�ect - the

presence of a strong magnetic �eld (Be> 1000 gauss) and chemical anomalies

in the spotted areas of the stars studied. The in�uences of chemical anomalies

and the magnetic �eld on the structure and physical conditions, including

Balmer jumps, in the atmospheres of MCP stars are analyzed. It was found

that due to an excess (for 2�5 orders) of peculiar elements (Si, Cr, Sr, Eu,

Nd, etc.), energy absorption by the lines of these elements (blanketing e�ect)

occurs in spotted regions of the atmosphere of these stars. Thus, chemical

anomalies owing to additional blanketing e�ect, have an essential in�uence

on the occurrence of additional source of opacity and correspondingly on the

change of continuum spectrum in the region of the Balmer discontinuity. The

magnetic �eld makes some contributions to the distribution of pressure (P =

Pg + Pe), temperature and other parameters, as well as Zeeman e�ect leads to

the strengthening blanketing e�ect with all associated e�ects. It is concluded

that the decrease in the Balmer jump mainly depends on the spectral (P)

and photometric indices (Z,∆α) of the of peculiarity and the intensity of the

magnetic �eld of the studied MCP stars.

Keywords: CP stars�peculiar e�ects�chemical abundances�magnetic �elds�

stellar parameters

1. INTRODUCTION

Magnitude of Balmer discontinuity depends on the ratio of H-, HI and HII

which are very sensitive to the changes of electron density. In lower atmospheric

layers (τ ≤ 0,5 - 0,7) where continuum spectrum and the �rst members of Balmer
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series (Hα - Hγ) on which electron density (method Unsold) are e�ectively formed,

the calculated electron densities in spot area are 2-3 times more than in normal

atmosphere of MCP stars [1]. Due to excess peculiar elements (2-5dex) increase

in temperature and electron concentration in peculiar �elds continuous absorp-

tion coe�cient rises. In this connection the role of the main absorbing element

- hydrogen decreases. The structure of atmosphere and magnitude of Balmer

discontinuity in peculiar �elds of MCP stars changes.

Thus, due to anomaly in chemical composition the change of the structure of

atmosphere and redistribution of �ux along wavelengths occur in peculiar �elds

which partially ��ll� Balmer discontinuity decreasing its magnitude. The main

reasons which cause anomaly (decrease) of Balmer discontinuity in MCP stars

were given below. Similar question has already been analyzed in [2] in which it

was stated that anomaly was caused, mainly, by anomalies of the chemical com-

position. It should be noted that due to anomaly of the chemical composition

following e�ects which lead to the decrease of Balmer discontinuity appear in

peculiar �eld.

1. At high increase of absorption in ultraviolet �eld of spectrum redistribu-

tion of absorbing �ux along wavelengths occurs, due to which altitudes of Balmer

discontinuity decreases.

2. Additional blanketing e�ect occurs due to the intensi�cation of spectral

lines of peculiar elements and distribution of temperature with atmosphere depth

and Balmer discontinuity changes, correspondingly.

3. The role of the main absorbing element � hydrogen [3] and continuous

absorption coe�cient and the structure of atmosphere in peculiar �elds change

(decrease), while decreasing the magnitude D.

It is concluded that the change of magnitudes of Balmer discontinuity, photo-

metrical (δα, Z) and spectral indexes (P(E)) of peculiarity are related to anoma-

lies of the chemical composition. The change of these parameters and structure

of atmosphere are also related to magnetic �eld which intensi�es anomaly of the

chemical composition.

It is known that magnitude of Balmer discontinuity and inclination of Paschen

continuum strongly depends on the temperature of star. At high temperatures

Te>10000K magnitude D decreases, since decreases the relation of absorptions in

Balmer and Paschen continua. Ionization degree of hydrogen increases together

with the growth of Te as a result of which the magnitude D decreases.

Results of our studies show that the decrease of Balmer discontinuity in silicon

stars is much higher (δ D =0,06) than in rare-earth stars (δ D =0,02) for which

Te≤9000K. The reason of the impact of excess silicon on D was considered in

the work [3]. It was noted there that when Te≤9000K the magnitude D must be

decreased due to high absorption by negative hydrogen ions H-. At lower temper-
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atures Te ≤9000K absorption by neutral hydrogen decreases due to small degree

of its excitation.

Fig. 1. Comparison of magnitudes D for normal (Dn) and peculiar (Dp) �elds in

silicon stars

Fig. 2. 2 shows the comparison Balmer discontinuity received in SHAO (NANA) and

SAO (RAS).

For quantitative coincidence it is necessary to take into account not only the

impact of anomalies of silicon and rare-earth elements, but also the impact of all
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Table 1. ∆D (average) = 0,06

� HD Sp mv Type of peculiarity D(P) D(N) ∆D

1 19832 B 7.3 5,65 Si λ4200 0,26 0,30 0.04

2 25823 B 6.8 5.27 Sr, Si λ4200 0,45 0,50 0.05

3 27309 A0 5,24 Siλ4200 0,45 0,52 0.07

4 124224 B8 4,9 Siλ4200 0,56 0,62 0.06

5 170000 
B8 4,12 Siλ4200 0,27 0,32 0.05

6 192913 A0 6,59 Siλ4200 0,64 0,70 0.06

7 193722 B9 6,40 Siλ4200 0,43 0,55 0.08

8 215441 A0 8.84 Si 4200 0,62 0,70 0.08

9 219749 B9 6,45 Si 4200 0,63 0,68 0.05

Table 2. ∆D (average) = 0,02

� HD Sp mv Type of peculiarity D(P) D(N) ∆D

1 15089 A 3.8 4.59 Sr, Cr, Eu 0,48 0,51 0.03

2 65339 A2 6.00 Sr, Cr, Eu 0,47 0,50 0.03

3 71866 A5 6.75 Si, Cr, Eu 0,55 0,57 0.02

4 112185 A1 1.68 Cr, Eu 0,60 0,61 0.01

5 119213 A1 6.39 Sr, Cr, Eu 0,56 0,59 0.03

6 140160 A0 5.26 Sr, Eu, Cr 0,55 0,55 0

7 153882 B9 6.29 Cr, Sr 0,47 0,48 0.01

8 184905 A0 6.62 Si, Sr, Cr, Eu 0,65 0,68 0.03

9 188041 F0 5,84 Sr,Cr,Eu 0,57 0,57 0

10196502 A2 5.2 Sr, Cr, Eu 0,47 0,50 0.03

11224801 B9 6,30 Cr, Sr, Si, Eu 0,40 0,44 0.04

peculiar elements. Thus, it should be taken into account the e�ect of uneven dis-

tribution of chemical anomaly from height of atmosphere which is probably due

to radial gradient of magnetic �eld in atmospheres of magnetic stars. It should be

added that due to strong magnetic �eld the most observed anomalous e�ects and

changes in the structure of atmosphere in MCP stars intensify. Figure1 shows the

dependence of abnormality of Balmer discontinuity (∆ D) on magnetic �eld. The

main conclusions:
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1. Decrease of Balmer discontinuity is due to anomalies of the chemical com-

position which leads to increase of blanketing e�ect as a result of which continuum

and the value of Balmer discontinuity change, correspondingly;

2. Due to strong magnetic �eld (Be > 1000 Gs) distribution of pressure

(P=Pg + Pe), temperature and other parameters of atmosphere (kλ, ne and so

on) change, as well as blanketing e�ect intensi�es, which leads to the decrease of

Balmer discontinuity.
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Most young stars exhibit a large number of solar-like activity phenomena

such as strong X-ray emission, �ares, dark spots, wind, activity cycles, etc.

Activity phenomena are believed to be a by-product of the nagnetic �elds

generated by young stars within their convective envelopes through dynamo

processes. However, young stars show the existence of strong magnetic �eld

(up to several kG), weak di�erential rotation, and the absence of a radiative

core. All these facts challenge modern dynamo models. We review various

manifestations of activity and some magnetic properties of young stars such

as �eld strength, large-scale topology, di�erential rotation, and activity cycles.

In particular, we point out such features of the young stars activity as the

presence of vast spotted regions (up to 80% of the stellar surface), the

long-term stability of the phase light curves, the absence of di�erential rotation

(for some objects), the presence of axisymmetric and poloidal structures of

the large-scale magnetic �eld, and some others. We then proceed to discuss

the relationship between magnetic �eld topology, coronal X-ray emission,

rotation, stellar age, and activity throughout the evolution of young stars and

to compare these dependencies with the results for more evolved stars. Finally,

we discuss our insight into the stellar magnetism origin and its impact on the

early evolution of young convective stars.

Keywords: stars: activity � stars: magnetic �elds � stars: evolution � stars:

rotation

1. INTRODUCTION

Young late-type stars of about one solar mass at an age of a few million years

are referred to as T Tauri stars (TTS). TTS appear at the stage of stellar evolution

prior to the main sequence (PMS). These objects are divided into two subgroups

- classical TTS (CTTS), which are still surrounded by protoplanetary gas-dust

* E-mail: konstantin.grankin@craocrimea.ru
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disks, and TTS with weak emission lines (WTTS), which do not show any signs

of disk accretion. Many WTTS exhibit a large number of solar-like activity phe-

nomena such as strong X-ray emission, �ares, dark spots, wind, activity cycles,

etc. In other words, these stars are counterparts of the young Sun at an age of

several million years.

The evolutionary status of TTS is clearly seen in the Hertzsprung-Russell

(HR) diagram (see Fig. 1). These HR diagrams show 45 CTTS and 44 WTTS

from the star-forming region of Taurus-Auriga (SFR Tau-Aur), which is about

140 pc away from us [1]. Most objects are located above the initial main sequence

and are age of 1 to 10 million years. In the diagram, objects above the red line

have no radiative core, i.e., following modern stellar evolution models, these are

fully convective protostars.

Fig. 1. HR diagram for CTTS (a) and WTTS (b) - from [1]. The solid lines mark the

evolutionary tracks calculated with Y = 0.277 and Z=0.02 - for stars with di�erent masses

from 0.2 to 2.7 M�. The dashed lines indicate isochrones for ages of 106, 107, and 108 yr.

The author adopts a grid of evolutionary tracks from [2] computed for PMS stars. Objects

above the red line have no radiative core.

The evolution features of TTS during the �rst million years are determined by

the presence of strong magnetic �elds (up to 4 kG) and the presence of circumstel-

lar disks. On the one hand, magnetic �elds and external deep convective shells of

protostars are a reason for the existence of extended cold spots, hot facular �elds,

excessive chromospheric and coronal emission, short bursts, and other manifesta-

tions of solar-type activity observed among WTTS. On the other hand, magnetic

�elds play a key role in the complex processes of interaction between the central
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star and the disk surrounding it. These processes lead to an angular momentum

redistribution of the star-disk system and to the development of magnetospheric

accretion processes, which are characteristic of CTTS and which are responsible

for the formation of collimated jets, stellar and disk winds, and possibly for planet

formation and migration.

2. EXTENDED COLD SPOTS

The existence of extended cold spots or spottedness areas is con�rmed by the

results of multicolor photometric observations, which made it possible to detect

periodic brightness changes in most WTTS with amplitudes from 0.m1 to 0.m6

[3]. Changes in the amplitude of the periodic signal and the average brightness

level from season to season have been recorded. The authors of this work showed

that (1) the change in the amplitude of the periodic signal is also accompanied by

a change in the shape of the phase light curve, and (2) the evolution of the am-

plitude and shape of the phase curve re�ects changes in the area and distribution

of spots.

Some of the youngest and most active WTTS have demonstrated the stability

of the minimum brightness phase over many years. This phenomenon is most

clearly observed for V410 Tau, whose minimum brightness phase has remained

stable for at least 15�19 years (see Fig. 3 in [3]). This phenomenon is most likely

due to the prolonged existence of the so-called active longitudes.

However, �there is nothing permanent under the Sun�. The same V410 Tau

showed a radical change in the photometric behavior in 2006-2009 [4]. The vari-

ability amplitude has gradually decreased from 0.m6 to 0.m06 for several seasons.

At the same time, the average light level hasn't changed much. A simple mod-

eling showed that this decrease in amplitude is accompanied by a decrease in

the non-uniformity in spot distribution from 38 to 5-6%. Notably, the spots are

almost evenly distributed over the surface when the light curve has a minimum

amplitude. Previously, it was believed that the minimum amplitude is a sign of

a decrease or disappearance of spots. These new conclusions were perfectly con-

�rmed by the results of Doppler mapping - the latter showed that there are many

spotted regions fairly evenly distributed along the equator (Fig. 4 in [5]).

Analysis of long-term multicolor photometric data using a simple two-

component photometric model showed that the spotted areas are colder than

the surrounding photosphere by 600-1500K and can cover from 30 to 90% of the

stellar surface [6], [7]. These results were recently con�rmed in a comprehensive

study of the spectral and photometric data for the highly spotted star V1068 Tau

[8]. Analysis of multicolor photometry together with optical and IR spectroscopy

of high and medium spectral resolution showed that the spotted areas can cover
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up to 80% of the visible surface of this star. Analysis of various photometric and

spectroscopic data showed that many other low-mass stars with various evolu-

tionary status also have large spots [3], [6], [7], [9], [10], [11], [12], [13].

3. CHROMOSPHERIC ACTIVITY AND FLARES

The lines Hα, Hβ , HeI D3, IR triplet CaII and the doublet Ca II H & K are

used as diagnostics of the chromospheric activity of young stars (see Fig. 4 in [14]).

Equivalent widths of the residual emission in the cores of Hα, CaII H&K, and

CaII IRT lines show clear modulations with the rotational phase and are ascribed

to active chromospheric regions analogous to solar plages. The photospheric and

chromospheric diagnostics do not correlate with each other [14]. A similar result

was obtained for V410 Tau [15]. Particularly, the maximum contribution from

the active chromospheric regions is observed very close to those times when the

visible area of the photospheric spots is maximum.

The �are activity of TTS is not as high as that of �are red dwarfs. The

most reliable information on the �are activity of TTS came from the analysis of

continuous photometric observations within the space projects such as CoRoT,

MOST, Kepler K2, and some others. Continuous MOST observations over 24

days made it possible to detect one �are in SU Aur [16] and TW Hya [17]. Kepler

K2 monitoring, carried out for 80 days with a time resolution of about 30 minutes,

recorded one �are in V1079 Tau [18].

Despite the clear superiority of space observations, ground-based photometry

also provides important information on the �are activity of some selected TTS. In

particular, simultaneous photometric monitoring from three di�erent sites (Maid-

anak, Flagsta� and Sierra Nevada) made it possible to detect 9 �ares in V410 Tau

during November 2001 [19]. Observations were carried out during 11 nights with

a time resolution of 4 to 20 minutes. The �are rate is about 2 events per day.

Total energies involved in the events are 1035 − 1036 erg, except for the strongest

one, which reaches 3 × 1037 erg. The authors showed that �ares, typically, tend

to occur mainly close to the minimum brightness of the star when its most active

regions were turned to the observer. In addition to strong �are activity, a number

of micro�ares were registered during the quiescent stages, as observed through

the broad Hα component. If we compare �ares in V410 Tau with �ares in other

active stars, then they surpass the strongest �ares detected both in TTS and in

other active stars like RS CVn type (see Fig. 10 in [20]).

4. SURFACE DIFFERENTIAL ROTATION

As a result of long-term spectropolarimetric studies of several most active

WTTS, their surface di�erential rotation (∆Ωeq) was measured. The ∆Ωeq of
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the 4 WTTS turned out to be much weaker than that of the Sun (see Table 1).

The ∆Ωeq is small for V410 Tau [5], LkCa 4 [21], V819 Tau [22], and V830

Tau [22]. Only the ∆Ωeq for TAP 26 [23] is comparable to that for the Sun

(∆Ωeq = 0.0550 rad d−1). But this star is noticeably older than other WTTS, its

age is about 19 million years (My), while that of the remaining WTTS from this

group is no more than 3 My.

Table 1. Di�erential rotation for some WTTS

Object Ωeq ∆Ωeq Prot (day) Pphot

(rad d−1) (rad d−1) equator � pole (day), from [3]

V410 Tau 3.357 ± 0.0010 0.0070 ± 0.0060 1.872 � 1.876 1.871 � 1.877

LkCa 4 1.868 ± 0.0020 0.0100 ± 0.0060 3.364 � 3.382 3.367 � 3.387

V819 Tau 1.141 ± 0.0040 0.0080 ± 0.0080 5.510 � 5.550 5.50 � 5.61

V830 Tau 2.295 ± 0.0001 0.0156 ± 0.0009 2.719 � 2.756 2.738 � 2.747

TAP 26 8.819 ± 0.0003 0.0492 ± 0.0010 0.7124 � 0.7164 0.7135 � 0.7138

5. ANGULAR MOMENTUM EVOLUTION

Due to the e�ect of rotational modulation of cold/hot spots, the rotation pe-

riods of spotted TTS are known with high accuracy. For example, a sample of

PMS stars with the known rotation periods in the direction of SFR Tau � Aur

reaches 61 objects [24]. Analysis of the distribution of rotation periods for this

sample of stars from SFR Tau-Aur showed that the rotation periods lie within a

range from 0.5 to 10 days. In this case, 50 stars (∼ 82%) exhibit rotation periods

in the range from 0.5 to 4.5 days (fast rotators) and only 11 stars (∼ 18%) have

rather slow rotation with periods in the range from 5 to 10 days (slow rotators).

A similar distribution of rotation periods is observed for other SFRs and young

open clusters with an age of 1-5 My [25].

To date, rotation periods are known for hundreds of young stars in various

regions of star formation and young open clusters. However, some unresolved

problems remain. Firstly, these are the slow rotation rates of young stars. Sec-

ondly, it is unclear why the initial distribution of the angular momentum has a

large dispersion. To explain the evolution of angular momentum during the �rst

several million years, it is necessary to involve some process that would be respon-

sible for the connection between the star and the disk. It has become apparent

that rotational braking due to magnetized winds is strongly dependent on mass,

and it is much less e�cient at very low masses. Some form of decoupling between
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the core and the envelope must be introduced in the model in order to simultane-

ously take into account the speci�c evolution of the spin of initially slow and fast

rotators. All these issues are discussed in detail in [26].

6. AVERAGE MAGNETIC FIELD

Stellar magnetic �elds are measured using the Zeeman e�ect, due to which

some spectral lines expand under the in�uence of a magnetic �eld [27]. Thanks

to the Zeeman-Doppler Imaging (ZDI) technique we can learn about topologies of

the large-scale magnetic �elds of TTS. This technique makes use of time-resolved

spectropolarimetric observations of stars over several rotations to reconstruct dis-

tributions and orientations of the large-scale magnetic �elds over their surfaces

[28]. Analysis of the ZDI magnetic maps for several TTS showed the presence of

strong and time-varying magnetic �elds in the range from 100 to 1500 G [29]. In

this case, the contribution of the dipole and octupole components varies widely.

It should be noted that the average magnetic �elds of M-dwarfs, PMS stars,

and brown dwarfs are comparable. This provides the natural conclusion that

the origin of these magnetic �elds can be of the same nature [30]. Analysis of

an extended sample of PMS stars showed that the average large-scale magnetic

�eld of young active stars decreases with increasing age, rotation period, and

Rossby number [31]. It is noteworthy that TTS stars show a signi�cant scatter

in magnetic �eld values and lower Rossby numbers compared to M-dwarfs.

7. X-RAY EMISSION IN TTS

It is well known that there is a linear relationship between the X-ray lumi-

nosity and the total magnetic �ux for various solar features (such as the quiet

Sun, X-ray bright points, solar active regions, solar disk) and for late-type stars

(dwarfs of spectral classes G, K and M) [32]. Young stars deviate somewhat from

this linear dependence in the direction of lower X-ray luminosity. This relative

de�cit of X-ray luminosity may be due to the fact that stronger magnetic �elds

in TTS can suppress convective motions more e�ciently (see Fig. 2 in [32]) .

According to the results of an X-ray survey of SFR Tau-Aur, the following

interesting facts were revealed. Variations of UV emission may not have a strong

correlation with the X-ray light curve (see Fig 8 in [33]). This means that accretion

does not make a signi�cant contribution to X-ray emission. Moreover, the origin

of UV and X-ray emission may be di�erent. Distinctions have been reported be-

tween the X-ray emission of accreting (CTTS) and non-accreting (WTTS) stars.

Observations have suggested that accretion shocks could be responsible for part
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of the X-ray emission from CTTS [34]. Some CTTS have a two-component X-ray

spectrum, which consists of a little absorbed soft component and a strongly ab-

sorbed hard component. This little absorbed soft component can be generated at

the base of the jets. The strongly absorbed hard component is time-varying and

represents active coronal emission (see Fig. 5 in [35]).

The study of the relationship between the Rossby number and such magnetic

activity parameters as the X-ray luminosity and magnetic �ux density showed

that saturation occurs at certain values of the Rossby number. Moreover, both

active M-dwarfs and young open clusters stars and TTS are in saturation mode

[30] and [36]. A recent generalized analysis of the rotation�activity relation for 821

solar-mass stars with di�erent evolutionary status showed that the X-ray activity

saturates when the ratio of LX to Lbol reaches a level of about 10−3. Outside the

saturation mode, the X-ray luminosity depends only on the rotation period. In

saturation mode, rotation dependence is also observed, but it is very weak (see

Fig. 3 in [37]).

8. MAGNETIC FIELD TOPOLOGY

Zeeman-Doppler imaging (ZDI) is a tomographic method dedicated to the

cartography of stellar magnetic �elds, as well as surface brightness and temper-

ature distributions. This method uses the ability of magnetic �elds to polarize

the emitted (or absorbed) light in spectral lines formed in a stellar atmosphere

(Zeeman e�ect). Periodic modulation of Zeeman features during the rotation of

a star is used to create an iterative reconstruction of the vector magnetic �eld on

the stellar surface [38].

As a result of implementing three long-term international projects, MaPP

[39], MaTYSSE [40] and TOUPIES [31], a lot of spectropolarimetric data were

obtained for several tens of TTS using three spectropolarimeters (ESPaDOnS,

NARVAL and HARPS) mounted on three telescopes: 3.6 m CHFT (Hawaii), 2

m TBL (Pic du Midi, France), and 3.6 m ESO (La Silla, Chile). Analysis of the

spectropolarimetric data obtained within these three projects made it possible

to reconstruct the large-scale structure of the magnetic �eld in both CTTS and

WTTS (see [21], [23], [41]).

The �rst conclusions drawn from the features of the magnetic �eld topology of

the accreting PMS stars were as follows [42]. (1) The contribution of the octupole

component of the magnetic �eld relative to the dipole component increases with

age. (2) Fully convective stars host predominantly simple axisymmetric �elds and

can have strong (∼kG) dipole components. (3) Stars with small radiative cores

exhibit dominantly octupolar magnetic �elds with weak dipole components that

vary from 0.1 kG to of an order of ∼kG.
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Based on these results, the stars with di�erent internal structures were sug-

gested to have di�erent large-scale magnetic �eld topologies (see Fig. 2). Stars in

region 1 have a developed radiative core and complex non-axisymmetric magnetic

�elds. Stars in region 2 have a small radiative core (0 < Mcore/M∗ < 0.4) and

axisymmetric magnetic �elds, in which, the octupole component largely domi-

nates. Stars from region 3 are fully convective and show the axisymmetric �eld,

in which a strong dipole component dominates. The fourth magnetic topology

region exists at the lowest masses.

Fig. 2. H-R diagram - from [43]. PMS stars in the di�erent numbered regions have di�ering

internal structures and are observed to have di�erent large-scale magnetic �eld topologies

(see text for details).

If we compare the magnetic �eld topology of young stars with that of older

stars with an age of more than 10 My, then we can draw the following preliminary

conclusions. (1) TTS show stronger, more poloidal, and more axisymmetric mag-

netic �elds than older objects. (2) The diagram of the Rossby number dependence

on age shows that the magnetic dynamo of young stars is signi�cantly di�erent

than that in older stars with radiative cores. (see Fig. 10 from [31]).

9. MAGNETIC FIELDS AND STAR-DISC INTERACTIONS

Even within the TTS subgroup, the magnetic �eld topology can vary greatly.

Stars with simple large-scale (predominantly dipole) magnetic �eld con�gurations

(as in the case of AA Tau) have stronger �elds, are slower rotators, and exhibit

larger X-ray emitting coronae than stars with more complex and weaker magnetic

�elds (as in V2247 Oph). Based on this we can conclude that the �eld complexity

controls the distribution of open and closed �eld regions across the stellar surface,
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and strongly in�uences the location and shapes of accretion hot spots (see Fig. 1

in [29]).

More speci�cally, a predominantly dipolar and stronger �eld of AA Tau

causes accretion footpoints to be located at higher latitudes (< B >= 1220 G,

Bdip = 1720 G, Boct = 500 G). The material accreting onto TW Hya is de�ected

towards the mid-latitudes due to its su�ciently strong octupole �eld component

(<B>= 1610 G, Bdip = 730 G, Boct = 3100 G). The more complex and weaker

�eld of V2247 Oph (< B >= 220 G, Bdip = 110 G, Boct = 230 G) leads to a

complex accretion pattern at mid and low latitudes (see Fig. 3).

Fig. 3. Potential �eld extrapolations for AA Tau (upper panels), the TW Hya 2010 �eld

(middle panels) and V2247 Oph (lower panels) showing closed and open �eld lines (left-hand

panels) and accreting �eld lines (right-hand panels) - from [29] (see text for details).

Simulations of the magnetic �eld interaction with the disk internal parts

showed that as the strength of the dipole component decreases, and the com-

plexity of the �eld structure increases, the outer edge of the closed corona, the

inner edge of the disk, and the region in which the star's magnetic �eld can disrupt

the disk, they all move closer to the star (see Fig. 4). If CTTS have solar-like
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magnetic cycles, then we would expect the cycles to exist in the position of the

inner edge of the accretion disk and the location of accretion footpoints.

Fig. 4. Coronal extents (rcor), Alfvén surface radii (rA) and torque balance radii (rt) de-

pending on the strength of the dipole component of the �eld and the �eld complexity, from

[29]. The horizontal direction is measured in stellar radii from the stellar surface. The extent

of the closed corona is shown in green. The light blue bar shows the range of radii from

which accretion can occur onto the star. The dark blue bar shows the range of radii where

the magnetic �eld can disrupt the disc outside the corotation radius (rco). As the dipole

components weaken, the outer edge of the corona and the inner edge of the disc moves

inwards.

10. ACTIVITY CYCLES AND MAGNETIC FIELD TOPOLOGY

The most reliable sign of the existence of a stellar activity cycle is the detection

of periodic changes in the disk integrated emission in calcium lines. Unfortunately,
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there are no such multi-decade chromospheric observations for PMS stars. How-

ever, such observations were made for the more evolved solar-like stars at the

Mount Wilson Observatory (for example, [44], [45]).

There are now numerous stars that have been characterised by the ZDI map-

ping and also have a chromospherically determined cycle period in the literature.

It is obvious that even a single ZDI map for one chromosphere-active star contains

useful information on the magnetic �eld topology - such as how much magnetic

energy is stored in toroidal or axisymmetric modes. An interesting analysis of the

magnetic properties of a sample of stars that have at least one ZDI map as well

as a chromospheric activity cycle period has recently been made [46].

Two groups of stars in the cycle period versus the rotation period diagram were

identi�ed. One group of stars belongs to the so-called inactive branch, another

group lies on the active branch. The authors �nd some evidence that stars along

the active branch show signi�cant average toroidal �elds that exhibit large tem-

poral variations while stars exclusively on the inactive branch have dominantly

poloidal �elds throughout their entire cycle (see Fig. 5). The reason for this

behaviour may be due to di�erent dynamo modes operating along the active and

inactive branches as proposed in [47].

Fig. 5. Chromospheric activity cycle period against rotation period, from [46]. The symbol

colour represents the poloidal energy fraction (ranging from red for purely poloidal to blue

for purely toroidal) and symbol shape represents how axisymmetric the poloidal component

of the �eld is (ranging from decagons for a purely axisymmetric poloidal �eld to pointed stars

for a purely non-axisymmetric �eld). Dashed lines indicate the active and inactive branches.

Stars with multiple cycle periods are connected with a dashed line. The shaded region

indicates the range of rotation periods where the active and inactive branches overlap.
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11. PROPERTIES OF THE YOUNG STARS

All TTS rotate faster than the Sun (Prot ∼ 1 − 10 days). Many TTS are

in saturation when the magnetic �eld and X-ray luminosity are weakly depen-

dent on the rotation period (Rossby number). Some of the youngest TTS have

very strong large-scale magnetic �elds (up to 3-4 kG) with a predominance of the

dipole component. Such objects have extended (up to 80% of the visible stellar

surface) long-lived (up to 15 years) spotted areas and exhibit very weak di�er-

ential rotation. It is clear that during the PMS sequence phase young stars go

through important structural and global changes. Aside from the appearance of

a radiative core in solar-like stars by the time they reach the ZAMS, these stars

undergo a complex rotational history (see Sect. 5). Besides this, young stars

for some period of their infancy are fully convective. It should be noted that

M-dwarfs of late spectral classes (M5-M9) exhibit very similar properties.

What impact does the high rotation rate have on turbulent convection, mean

�ows, and dynamo action in such stars?

Several groups have studied this topic with high performance numerical sim-

ulations. These simulations share common features with those of more evolved

solar-like stars and low-mass stars (see a detailed review in [48]). We mention

only some important and interesting modeling results here.

For fully convective low-mass stars, strati�ed convection models predict an-

tisolar di�erential rotation, with the equator rotating slower than the poles. In

this case, the equilibrated �eld strength of the dynamo was of order equipartition

with �ows near the surface [49].

Recent simulations have shown that despite a lack of the tachocline region,

low-mass fully convective stars are capable of generating strong magnetic �elds,

indicating that a dynamo mechanism fundamentally di�erent from the solar dy-

namo is at work in these objects [50]. A distributed dynamo working in the self-

consistent 3D model spontaneously produces a dipole-dominated surface magnetic

�eld of the observed strength. The interaction of this �eld with the turbulent con-

vection in outer layers shreds it, producing small-scale �elds that carry most of

the magnetic �ux. The authors made use of the ZDI technique to analyze the

large-scale magnetic �eld of their simulation and recovered a strong polar spot

of the radial �eld corresponding to the visible magnetic pole of the dipolar com-

ponent present in their numerical simulation. The recovered magnetic �eld maps

feature almost no toroidal component (less than 2% of the reconstructed magnetic

energy) and are mostly axisymmetric.

The �thin �ux tube� simulations of fully convective stars showed that in the

absence of strong interior di�erential rotation, magnetic �elds tend to emerge near

the stellar poles [51]. Thus, the polar spots inferred at the surface of M-dwarfs
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might conceivably arise either from global-scale dipole �elds that locally diminish

convective heat transport (as in [50]), or from a collection of smaller-scale �ux

tubes that are built in the interior and emerge (as in [51]), or a combination of

both.

Interesting conclusions regarding the evolution of stellar dynamo, magnetic

�eld topology, and activity level in the PMS phase were obtained as a result of

a series of 3D MHD simulations of stellar convective dynamo with the ASH code

[52]. The authors selected �ve di�erent models characterized by di�erent radii of

their radiative zone (0, 20, 40, 60, and 70% of the stellar radius), following an

evolutionary track calculated from the 1D stellar evolution code. These models

characterized stellar evolution from 1 to 50 My. By introducing a seed magnetic

�eld in the fully convective model and spreading its evolved state through all four

remaining cases, they register systematic variations in the dynamical properties

and magnetic �eld amplitude, and topology of these models. The authors �nd

that the magnetic �eld amplitude increases as it evolves towards the ZAMS. More-

over, the magnetic �eld topology becomes more complex when the axisymmetric

component decreases and the non-axisymmetric one becomes predominant. The

dipolar components decrease as the rotation rate and the size of the radiative core

increase. The magnetic �elds possess a mixed poloidal-toroidal topology with no

obvious dominant component.

It should be noted that the generation of the mean magnetic �eld shows that

as the convective zone becomes shallower and the rotation rate increases, the Ω

e�ect becomes predominant in the generation of the mean toroidal magnetic �eld.

Moreover, the α-e�ect tends to generate more poloidal �eld than the toroidal one.

In other words, the authors of this work see a manifestation of the α−Ω dynamo

in each model. Three out of �ve MHD simulations display a magnetic cycle. In

all cyclic cases, the time-latitude diagram of the longitudinally averaged toroidal

magnetic �eld shows a clear poleward branch starting from low latitude (see Fig.

20 in [52]). The authors note that this magnetic �eld propagation is also com-

patible with the α−Ω dynamo concept, as it satis�es the Parker-Yoshimura rule

(see Fig. 22 in [52]).

MHD simulations have been performed to study the generation and evolution

of a magnetic �eld in models that mimic young stars at two stages of evolution

[53]. The �rst stage is at 1.1 My when the star is completely convective. The

second stage is at 14 My when the star is partly convective with a radiative core

developed up to 30% of the stellar radius. Analysis has shown that the star rotates

almost rigidly at the fully convective phase, whereas at the partially convective

phase there is a di�erential rotation with conical contours of iso-rotation. This

agrees very well with observational results given in Sec. 4. Wherein, the magnetic

�eld topology is di�erent for these two models.
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Current observations allow us to consider changes of the solar-stellar activity

in the evolutionary aspect. Development of active processes is determined by

physical parameters of a star, when it arrives to the main sequence. At birth,

low-mass stars in the open cluster have a large dispersion of rotation, which

decreases rapidly due to the fact that rapid rotators are slowed down more ef-

fectively. During the �rst 1 Gyr, the initial dispersion almost disappears. To

this epoch, magnetic �elds are formed that evolve in a close correlation with

rotation and determine the pattern of activity over the next billions of years.

Distinctions between the saturated regime of activity intrinsic to the youngest,

fast rotating low-mass stars and stars with the solar-type activity, when a cycle

begins to be established, are considered. Changes in the regime of activity are

discussed in the context revealing epochs of the cycle formation on stars of

di�erent spectral types.

Discovery of the most powerful non-stationary phenomena like super�ares on

G-type stars during the Kepler mission is a challenge that outlined the new

challenges to be addressed. Now it is clear that the largest super�ares occur

rather on fast rotators, i.e. on stars, whose activity is in the saturated regime

and which possess the maximal magnetic activity. Joint analysis of observations

of super�ares and available data on stellar magnetic �elds on solar-type stars

gives a chance to estimate the maximal possible energy of stellar �ares and to

understand their origin.

Keywords: Stars: late-type stars, �ares, activity � Sun: �are � Sun: activity

1. INTRODUCTION

The solar corona is a high-temperature layer of the solar atmosphere. The

I present here an incomplete and brief review of some problems associated with

super�ares and an evolution of stellar activity.

*
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First, we consider here some introductory remarks concerning the evolution of

the stellar activity. Many evidences for active phenomena in most of stars with

masses < 1M� and an e�ective temperatures ≤ 6000 K are observed in di�erent

spectral ranges since 1960th. These stars possess a radiative core and an outer

convective zone. The magnetic �eld is generating there through a dynamo pro-

cess. It creates a complex of active phenomena of magnetic acivity that can be

considered well studied mostly only on the Sun.

Observations of di�erent tracers of stellar activity showed that the main fac-

tor determining the activity level is the axial rotation of a star. Study of open

clusters of di�erent ages shows that at birth, low-mass stars have a large disper-

sion of rotation rates, because the process of star formation is not instantaneous.

This scatter decreases rapidly due to the fact that rapid rotators are slowed down

more e�ectively. During the �rst 1 Gyr, the initial dispersion almost disappears,

and most of stars rotate with periods, corresponding to their age. This was the

basis for estimate the age of a star from its rotation period � a method of the

gyrochronology (Mamajek and Hillenbrandt, 2008, Barnes et al., 2016).

From the other side, now it is clear that development of activity is determined

by physical parameters of a star, when it arrives to the main sequence. To this

epoch, magnetic �elds are formed that evolve in a close correlation with rotation

and determine the pattern of activity over the next billions of years. Results of

such an evolution of activity we can directly feel and watch on the contemporary

Sun.

2. ON DIFFERENT MODES OF STELLAR ACTIVITY

Change in a regime of activity of low-mass stars of various spectral types was

analized by Nizamov et al. (2017). We studied the dependence of the coronal ac-

tivity index on the stellar rotation rate. This question was considered earlier for

824 late-type stars on the basis of a consolidated catalogue of the soft X-ray �uxes

registered with Einstein, ROSAT, XMM-Newton (Wright et al. 2011, Reiners et

al. 2014). These data indicated the existence of the two modes in in the de-

pendence of the coronal activity index, RX = logLX/Lbol on the rotation period

(or the Rossby number). So, stellar activity can be in the saturated regime with

the coronal index RX = −3, it is characteristic of young stars and is practically

not related to their rotation. High-level irregular, chaotic activity of these stars

evolves gradually into another regime, the second mode, which strongly depends

on the rotation period. It corresponds to the solar-type activity and implies,

in particular, formation of a more or less regular cycle, along with such typical

phenomena as spots, active regions, �ares and CMEs. Our more re�ned analysis

carried out separately for G, K and M dwarfs showed that the transition from
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one mode to another takes place at the rotation periods of 1.1, 3.3 and 7.2 days

for the stars of spectral types G2, K4 and M3 respectively. This means that the

epoch of the solar-type activity covers a wide interval of the rotation periods and

can last from the ages of hundred millions to a few billions for a star of the solar

mass.

In the light of the discovery of super�ares on G and K stars with the Ke-

pler mission there arises a question of how these objects di�er from other active

late-type stars. We analyse the location of super�are stars relative to the stars

observed by Kepler on the �amplitude of rotational brightness modulation (ARM)

� rotation period� diagram. The value of ARM re�ects the relative spots area

on a star and characterises the activity level in the whole atmosphere. It is shown

that G and K super�are stars are basically fast rotating young objects, but some

of them belong to the stars with the solar type of activity.

3. THE STRONGEST FLARES ON THE SUN AND OTHER LOW-MASS

STARS

The Kepler epoch: The �rst results of the Kepler mission caused a sensa-

tion: they reported about registration of super�ares on solar-type stars. It was

launched on March 7, 2009 and deactivated on November 15, 2018) registered from

April 2009 to May 2013 (Q0 � Q17). In the wide range of the optical continuum

4300�8900 A it was discovered 1547 solar-type stars 5300 K < Te� < 6300 K

and 4.0 < log g < 4.8. Only 0.2 to 0.3% of solar-type stars show super�ares. In

short-cadence mode with the 1-min resolution were registered 187 �ares with the

total energy from 2 × 1032 erg to 8 × 1035 erg in the only 23 such stars. Re-

cent statistics of Kepler's super�ares gives the following estimates for the mean

�are occurrence frequency on the solar-like stars for events with the total energy

1033 erg is one event per 70�100 years, 1034 erg � occurs once in about 500�800

years, and 1035 erg is once in about 4000�5000 years (Maehara et al 2015).

The average rate of appearance of an X100 class �are on a G star with the ro-

tation period of Prot = 25 day like the contemporary Sun is one event in 500�600

years.

We have been analysed also where the Kepler mission registered the largest

super�ares (Katsova, Nizamov, 2018) and showed that the only 7 of 46 single cool

giants or subgiants, whose variability is associated with spots, listed by Balona

(2015), demonstrate super�ares with E > 1036 erg. Thus, such powerful phenom-

ena occur mainly on subgiants and giants.

Recent analysis of the Kepler data by Notsu et al (2019) showed that more

than half (43 stars) are con�rmed to be �single� stars, among 64 super�are stars.

They �investigated the statistical properties of Kepler solar-type super�are stars

123



Maria Katsova AJAz: 2020, 15(1), 121-133

KIC / HD Te�, K log g R, (R�) Prot, N logE,

day �are erg

1 2852961 4722 2.919 5.499 8.8 5 38.18

2 4273689 5173 3.471 2.742 29.943 8 36.38

3 5733906 5430 3.676 2.365 0.719 7 36.11

4 6437385 5727 3.707 2.061 13.672 18 36.78

5 226464 6028 4.044 1.535 3.101 15 36.44

6 9833666 5624 3.712 2.702 10.341 9 36.27

7 10976930 6197 3.657 3.01 2.054 2 36.32

by incorporating Gaia-DR2 stellar radius estimates. As a result, the maximum

super�are energy continuously decreases as the rotation period Prot increases.

Super�ares with energies < 5 × 1034 erg occur on old, slowly-rotating Sun-like

stars (Prot ∼ 25 days) approximately once every 2000�3000 years, while young

rapidly-rotating stars with Prot ∼ a few days have super�ares up to 1036 erg.

The maximum starspot area does not depend on the rotation period when the

star is young, but as the rotation slows down, it starts to steeply decrease at

Prot > 12 days for Sun-like stars. These two decreasing trends are consistent

since the magnetic energy stored around starspots explains the �are energy, but

other factors like spot magnetic structure should also be considered.�

Many solar-type stars show extraordinary high magnetic activity, which can-

not be expected from the solar observations, such as spot activity and super�ares.

The large starspots are considered to be a key to understand the super�are events

as well as underlying stellar dynamo.

Namekata et al. (2019) investigated lifetimes, emergence and decay rates of

large star spots on solar-type stars estimated by Kepler data by comparing them

with well-known sunspot properties. As a result, they found that lifetimes of star

spots are ranging from 10 to 350 days when spot areas are 0.1�2.3 percent of the

solar hemisphere.

Nevertheless, the large star spots (∼ 10 000 MSH) potential to produce su-

per�ares (∼ 1034 erg, Shibata et al. 2013) are found to survive for up to ∼ 1 year.

This implies that the surrounding exoplanets can be exposed to danger of su-

per�ares for such a long time. Moreover, according to frequency distributions

of super�ares, super�ares of 1034 erg can occur about once a year on the star

spots with area ∼ 10 000 MSH (Maehara et al. 2017). This may indicate that

super�ares can occur with a high probability once such large spots emerge on the

stellar surfaces.
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Thus, further analysis revealed that the largest super�ares occur rather on fast

rotators, i.e. on stars, whose activity is in the saturated regime of activity and

which possess the maximal magnetic activity. Joint analysis of observations of

super�ares and available data on stellar magnetic �elds on solar-type stars gives

a chance to estimate the maximal possible energy of stellar �ares and to advance

in understanding their origin. It will be discussed below.

The Sun: An important question remains whether super�ares with energies

up to 1035−1036 erg are possible on the Sun at present. If not, what is the physi-

cal di�erence between the Sun and the super�aring Sun-like stars? This question

is beyond purely academic interest because a solar super�are would be hazardous

for modern technology.

On one hand, the energy of the solar magnetic �eld is insu�cient to produce

a super�are. On the other hand, cosmogenic isotope studies have identi�ed his-

torical events that were 30-50 times stronger (in the sense of the �uxes of solar

energetic particles) than the most energetic solar �ares observed instrumentally

[see for instance, Usoskin et al. 2013 A&A 552, L3].

Up to now the only a few extreme energetic �ares on the Sun are known

in the contemporary epoch of instrumental observations: events in 1-2.

September 1859 Carrington �are (∼X45) (160 years ago!), February 1956, Au-

gust 1972, March 1989, June 1991, October-November 2003 (4.November 2003 �

X28), 6.September 2017 � X9.3 etc.

Even fewer events are known in the past as Solar Extreme Events from

cosmogenic proxies (radiocarbon 14C in dendrochronology and 10Be in polar ice

cores). Because the half-life of 14C is only 5730 yrs, this dating method is used

only for dating things that lived within the last 50 000 yrs. So, the strongest

events over the Holocene (the current interglacial period started about 11 000 yr

ago) occured in ∼ 640 BC�660 BC (O'Hare et al. 2019; Hayakawa et al. 2019),

774/775 AD (40×the strongest Solar Energitic Particle event of the instrumental
era 23.February 1956), and in 993/994 AD (0.6 weaker than the previous event).

Miyake et al. (2019) observed a ∼50% increase in 10Be concentration around

hemispheres support a solar origin of the 994-event. Note that cosmogenic prox-

ies have a low time resolution (annual at best).

Thanks to modern high-quality data on the total vector of the magnetic �eld

in active regions, the large-scale magnetic �eld including the dipole �eld of the

Sun as a star it becomes possible to calculate the free energy of the magnetic

�eld in active regions that can be realised in a �are. These estimates showed

that even the lagest active regions on the Sun are able to produce non-stationary

processes (�ares and coronal mass ejections) with the total energy not greater

than 3×1032 erg. This is an upper limit for a given active region follows from the

magnetic virial theoreme (Livshits et al. 2015, Katsova and Livshits, 2015). Thus,
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�ares stronger than this value, 3 × 1032 erg, can not occur on the contemporary

Sun. (Details will be discussed in the next section)

The Great Stellar Flares Observed prior the Kepler Epoch: Except

our Sun, prior the Kepler mission, the strongest and best-studied non-stationary

events among the low-mass stars were registered on young T Tau stars (for ex-

ample, four largest optical �ares on V410 Tau (K3 V) in November 2001 with

energies up to 3× 1037 erg (Fernandez et al. 2004) and on many red dwarf stars

(Gershberg 2005).

Several samples of very strong optical �ares on some red dwarf stars are given

below:

� a stellar analog of the typical large X-class �are on the Sun occurred on

Prox Cen (dM5.5e) August 12, 2001 (Güedel et al. 2002);

� a great �are with ∆U > 4.5m, duration > 4 hours and the energy

E > 1034 erg was registered 12.04.1985 on the star AD Leo (dM4.5e) by

Hawley and Pettersen (1991);

� a mega�are with ∆U = 7.2m, Eu = 7.8 × 1033 ergs and

Lu,max = 4.6 × 1031 erg/s on EV Lac (dM3.5e) on 01.11.1991 was

observed by Pettersen (2016);

� a giant �are on CN Leo (dM 6e) in May 19th, 2006 was registered with

XMM-Newton both in X-rays, Ultraviolet-Visual Echelle Spectrograph

(UVES) and in optics onboard and ground-based; ∆U > 7m with 1s-

resolution. Spectral features of line pro�les give evidences for an explosion

of the plasma in the optical �are source. An analysis of this �are showed

that impulsive stellar �ares whose nature di�er from commonly accepted

model based on the gas-dynamical response can exist (Fuhrmeister et al.

2008, Schmitt et al. 2008).

In general, when the total energy of a stellar �are exceeds 3 − 5 × 1034 ergs,

similar to this case of CN Leo �are, the nature of such an event can di�er from

the solar�like non-stationary processes.

There are also very powerful long-duration stellar �ares (similar to solar LDE),

however they did not registered in optics, but only with space missions: EUV Ex-

plorer (AU Mic, M2.5e V on 1992, 15-17 July (Katsova et al. 1999) and in X-rays

with BeppoSAX (chromospherically active binary UX Ari, G5 V+K0 IV (Livshits

and Livshits 2002; Livshits et al. 2003).
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4. SOME COMMENTS ON THE PHYSICS OF FLARES

As it known, both solar and stellar �ares are associated with an evolution

of the magnetic �elds. A �are is breakdown of stability of MHD-con�guration,

a sudden energy release, electron acceleration, etc. The scenario of impulsive

�ares, which is a gas-dynamical response of the chromosphere to the impulsive

heating by accelerated particles, is well-studied: after the primary energy release

the explosive evaporation starts and leads to the upward motion of the hot gas

and formation of the system of loops, �lled up gradually with the hot plasmas.

40-year investigations of the explosive evaporation showed that the downward

moving low-temperature condensation is the basic source of the �are optical con-

tinuum emission of the hydrogen plasma. The energy of the accelerated electron

beam, injected into the chromosphere, can not exceed 3× 1011 erg/(cm2c). This

value is limited due to the appearance of the return electric current and is the

low limit of the energy of particles accelerated in the pulse and injected gradually

from the coronal part of loops into the chromosphere over all �are area (Livshits

et al., 1981, Fisher et al., 1985, Katsova et al., 1997).

Note that the optical continuum spectra in the impulsive phase of white-light

�ares on the Sun and some red dwarf stars exhibit a color temperature of a

T ∼ 104 K blackbody. As an example, one can mention observations of a �are

on YZ CMi, on 13.01.2012, during which the temperature of the black-body con-

tinuum radiation in the impulsive phase changes from 6000 to 10 000 K in the

wavelength range 4170�6000 A (Kowalski et al., 2018).

The area of a white-light solar �are is 3× 1016 cm2 (solar �ares in 1972, June

15, 1991). It is con�rmed by current data about the area of the brightest foot-

points in the G-band of the WL �are continuum (Krucker et al. 2011). One can

estimate the �are area for a stellar �are from the expression Eflare = σT 4×S×∆t.

So, the �are with the total energy E = 1034 erg and ∆t = 30 min covers the area

S = 1019 cm2 that is slightly higher than the maximal area of Hα�ribbon area of

the greatest solar �ares.

On time scales of some kinds of the soft X-ray solar �ares

(after GOES 1-8 A data where X10 = 1 erg/(cm2c) near the Earth or

3× 1031 erg):

� many of impulsive �ares are more often weak and last up to 10 min, M5;

� fast, strong �ares are compact �ares when coronal loops are formed but

immediately cool down; their duration is up to 30 min (X2);

� strong two-ribbon �ares last 1-2 hours (up to X2);
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� long-duration events, LDE, including bright coronal mass ejection and sys-

tem of giant post-eruptive archs last around 2 � 12 hours, up to 28 hours).

Evaluation of the accelerated electron �uxes for powerful �ares

The optical observations of super�ares with E = 1034 erg give information

about the total number of electrons with E > 20 keV: N ≈ 1038 electron/s. This

injection is about of 100 times more than in X1 �ares on the Sun and this process

lasts 30 min. It requires exceptionally e�ective acceleration of particles (Katsova,

Livshits 2015).

On a model of the optical continuum source of super�ares

The model of the optical continuum source for a super�are with the total

energy of 1034 erg is discussed in details in section 3 of the paper by Katsova,

Livshits (2015) and based on an analysis of current observations of the strongest

solar �ares like the Bastille Day �are on 14.07.2000. The �rst result is the follow-

ing: the continuum emission arises in loops with a footpoint area comparable with

the area of Hα-ribbons of large solar �ares. There are several sources of the opti-

cal continuum emission. The emission of one of sources is due to gas-dynamical

response to the particle �ux, which �lls up the coronal loop. The optical emission

sources of ribbons are low-temperature chromospheric condensations in footpoints

of �are coronal loops. In addition to this blue continuum and line emission, the

optical continuum of the photospheric layers of the active region arises in low-

lying loops near large spots where particles are accelerated (source, associated

with a region of the main particle acceleration). There are a few sources of small

additional heating of the upper photosphere of G-type stars similar to those in red

dwarfs. One of them can be associated with penetration of high-energetic parti-

cles from the acceleration site to the photosphere. Each of acceleration episodes

provides the red continuum, and the radiation of the condensation arises within

a few seconds. As a result, the �are optical continuum extends from the IR- to

UV-ranges.

The total energy of the optical radiation of a super�are is the sum of the

energies of elementary events, and each of them is characterized by the optical

radiation in a broad spectral range. The radiation during the post-eruptive phase

also contributes to the total �are energy of the super�are.

Another model of formation of the optical continuum for a super�are on an

young G star is proposed recently by Nizamov (2019) where the stellar atmosphere

is irradiated by the soft X rays emitted from the �aring loop �lled with the hot

plasma. This radiation heats a large area beneath the loop. Subsequent cool-

ing due to H− and hydrogen free-bound emission can contribute to the observed

enhanced continuum.
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Estimate of the Maximal Possible Flare Energy in a Given Active

Region (AR)

The maximal possible total energy of a �are that may happens in a given

active region (AR), arriving from the photosphere into the corona of AR, can be

etimated accordingly to Livshits et al. (2015).

So, the free energy is Efree = E − Epot = R/8π
∫ (

(Bt,pot)
2 − (Bt)

2)
)
ds,

where the tangential components of the observed Bt and potential Bt,pot �elds

under condition that Bn = Bn,pot in each point, R is a radius of a sphere in

spherical coordinates.

For calculation of the free energy one use here observations and the calculated

values of the potential �eld on the photosphere without NLFFF extrapolation

(nonlinear force-free �eld). We have applied one of NLFFF extrapolation algo-

rithms and the virial theorem to data of the vector of the magnetic �eld of a solar

AR.

The solar experience shows us that the free energy is spent portionwise and

every large �are �devours� 10�15% of the free energy Efree deposited in this AR.

For non-stationary processes on the Sun, the maximal �are energy is

Emax = 3× 1032 erg (Livshits et al., 2015).

The mean longitudinal magnetic �eld of fast-rotating young G stars |Bl| is
around 5 G (as it follows from the results of �Bcool collaboration� by Marsden et

al., 2014). This is 10 times stronger than that on the Sun at the maximum of the

cycle, if we compare with the present day-Sun: the averaged over the Carrington

rotation the magnetic �eld of the Sun as a stars at high activity level (for example,

in 1980), |Bl|= 0.5 G.

Then maximal possible �are energy of young G stars Eflare is propotional

to B2 and can not exceed ∼ 5 × 1034 erg. The stronger events require for their

explanation, either non-solar analogies for the origin of �ares or changes to the

dynamo mechanism (Katsova et al. 2018).

What can con�rm the solar-type mechanism for stellar super�ares?

The �rst point is detection of the hard X-rays in stellar �ares, till now the

sensitivity is not enough, although recently launched mission SPECTR-RG with

the eROSITA could be helpful. The next step is registration of microwave bursts

at the maximum of a �are: if we adopt that the total number of injected accel-

erated electrons is N = 1038 per/s, the heating �ux F = 3× 1011 erg/cm2 s and

�are area Sopt = 4×1018 cm2, then the microwave �ux of such a super�are on the

star at the distance of 100 pc is estimated as 2 mJy Katsova & Livshits (2015).

Under favourable monditions such a value can be detected.

The third point is detection of lithium production by spallation reactions dur-

ing stellar �ares: (6708 A line). There are the only two theoretical estimates by

Livshits (1997) and Ramaty et al. (2000) for the appearance of a large amount
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of Li and its di�usion over the surface during some big solar �ares. On the Sun,

Livingston et al. (1997) observed the Li I line during 4B Solar Flare of 9 March

1989. Then Li I line enhancement during the big �are on a late-type star observed

by Montes et al. (1998). Besides, Flores Soriano et al. (2015) observed chromo-

spheric activity and lithium line variations in the spectra of the spotted star LQ

Hydrae.

Some exotic scenarios for giant stellar �ares with energies

> 1035 ergs:

It is clear that we are now far from understanding of the physics of such

a powerful non-stationary phenomenon on �normal� stars. Such events are un-

predictable, and at present there is no reasonable model of the largest stellar

super�ares due to an obvious �aw observational data in di�erent spectral ranges.

Therefore it is possible now the only to mention a few unusual directions where

success or disappointment can be expected.

An avalanche model, proposed for solar �ares, suggested that during an in-

teraction of �ares in parts of activity complex or several nearby active regions.

The avalanche can, perhaps, provide a super�are. This approach was applied for

small-scale structures by Osokin et al. (2004).

One more possibility for very Young Suns, where super�ares can be associ-

ated with evolution of large-scale magnetic �elds: some evidences for existence of

quadrupole component of the magnetic �eld in these stars do exist. Then it may

resemble the process of global reconstruction of a whole corona. The �rst step of

it may be observed as a prolonged super�are.

Another unusual way is a model for the largest �ares suggests emergence of

�ux rope in large-scale potential �eld as suggested by Török et al. (2014).

Speci�c dynamo models

Unfortunately, hydrodynamics of Kepler's stars with super�ares with

E ∼ 1036 erg unknown and can di�er signi�cantly from the solar case. These can

be young fast rotating stars or components of binary systems where activity does

not depend on rotation and is in saturated regime.

Stellar dynamo is able to generate not only cycles, but also stationary con�g-

urations. Numerical modelling shows that this is realized in a case of anti-solar

di�erential rotation. In this case the power of dynamo does not spend on reversal

(change of the sign of the magnetic �eld), and its energy becomes signi�cantly

higher.

There is a scenario which allowed us to understand how stellar dynamo can cre-

ate the magnetic �eld whose energy exceeds signi�cantly that of the Sun (Katsova

et al. 2018).

The sign of dynamo sources of stars with super�ares normally can be oppo-

site to the solar case. A change of the sign of the dynamo number D can be
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due to anti-solar di�erential rotation or, possible, to anti-solar sign of the mirror-

asymmetry of stellar convection (the sign of the parameter α (the rate of recovery

of the toroidal magnetic �eld from the poloidal one due to cyclonic motions as

compared to the Sun).

5. CONCLUSIONS

Steallar super�ares with E = 1033 − 1034 erg can be consired as an analog of

the solar events with e�ective particle acceleration.

Most of Super�ares with E > 1035 erg occur on young, fast rotating stars at

the saturated activity epoch, and subgiants and/or components of close binary

systems as well.

This epoch of the highest level of the coronal activity (logLX/Lbol = −3)

is characterized by independence of this activity tracers on rotation. Namely

in these stars non solar�type steady dynamo with anti-solar di�erential rotation

and/or opposite sign of the dynamo number can be realized. This is a way how to

get a magnetic con�guration with substantially higher magnetic energy compared

with the current solar case.

Stellar cycles form on stars in unsaturated regime of solar-type activity when

oscillating dynamo does turn on. This occurs for G, K and M stars at various

rotation periods.
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By using of a homogeneous spectral material, the spectral features of the
UX Ori type star WWVul in the extreme state of its brightness have been
investigated. During the period of our spectral observations (2006�2010), an
optical eclipse (2008�2010) of this star in the V band was occurred. A change
in the character of spectral variability (along the lines: Hα, Hβ, NaI D1 and
D2, HeI 5876 Å) was revealed in the spectrum of WW Vul in 2006 (before the
eclipse), 2007 (beginning of the eclipses) and 2010 (after eclipse). After an
optical eclipse in the spectrum of the star WW Vul in the lines Hα, Hβ, Na D1
and D2, HeI 5876 Åsynchronous variation of ejection and/or out�ow directions
of matter were detected. Apparently, in August 2006, rotation of the accretion
disk is responsible for the spectral variability, and during 2007�2010 along with
the rotation of the accretion disk, an additional mechanism appears that leads
to rapid changes in the physical conditions in the region of the formation of
these lines. Such a mechanism can be a magnetic �eld in the accretion disk
and/or on the surface of a star, which determines the nature of the interaction
between the star and its environment.

Keywords: Stars � UX Orionis, Eclipses � Individual, line: pro�les, stellar winds

1. INTRODUCTION

One of the topical observational problems in investigating the early evolution-
ary phase of stars is to study the interaction between a young star and its circum-
stellar environment. Therefore, investigating young pre-main-sequence stars with
intermediate masses (2�10 M), Herbig Ae/Be stars, is of great interest A subclass
of stars with Algol like fading's, the so-called UX Ori stars (UXORs), was isolated

* E-mail: bayram_rustam@yahoo.com
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by their photopolarimetric and spectroscopic properties from Herbig Ae/Be stars
.Subsequently, it was ascertained that the UX Ori stars are not some special class
of stars; these are mostly Herbig Ae stars among which there are also early-type
T Tauri stars. These are young stars whose circumstellar disks are inclined at
a small angle to the line of sight (oriented edge-on to the observer). Therefore,
their radiation on the way to the observer phases through the matter of their
protoplanetary disks. Their photometric variability is caused by circumstellar
extinction variations on the line of sight.

The variability of emission line pro�les in the spectra of UXORs may be at-
tributable to internal factors, namely a change in the regime of accretion and/or
stellar wind and their parameters or to external factors, i.e., due to the eclipse of
the star or part of the circumstellar envelope by a gas�dust cloud. The Hα emis-
sion line is the best-studied one among the features in the spectra of UXORs. This
is partly because the Hα emission is generally strong in the spectra for all young
stars and, in particular, for UX Ori stars. These studies were also stimulated by
the fact that the wavelength of this line virtually coincides with the region of the
sensitivity maximum for CCD arrays used in the last decades in astronomy, which
allows relatively faint young stars to be observed with medium-size telescopes. In
addition to these subjective factors, the topicality of Hα emission line studies is
dictated by the fact that this line probably originates in the inner parts of the
accretion disks around UX Ori stars. By investigating the behavior of the Hα
emission line, we obtain information about the physical conditions in the gaseous
envelope, about both the structure and kinematics of the circumstellar gas in the
immediate vicinity of the stellar surface WW Vul is an isolated star of the Herbig
Ae type - a typical representative of UX Ori type stars not connected in a visible
way with the nebula (Sp = A3e IV). Due to the special orientation of the circum-
stellar accretion disk, the WW Vul is the only star in UXOR, where in the Hα
lines and the resonant sodium doublet, the signs of accretion and out�ow can be
observed simultaneously.

2. OBSERVATION.

The spectra of WW Vul in the wavelength range λλ4700�6800 ◦A were taken
at the Cassegrain focus of the 2-m Shamakhy Astrophysical Observatory tele-
scope with an echelle spectrograph using a 580 × 530-pixel CCD camera with a
dispersion of 10.5 A◦/mm in Hα spectral resolution R=14 000 [1].

The mean measurement error is about ±2 km/s for the radial velocities, about
4�5% for the equivalent widths, and no more than 1% for the intensities Over the
period 2006�2010, we took two spectra for the variable under study and the stan-
dard star on each night during 24 observing night.
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The reduction of echelle spectra were performed with the DECH- 20 soft-
ware package developed at the Special Astrophysical Observatory of the Russian
Academy of Sciences [2].

3. THE PHOTOMETRIC STATE OF THE STAR WW VUL FOR THE

PERIOD OF OUR SPECTRAL OBSERVATIONS - 2006-2010.

Authors of [3] by analyzing the data of photometric observations, on the time
interval of about 30 years (1980 � 2010 years), revealed the eclipses in light curve
of WW Vul in the V-band. During reviewing period of observations, three similar
episodes of eclipses have been revealed with the duration of 2�3 years and this
phenomenon repeated with a period of 13.9 years. One of these episodes of eclipses
(2008�2010) coincides with the period of our spectral observations (2006�2010).
Our spectral observations were carried out before (2006-2008) and after (2010)
eclipses. Unfortunately, at the minimum of eclipses (2009) we made no observa-
tions. As can be seen from the light curve, the brightness of the star WW Vul [3],
in the period of our spectral observations (2008 and 2010) was almost the same
(in the band of V ∼ 10m.5).

4. Hα PROFILE VARIABILITIES.

The period of our spectroscopic observations was arbitrarily divided into four
observing seasons in years (2006, 2007, 2008, and 2010). All the measured param-
eters (the radial velocities at half intensity and in continuum; the radial velocities
of the blue and red emission peaks as well as the radial velocities of the central
absorption; the equivalent widths of the red and blue components in the Hα line;
the intensities of the Hα emission line components and their ratios V/R) of the Hα
emission line pro�le in the spectrum of WW Vul in the period of our spectroscopic
observations (2006�2010) show variability both during each observing season and
between seasons. At the same time, the patterns of this variability di�er in 2006
(especially in August 2006) and 2007�2010. In August 2006, the dominant role
in the behavior of the variability probably belongs to the accretion disk rotation,
as in the case of the UX Ori star RR Tau. As follows from Tambovtseva et al.
(1999, 2001 [4,5]), here there is a two-component Hα pro�le with V/R∼ = 1. At
the same time, the patterns of this variability di�er in 2006 (especially in Au-
gust 2006) and 2007�2010. In August 2006, the dominant role in the behavior
of the variability probably belongs to the accretion disk rotation, as in the case
of the UX Ori star RR Tau. In contrast, in the 2007-2010 observing seasons, an
additional mechanism is switched on and the variability pattern becomes more
complex.
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The behavior of the Hα emission line in the spectrum of WW Vul qualitatively
agrees with this photometric variation, because almost all of the Hα pro�le pa-
rameters change the direction of their variability starting from 2007�2008. Based
on their long-term photometric observations of WW Vul, [6]) established a strict
correlation between the brightness variations in the optical (V band) and near-
infrared (JHKL bands) spectral ranges. It should be noted that this correlation
is traceable from the J band, where the star itself makes a major contribution to
the radiation, up to the L band, in which the circumstellar disk makes a major
contribution to the radiation. This observational fact suggests that the optical
photometric variability of WW Vul is related to the instability of the inner layers
of gas�dust accretion disks.

The following conclusions can be drawn from a comparative analysis of the Hα
emission line pro�les in the spectrum of WW Vul based onour2006�2010 spectra
and by invoking, published data for the period 1972�2003 [7]:

(1) According to our spectroscopic observations over the period 2006�2010,
all the measured parameters of the Hα emission line pro�le in the spectrum of
WW Vul show variability both during a single observing season and from season
to season. As a result of the comparative analysis of our data with published
analogous data, it can be hypothesized that the regime of nonstationary mass out
�ow and/or ejection in WW Vul is generally preserved for a long time (at least
over the period 1972�2010) and the accretion of gas from the circumstellar disk
onto the stellar surface is occasionally observed.

(2) We revealed changes in the regime of variability of the Hα emission line
pro�le in the spectrum of WW Vul in 2006 and 2007�2010. Starting from 2007, in
addition to the accretion disk rotation, an additional mechanism leading to rapid
changes in physical conditions in the Hα formation region probably appears.

(3) In the period of our spectroscopic observations (2006-2010), we detected
a second emission component in the blue Hα wing in four cases (for July 8, 2006,
August17, 2008, June13, 2010, and August 2, 2010) emission components mea-
sured from two spectra during the night on July 8, 2006, turned out to be -280.05
and -290.24 km s-1 [8], while for the other dates there values were -256.88, -294.36,
and-217.5 km s-1, respectively.

5. THE SPECTRAL VARIABILITY OF WW VUL IN LINES OF

RESONANT DUBLET NAI.

The DNaI resonance line is one of the most interesting spectral features of
UXOR stars. Due to the low ionization energy (5.17 eV), sodium atoms are
completely ionized in the atmospheres of stars of spectral class A and in their
immediate environment. At present, it can be considered generally accepted that
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the DNaI line observed in the spectra of UXOR stars consists of two components:
narrow interstellar absorption (IS) and circumstellar (CS) component, in the form
of a variable red - or blue shifted absorption component.

In some models, not only the relatively cold peripheral part of the accretion
disk, but the hot and dense gas, where the Hα emission line is formed, was consid-
ered for the region of the sodium doublet formation. Such conditions are achieved
in relatively small areas of the disk or wind, where the region of formation of the
Hα emission line is more extended [9, 10]. According to [11], the radial velocities
(IS) components within a few km / s coincide with the radial velocity of the star
Ae / Be Herbig. By using this method in [12] the heliocentric radial velocity of
the star WW Vul was estimated as -12 km / s.

The measured parameters of the NaID line and its pro�les are highly variable
both during each season of observations and from season to season. The radial
velocities of the interstellar component (IS) of the NaID absorption lines in the
spectra of Ae /Be type stars can be taken as the heliocentric velocity of a star
(for the star WW Vul: VH = -12 km / s [12]). On one pro�le (08/02/2010),
the (IS) and (CS) components of NaID are clearly distinguished, and in general,
Va show strong variability. This is apparently related to the variability of the
circumstellar component (CS) of which makes up the blend with the interstellar
component (IS) NaID. It is possible that this indicates the heterogeneity of the
circumstellar medium at the wavelengths of this line.

It is known that the ratio of the equivalent widths [Wλ(D2/D1)] of the sodium
doublet lines is a good indicator of the optical thickness of the medium at these
wavelengths.

There is a change in the optical depths (CS) of the medium, however, on av-
erage, the values, [Wλ (D2/D1)> ∼ 1], that indicates the presence of optically
thick environment in the wavelengths of the resonant sodium doublet.

6. THE VARIABILITY OF WW VUL IN LINE Hβ

Few studies have been devoted to studying the behavior of the Hβ line in
the spectrum of WWVul. Based on two spectra obtained on 12/12/1972 and
09/11/1974, Kolotilov was noted good agreement of the Hβ line pro�le of the
WW Vul star with the absorption line of standard stars of the spectral class A0V
- A3V. The detected emission in the red wing of the Hβ line changes synchronously
with the strengthening of emission in the Hα line (09/10/1974 [13]). By using
the pro�le of the hydrogen line Hβ, the spectral class of the star WW Vul was
estimated as A2 - A3 [14].

In the period of our spectral observations (2006�2010), the Hβ line in the spec-
trum of the WWVul star was an absorption, in general, with a highly variable
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emission component on the blue or red wing of the line. The radial velocity of
absorption was negative. In August 2006, when the ratios of the V / R emission
components of the Hα line are close to unity, the emission in the wings of the Hβ
line is practically not revealed. In 2007 and 2008 the emission is noticeable on the
red wing of the Hβ line (08.08.2007, 08.20.2008). In 2010, after an optical eclipse
of the star's brightness, the emission component is observed on the blue wing of
the Hβ line (08/02/2010 and 08/05/2010).

7. THE VARIABILITY OF STAR WW VUL IN LINE λ5876 HEI

One of the distinctive properties of the spectra of UXOR stars is the presence
of a strongly variable line of neutral helium λ5876 Å, which is absent in the spec-
tra of normal stars of spectral class A, due to the high excitation energy (about
21 eV). According to calculations in [15], the line λ5876 HeI is formed in a hot
compact region (in a narrow layer, a tenth of a star's radius) located in the region
of the accretion disk adjacent to a star, at a shell temperature of at least 17,000 K.
In the same region, high-speed wind components are formed [16]. Therefore, by
studying these lines in the extreme states of the optical brightness of a star, it is
possible to obtain important information about the physical processes occurring
in the region of the accretion disk near the star's surface, where the energy of the
accreting gas is released.

During our spectral observations (in 2006, 2008 and 2010), the line λ5876 HeI
has an absorption pro�le with a complex structure and with broad emissions on
the blue wing of the line and demonstrates rapid variability, both absorption and
emission component.

In August 2007, the helium line λ5876 HeI is practically not visible either in
emission or in absorption. This, apparently, indicates that this line is formed in
a limited volume and sometimes radiation in this line is shielded by an accretion
disk.

In August 2010, after the above-mentioned optical eclipse, both the absorp-
tion component and the emission component on the blue wing of the λ5876 HeI
line in the spectrum of the star WWVul increased greatly.

In most spectra, the center of gravity of the absorption component of the
helium line ëèíèè 5876 HeI is shifted to the shortwave region of the spectrum.

The radial velocity of the emission component on the blue wing of the helium

line λ5876 HeI shows strong variability and changes in the variability mode from

season to season (before and after an optical eclipse) are not noticeable.

This is apparently partly due to the di�culty of determining the center of the

line, due to the complexity of the emission structure. The same can be said for

the measured equivalent line widths.
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8. MAIN RESULTS AND CONCLUSIONS

1. By using 114 spectra (of which 24 are our spectra) obtained by di�erent

authors for the period 1972-2010 years, the statistical analysis of the behavior

of the intensity ratios (V / R) of the emission components of the Hα line in

the spectrum of WW Vul was performed. In many cases, the intensity of the blue

emission peak is less than the intensity of the red component (V / R <1), in many

cases V / R≈1, and only in small cases V / R> 1 (10 pro�les out of 114). This,

apparently, indicates that the out�ow with variable power of the star WW Vul as

a whole lasts for almost 40 years and the accretion of gas from the circumstellar

disk onto the star's surface is occasionally takes place.

2. On four dates (08.07.2006, 17.08.2008, 13.06.2010, 02.08. 2010) a second

emission component was detected on the blue wing of the Hα line in the spectrum

of the star WW Vul. The radial velocities of these components, measured in two

spectra during the night of 08.07.2006, were -280.05 km / s and -290.24 km / s,

and for other dates, the values were -256.88; -294.36; -217.5 km / s, respectively

3. In 2006 - 2008 (before the eclipse) the D1, D2NaI doublet line is a

blend consisting of components: interstellar absorption and strongly variable,

mostly shifted to the red (some times blue) side, weak absorption components of

circumstellar origin. In 2010 (after the eclipse), a narrow interstellar component

is clearly revealed, and circumstellar absorption is strengthened and observed on

the blue wing of the interstellar absorption.

4. Some correspondences were found between the radial velocities of the D1,

D2NaI line and the central absorption of the Hα line indicating that the sodium

doublet line forms in a relatively hot and dense gas, that is, in the region of

the formation of the Hα line. According to the known ratio of equivalent widths

[Wλ (D2 / D1)] of the sodium doublet line, a change in the optical depth of the

circumstellar medium is observed. On average, it is about one, indicating optically

thick media at the wavelengths of a resonant sodium doublet.

5. During our spectral observations (2006, 2008 and 2010) the helium line 5876

HeI has an absorption pro�le with a complex structure and with broad emissions

on the blue wing of the line and revealed rapid variability, both absorption and

emission components. In August 2007, the helium line 5876 HeI is practically not

visible either in emission or in absorption. This, apparently, indicates that this

line is formed in a limited volume and sometimes the radiation of this line is

shielded accretion disk. In August 2010, after the above-mentioned eclipse, both

the absorption and the emission components increased.

6. A change in the character of spectral variability (for the lines Hα, Hβ, D1,

D2NaI, HeI 5876 �A) was revealed in the spectrum of WW Vul in 2006 (before the

eclipse) and in 2007 (the beginning of the eclipse) and 2010 (after eclipses). On
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02.08.2010, emission components were detected in one spectrum on the blue wing

of the Hα line (the second) and Hβ; absorption wind components shifted to the

blue side appeared in the sodium doublet lines; in the HeI 5876 �Aline, both the

absorption and emission components on the blue wing are noticeably strenghened.

Apparently, in August 2006, the rotation of the accretion disk is responsible for

the behavior of spectral variability, and in the observation seasons of 2007�2010

years along with the rotation of the accretion disk, an additional mechanism

appears that leads to rapid changes in the physical conditions in the �eld of

the formation of these lines. Such a mechanism can be a magnetic �eld in the

accretion disk and / or on the surface of a star, which determines the nature of

the interaction between the star and its environment.
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Accurate reduction of former observational data as well as results of the new

photometric study of the Herbig Be star HD 52721 carried out in 2010 � 2013

at the Kislovodsk Mountain station of the Pulkovo Observatory showed that

the period P = 1.610 days is the true orbital period of the eclipsing binary

system containing two B-type components with similar parameters. This fact

was completely con�rmed by results of the spectroscopic investigation of this

object carried out in 2009 � 2010 at two observatories (Crimean AO and OAN

SPM observatory in Mexico). Azimuthal circumstellar inhomogeneities rotating

rigidly with the system's components have been revealed in the internal and

also in the external envelopes of the system. Possible origin of these features

is discussed.

Keywords: Eclipsing binary systems � Herbig Ae/Be stars � Circumstellar

envelope

1. PHOTOMETRIC INVESTIGATION

HD 52721 (GU CMa, MWC164, B2Vne,V = 6m.61, B − V = 0m.04) is a
young PMS object (Herbig Be star) [1]. It is connected with the association of
re�ection nebulosities CMaR1. It demonstrates a reach emission spectrum and a

* E-mail: mikhailpogodin@mail.ru
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far-IR excess as a result of emission of the relict cold dust in remote envelope [2].
HD 52721 is an unique Herbig Be star: its light variability is typical for eclipsing
binary systems [3].

The long-standing (1987 � 1998) photometric UBVR-monitoring was carried
out in the Maidanak Observatory (Uzbekistan) in the framework of the �ROTOR�
program. The results of the period search of the data were published in [4]. Two
periods with equal probability were found: P1 = 1.610158dandP2 = 0.8508d. It
has been found that: a) the phase light curve for P = 1.61d demonstrates no
meaningful di�erence in the pro�les of two photometric minima, and b) no color
e�ects are present at di�erent phases of the both phase light curves.

Authors of [2] included the results of the Maidanak's photometry in their full
scale paper and proposed two hypotheses explaining this cyclic light variability:

1. HD 52721 is an eclipsing binary system including two B-type components
with the same radii and e�ective temperature. The eclipse is observed twice
during one orbital period P = 1.610d.

2. The secondary component is low-mass K-type star with the brightness
much less than that of the primary B-type star, and the true orbital period is
0.805d. In this case we do not observe a minimum when the secondary is eclipsed
by the primary. To examine the both hypotheses ws carried out the revision of the
Maidanak's photometric data. We determined the orbital period more precisely:
P = 1.6101524d ± 0.0000021d (instead earlier 1.610158d) for the longer period
and took into account the long-term light variations between observing seasons.
This allowed us to improve the phase light curve. It is presented in Fig.1 (left).

One can see that: a) the both minima in the phase curve for P = 1.610d are
noticeably di�erent in depth and, b) the colors are more red at phases of the light
minima.

The similar phase light curve was constructed using the photometric data of
HD 52721 taken from the ASAS data base is given for comparison (Fig.1, right
top). Near 500 V-measurements of the objects were obtained in 2003 � 2009. The
di�erent depths of two minima is con�rmed by these data. Additionally, some
local features are clearly observed at di�erent phases.

So, our results con�rmed that HD 52721 is an eclipsing binary system with
two similar B-type components and the true orbital period Porb = 1.610d.

We performed our own photometric observations of HD 52721 at Kislovodsk
Mountain Station of Pulkovo Observatory in 2010 � 2013 to investigate various
local features in the light curve observed at di�erent phases of the orbital pe-
riod. The 0.15-m Maksutov telescope was used that was equipped by the CCD-
photometer containing a matrix KAF-1600 (1530×1020 pxl, �eld 21'×14').The
spectral sensitivity of the photometer corresponds to the standard band R but
much more broad.
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Fig. 1. HR diagram for CTTS (a) and WTTS (b) - from [1]. The solid lines mark the

evolutionary tracks calculated with Y = 0.277 and Z=0.02 - for stars with di�erent masses

from 0.2 to 2.7 M�. The dashed lines indicate isochrones for ages of 106, 107, and 108 yr.

The author adopts a grid of evolutionary tracks from [2] computed for PMS stars. Objects

above the red line have no radiative core.
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Observations were carried out during 10 nights in March, 2010 and during
25 nights in January, 2013. The full number individual measurements was near
4000, then all the data were averaged over 10 values. The object HD 52774 having
the same color indexes as HD 52721 was chosen as a comparison star. A special
packet Apex II for reduction of photometric images developed in the Pulkovo Ob-
servatory was also used [5]. The phase light curve constructed for the period P =
1.6101524 relative to the comparison star is shown in Fig.1 (right bottom). One
can see that: a) depths of the both photometric minima are actually di�erent,
b) deep additional minimum at phase Φ near 0.20 was observed in 2010 during
4 nights, which were arranged not consecutively (on 17, 20, 23 and 28 Masch),
whereas his signs were absent on 12, 18, 19, 24, 25 and 27 March, c) a local fea-
ture in the phase light curve was observed near the phase Φ = 0.25-0.30 in 2013
similar to that which was seen in the phase curve constructed for the ASAS data
in 2003-2009 (Fig.1, right). In more detail see [6].

2. SPECTROSCOPIC INVESTIGATION

Observations were performed at two observatories in 2009 � 2010. One of
them was the Crimean AO (2.6-m Shajn telescope, coude spectrograph ASP-
14, R=25000). 54 spectra in regions of Balmer lines and HeI 5876, 6678 lines
have been obtained during 14 nights in 2009-2010. The second observatory was
OAN SPM (Ensenada, Mexico) with the 2.1-m telescope + echelle spectrograph
(R=17000). 40 spectra in the region λλ 3800-6800Åhave been obtained during 5
nigjts in Feb. 2010.

Atmospheric lines.

Fig.2 (left) illustrates velocity variations of several atmospheric lines with the
phase Φ of the orbital period. The phase Φ = 0 corresponds to the moment of
maximum eclipse of the more bright primary by the secondary. The velocity scales
in the plots are given in respect to the mass centre (+25.4 km/s). These depen-
dences are typical for a binary system with similar but not the same parameters of
its components. The observed pro�les are combinations of two pro�les forming in
the atmosphere of each component. One can see in �gure, that Vr < 0 at phases
Φ from 0 to 0.5 when the primary moves toward the observer, and Vr > 0 at
phases Φ from 0.5 to 1.0, when the primary moves away from the observer. This
means that the contribution of the primary to the observed atmospheric pro�les is
larger than that of the secondary. The pro�les of atmospheric lines demonstrate
a puzzling phase dependences. We can see in literature di�erent estimations of
Vsin i from 200 to 450 km/s. It is expected for the binary system with two B-type
components. The orbital velocity of the system's components can be estimated
from the mass function as approximately Vorb ∼ 250km/s.
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Fig. 2. HR diagram for CTTS (a) and WTTS (b) - from [1]. The solid lines mark the

evolutionary tracks calculated with Y = 0.277 and Z=0.02 - for stars with di�erent masses

from 0.2 to 2.7 M�. The dashed lines indicate isochrones for ages of 106, 107, and 108 yr.

The author adopts a grid of evolutionary tracks from [2] computed for PMS stars. Objects

above the red line have no radiative core.
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At the phase of minimum Φ = 0.53 (Fig.2, right top) the pro�le of the
typical atmospheric line HeI 4026 can be �tted by a single model pro�le:
Teff = 25000K, logg = 4.0, Vsini = 200 km/s. This means that two compo-
nents of this compound pro�le are forming in atmospheres of two stars of similar
spectral type. Fig.2 (right bottom) illustrate the pro�le of the same line HeI 4026
observed in the maximum of brightness ( Φ = 0.73). The pro�le is expected to
be broadened due to the orbital motion of the system's components (it is seen)
and bifurcated. But the lasr is not seen.

The question is: why? This e�ect can be easy explained.

According to the SIMBAD data base, one more star is situated close to HD
52721 (∆ρ = 0.6", δm ∼ 0.9m). The �eld star is placed at ∼ 600 a.u. from
the binary system and is evidently not connected with the system gravitationally.
But its brightness is comparable with that of each of both system's components.
The object is placed too close to HD 52721 in projection onto the sky, and has to
be non-resolved during photometry as well as spectral observations. Therefore, it
has to a�ect the results of observations.

If the spectral type of the third star is similar to that of components of the
system, it does not distort the pro�les of atmospheric lines in the minimum of
brightness, because velocities all of them are the same. At phases of photometric
maximum, the pro�les of the system's components have to mave apart toward
blue and red, but the pro�le of the third star has to be non-shifted. As a result,
the compound pro�le has to look as broadened but not bifurcated.

Circumstellar (CS) lines.

Typical pro�les of the Hα line observed in di�erent dates are shown in Fig.3
(left). Pase dependence of the mass centre Vm of the emission Hα pro�le is pre-
sented in Fig.3 (right). One can see, that Vm > Vγ (mass centre of the system
+25.4 km/s) if the secondary moves away from the observer, and Vm < Vγ if
the secondary moves toward the observer. The circumstellar Hβ line looks like a
double-peaked emission overlapping the atmospheric broad absorption component
(Fig.4, left). The CS line component is redshifted if the secondart moves away
from the observer (Φ < 0.5) and is blueshifted when the secondary moves toward
the observer (Φ > 0.5). The pro�les of HeI 6678 line are of the same type as
that of Hβ, and demonstrate similar phase dependence. Fig.4 (right) illustrates
the phase dependence of the indicator of asymmetry of the 4observed absorption
pro�les �a�, overlapped by blue/red-shifted CS emission component. This indica-
tor is entered as the ratio of equivalent widths (EW) of the blue (v) and red (r)
parts of the absorption pro�le separated by the radial velocity of the mass centre
of the system Vγ. If a > 1, the emission component is redshifted and if a < 1, it
is blueshifted.
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Results of our spectroscopy showed that a disklike CS envelope around HD
52721, and this inhomogeneity rotates rigidly with the components of the system.
In more detail see [7].

3. CONCLUSIONS

� Revision of old photometric data and our own photometric and spectroscopic
study of the Herbig Be star HD52721 con�rm that the object is a binary system
containing two B-type stars with similar parameters and the orbital period P =
1.6101524 days.
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� Inner envelope of the system is azimuthally inhomogeneous gaseous disk
concentrated toward the secondary. The azimuthal inhomogeneity rotates around
the system with the period equal to the orbital period of the system. Possible
interpretation of such gas distribution in the envelope: a) stream-like �ow of the
gas away from the secondary through the external Lagrange point, or b) a re-
sult of interaction of stellar winds of both the components, if the wind from the
primary is more strong [8].

� The additional photometric minimum observed in 2010 at phase Φ ∼ 0.2
can be connected with a stream-like �ow moving from the external circumbinary
envelope toward the system. Possible existence of such structural features was
predicted by model hydrodynamical (SPH) calculations (see, for example, [9]).
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Such stream can intersect the line of sight once during the orbital period and lead
to an appearance of additional local photometric minima.

� Existence of a high temperature zone on stellar surfaces of both the com-
ponents on sides facing one against another, can explain reddening colors of the
object at phases of mimima as well as an appearance of a local brightening at
phases of its photometric maxima.

� It has been shown that the presence of an once more star close to the system
HD 52721 can explain a number of observational peculiarities of the object which
remained incomprehensible before.
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Some Herbig Ae/Be stars show spectroscopic signatures indicating that

accretion �ows in these stars are guided from the circumstellar disk to the

stellar surface by a magnetic �eld inside their magnetospheres. We consider

three objects with such signatures. All of them can be divided into three

groups: a) rotational modulation of spectral parameters originating near

accretion region. These are the pro�les of the infrared lines HeI 10830

and Paγ (the case of HD101412) and the lines HeI 5876 and Hβ in the

visual spectral region (HD259431); b) cyclic variability of the HeI 5876 line

pro�le when its red absorption component becomes strongly extended up to

+400 km/s once during a rotation period (HD259431, HD37806); and c)

fast variability of the red absorption component of the HeI 5876 line pro�le

(during one night) in the form of standing intensity wavws. We can prove

that all these phenomena can be observed only if the local accretion �ows

are rotating rigidly with the magnetic �eld of the star inside the magnetosphere.

Keywords: Herbig Ae/Be stars - Accretion disk - Magnetosphere.

* E-mail: mikhailpogodin@mail.ru

152



AJAz: 2020, 15(1), 152-154 Spectroscopic signatures of magnetospheric ...

1. THE CASE OF HD 101412.

A1e � B9e, the surface magnetic �eld B∼3kG. the angle between the rotation

axis and the line of sight i = 80◦ ± 7◦, the angle between the magnetic and the

rotation axis β = 84◦ ± 13◦ .The rotation period Prot = 42.076 ± 0.017 days [1].

30 spectra of HD 101412 were obtained in the near-IR region with the spec-

trographs CRIRES and X-shooter (ESO, Chile) from 2011 to 2013.

Using the method described in [2] we have found the variation period of sev-

eral parameters of the lines forming in the region of the disk/star interaction (HeI

10830, Paγ) P = 21 days. Such syclic variability is a signature of two local ac-

cretion �ows in the region of magnetic poles intersecting the line of sight twice

during a rotation period. In more detail see [2].

2. THE CASE OF HD259431

Spectral type of the object is B5Ve, V sin i = 100 km/s.

More than 100 echelle spectra were obtained at 4 observatories (ESO, Crimean

AO, OAN SPM and UFA AO). The Balmer emission lines show very variable

pro�les looking as either the PCyg-type or a double-peaked emission line with

depression of the red wing (Fig.1, left). On these dates the red wing of the HeI

5876 line pro�le becomes very extended up to +400 km/s. It can be possible only

in the case of the MA scenario.

We found the period of these variations P = 2.84 days. It corresponds to the

expected rotation period of the star. The bisector velocity (Vbis) of Hβ at the 1.0

Fc level and the velocity of the red edge of the HeI 5876 (Vred) were used (Fig.1,

right). We interpret this result as a signature of the rotating magnetosphere with

the magnetic axis inclined to the rotating axis. At di�erent phases of rotation

the observer can see either the accretion �ow at high magnetic latitudes or the

wind zone at lower latitudes. We estimated the inclination of rotation axis i =

43◦ ± 3◦. In more detail see [3].

3. THE CASE OF HD37806.

Spectral type of the object is A2e, V sin i = 120 km/s.

The pro�le of the HeI 5876 line forming in the region of the disk/star inter-

action shows a short-term variability looking like standing waves in the region of

red absorption on the residual pro�les constructed relative to the nightly mean

(Fig.2, left top). According to the model calculations such variability can appear

only if a rotating local stream intersects the line of sight which is orthogonal to

the Surfaces of Equal Radial Velocities (SERVs) of the moving gas.
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In the case of the Keplerian accretion disk (a) or such the disk with a radial

motion (b), the SERVs are not orthogonal to the line of sight (Fig.2, left bottom)

in the region between the star and the observer, and the short-term variations

have to be looking as running waves on the residuals.

Only in the case of the MA scenario the SERVs intersecting the line of sight

become orthogonal to it (Fig.2, right top). The �gure is constructed for the simple

geometric model (i = 90◦, β = 90◦). The model residuals are also shown in the

�gure (Fig.2, right bottom).

In the general case, for any geometry and orientation of the magnetic �eld

con�guration a character of SERVs stays similar. It is determined by a speci�c

kinematics of the gas insude the magnetosphere: the radial velocity is minimal

near the outer boundary of the magnetosphere and maximal near the stellar sur-

face (free fall motion). Its rotation velocity is, on the contrary, maximal at the

outer boundary of magnetosphere and minimum near the stellar surface (rigid

rotation with the star).

We conclude that this type of short-term spectral variability can be considered

as a signature of the MA scenario.
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The results of long-time spectral monitoring of the Be Herbig star IL Cep

A are presented. It is shown that hydrogen emission lines are formed in

the disk, which is formed only around one of the components of the binary

system. Orbital elements were calculated in the model of a spectroscopic -

binary system with a period of 3550 ± 28 days. It was estimated fundamental

parameters of individual components of the system. It is assumed that the

secondary component of the system is a young star, which is at the initial

stage of evolution.

Keywords: young stars�spectral variability�spectral binaries�Ae/Be Herbig

stars�IL Cep A..

1. INTRODUCTION

The star IL Cep (HD 216629) is visually binary with the components IL Cep
A (α2000 = 22h53m15.603s, δ2000 = + 62◦08′45.02”, V ∼ 9.36mag) and IL Cep
B (α2000 = 22h53m15.342s, δ2000 = + 62◦08′51.629”, V ∼ 13.82 mag) and with
angular distance 6."96 [1]. The system is known as a member of the young asso-
ciation Cep OB3. Wheelwright et al. [2] is showed that the star IL Cep A also
has a closer visual component at an angular distance of 0."44, which is weaker
than IL Cep A at ∆B = 3.5 mag. Obviously, with such a close companion bright-
ness, the contribution of its radiation to the spectrum of the star IL Cep A will
be insigni�cant. Considering this circumstance in the future in our work we will
discuss only on the component IL Cep A.

* E-mail: ismailovn@yahoo.com
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According to Assousa et al. [3] IL Cep is an emission object closely related to
the re�ection nebula, and therefore is an Ae/Be Herbig type star. According to
[4] and [5], the star belongs to the Cep OB3 association. However, as shown in [6],
using the distance to the star at 720 ps (see, for example, [7]), the star will take
a position below the ZAMS (Zero Age Main Sequence) line on the evolutionary
HR diagram. Since the star is a visual binary system, in [6] the authors did not
estimate its fundamental parameters using evolutionary tracks.

In this paper, we presents the results of research of the spectrum IL Cep A,
using also the new spectral material obtained in 2015-2017.

2. OBSERVATIONS AND RESULTS

Spectral observations were performed in 2006�2017 in the Cassegrain focus
of the 2 m telescope of the Shamakhy Astrophysical Observatory of the Azer-
baijan National Academy of Sciences (ShAO of ANAS). Two spectrometers were
used: the �rst spectrometer (MUAGS � Modi�ed Universal Astronomical Grid
Spectrograph) was used in 2006-2015, which was made on the basis of the UAGS
spectrograph [8,9].

The spectral resolution of this spectrograph was R = 14000; the signal-to-noise
ratio in the region of the Hα line is S/N = 80-100, and in the region of the Hβ line
is S/N = 10-20. All image processing, their processing into a standard format,
and further measurements of spectrograms were performed using the DECH20T
program developed at the SAO RAS [10].

The second spectrometer was ShaFES Fiber Echelle spectrograph (Shamakhy
Fiber Echelle Spectrograph). The pixel size in CCD 4kx4k is 15 µm, the max-
imum quantum yield at a wavelength of 4000 Åis 90%. A detailed description
of the ShaFES spectrograph is given in Mikayilov et al. [9]. For IL Cep spec-
tra were obtained at a resolution of R = 28000, in the range of 3900-7500 Å.
For the reduction and processing of the spectrograms, the DECH95 and DECH30
programs developed by Galazutdinov were used (http://www.gazinur.com/Image-
Processing-.html) [10].

The control measurements of radial velocities for various standard stars showed
a high degree of coincidence of measured RV values with data from the catalog
within measurement errors of ± 3 km/s. There was no systematic di�erence in
our RV measurements by standard stars within the measurement errors. The ra-
dial velocities from the spectra of the ShaFES spectrograph were measured with
an accuracy of about ± 1 km/s.

Our measurements of radial velocities at di�erent intensity levels showed that
the best agreement with the obtained Vbis curves was obtained at the continuum
level of 1.00Ic to 1.50Ic. At higher intensity levels, the spread of points increases
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signi�cantly. In Fig. 4 was shown the radial-velocity curve obtained at three
di�erent levels of intensity - 1.0Ic, 1.5Ic and 1.75Ic. As can be seen from here, the
scatter of points for individual seasons of observations ranges from 10 to 15 km/s.
But the average annual value of Vbis smoothly varies from +5 to - 80 km/s.

3. IN MODEL OF THE SPECTROSCOPIC BINARY SYSTEM

The approximation of the observed and theoretical phase curve is carried out
by minimizing the sum of squares of the residuals for di�erent values of the orbital
elements. When calculating each orbital parameter, the method of successive it-
erations was used; when �rst the values of all parameters, except one, are �xed,
the value of which is determined at this stage. After that, the next parameter
is selected and its value is speci�ed. At each stage of the calculations, the �xed
values for the remaining parameters are those that were counted in the previous
stages. The process is repeated �in a circle� until convergence occurs, that is,
when the sum of the squares of the residuals reaches a minimum. The �nal set
of orbit parameters obtained by this procedure will be the solution. When: a)
a small eccentricity and b) a successful choice of initial values of the determined
parameters, convergence occurs fairly quickly (3 - 4 iteration cycles).

At the next step, the sum of the residuals is minimized for di�erent values
of the orbital period P, which allows it to be signi�cantly clari�ed. As a result,
we obtained a period of P = 3550 ± 28 days and a half-amplitude of the or-
bital velocity K = 28.8 ± 1.1 km/s. A theoretical orbital radial velocity curve
for Vbis levels at 1.0Ic and 1.5Ic is shown in Fig.1 with a sinusoid curve. The
observational data are best approximated by the theoretical radial velocity curve
presented. For two values of the intensity level 1.0Ic and 1.5Ic, we obtained the
system orbit elements, which are listed in Table 1.

By using the above mentioned results, we have carried out the RV curves of
system for the Hα emission line at di�erent intensity levels. The most stable
curves were obtained at the intensity level 1.0 Ic - 1.5 Ic of the spectral con-
tinuum. By using this method, we have determined the orbital elements of the
system. An analysis of the obtained mass function of the system showed that if
the mass of the primary component for a typical B2V star is 10 M�, then the
second component, which contains a disk emitting in emission lines, will have a
mass of about 0.7 M�.

The change for B-V occurs across all observations from 0.72 to 0.77 [11]. A
similar value of the color index B-V for the IL Cep star is given in [13] and [12].
According to [14] and [13] for the complex Cep OB3, the extinction coe�cient is
RV = 3.1 mag. If we assume that the brightest state of the B-V color corresponds
to the brighter B2V component, then on the color index value for the main se-
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quence stars (B-V)o = -0.22 [15] for the color excess we can get E(B-V) = +94.
Then for the coe�cient of reddening we get Av = 2.9 mag. For absolute and
bolometric luminosities, one can obtain Mv = -2.9, Mbol = - 5.25 and log L/L�
= 4.1. For the star B2V Te = 22000 K [15], then for the radius we get logR/R�
= 0.83. As we noted above, for the bright component, the mass should be about
10 M�, and for the secondary component - 0.7 M�. The secondary component
of the system is rather a low-mass K4V star and has a long semi-transparent gas
envelope. It must be said that, apparently, there are this type spectral-binary
systems among the young stars. One of them is the well-known in Orion young
θ1Ori trapezium member system BM Ori [16].

Fig. 1. Approximation of observational data using a theoretical radial-velocity curve

for data from two di�erent intensity levels, points - 1.0 I c and - 1.5 I c.

Here, P -is the period, K -is the semi-amplitude, γ -is the radial velocity of
the center of gravity of the system, e - is the eccentricity, a2sini is the major semi-
orbital of the orbit, and To is the moment the curve passes through the gamma
velocity.

Based on the results of this work, the following conclusions can be presented:
1. For the �rst time, the long-time periodic variability of the radial velocities

of the hydrogen emission lines Hα and Hβ was established. The period of vari-
ability is P = 3550 ± 28 days and the spectroscopic elements of the orbit of the
system are determined.

2. Equivalent widths and half widths of hydrogen lines show a certain vari-
ability, which does not occur synchronously with variations in the radial velocities
of the emission component.
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Table 1. Approximation of observational data using a theoretical radial-velocity curve

for data from two di�erent intensity levels, points - 1.0 I c and - 1.5 I c.

Orbital elements 1.0 Ic 1.5 Ic Mean

Porb (days)

γ (km/s)

K (km/s)

e

a2sini (au)

To=JD 2450000+

3570

28.0

-33.3

0

2921

3530

29.6

-27.5

0

2885

3550 ± 28

28.8±1.1

-30.3 ± 4.1

0

9.5

2903 ± 25

3. For the �rst time we have shown that the circumstellar disk, in which
the emission spectrum is formed, belongs to only one of the components - the
low-mass component of the system.

4. Part of the D Na I lines can be formed in the stellar wind, the main part
of these lines belongs to the interstellar medium.
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1/2017-21/07/1). One of the authors (Pogodin M.A.) thanks for the �nancial
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We have presented the results of spectral observations of the Herbig Ae star

V1295 Aql, carried out in 2015-2017 at the 2 m telescope of the ShAO of

ANAS. In 2015, a change in the radial velocities and equivalent widths of the

emission component of the Hα and Hβ lines was detected with a characteristic

time of about 40 days. The main variations in the pro�les are observed on

the wings of the hydrogen lines. In di�erent years, there is a change in the

activity of the star. We assume that the discovered phenomenon indicates

the existence of a stable formation in the circumstellar space of the star HD

190073. A possible heterogeneity in the circumstellar disk may be the result

of the existence of an asymmetric structure caused by the destroyed disk in a

result of planet formation processes.

Keywords: pre-main sequence stars: spectral variations: circumstellar matter:

emission lines: Ae stars: individual V1295 Aql.

1. INTRODUCTION

Herbig Ae/Be (HAeBe) stars are the intermediate-mass (∼2�10M�) pre-main
sequence counterparts of T Tauri stars (TTSs). Classically de�ned, they are spec-
tral type B-A, show emission lines in their spectra, placed in obscured regions,
and illuminate surrounding nebulosity [1]. The spectroscopic monitoring of some
sources [2�4] revealed that the spectra of HAeBe objects are not only characterized
by the presence of emission lines, but also by the complex variations observed in
both the emission and absorption features. This variability is also characteristic
of T-Tauri stars [5, 6].

V1295 Aql (HD190073, MWC325, A2IIIe � B9IIep+sh) is a very remarkable
early-type object with rich emission lines in the visible spectrum. HD190073 was
variously classi�ed as a peculiar Bep star [7] or as an evolved post-main sequence

* E-mail: gunelbahaddinova@gmail.com
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A giant [8]. Recently HD190073 has gained recognition as a young Herbig Ae/Be
star [9, 10]. In spite of being situated in the constellation of Aquila rather far
from well-known regions of star formation, it displays a large far-IR excess due to
thermal radiation of cool circumstellar (CS) dust [11]. The energy distribution of
HD190073 in this spectral region is similar to that of well-known Herbig Ae stars,
like AB Aur, HD163296 and HD31648 [12].

Alicia et al. [13] identi�ed stellar parameters for V1295 Aql. The star has a
magnetic �eld, ∼100 G, which has been detected and con�rmed by many authors
over several years [14�16]. As described in [13] from MIKE spectra Vr = -1.2 ±
1.3 km s−1 and v sin i = 3.19 ± 2.45 km s−1. E�ective temperature is Te� =
9250 ± 250 K, Mass is M=2.9 ± 0.5M�, radius is R= 3.6 ± 0.5M�. Variability
was observed, indicating a change in the star's magnetic �eld structure.

In this work we have presented some results of monitoring of the hydrogen Hα
and Hβ lines variation of the Ae type star V1295 Aql.

2. OBSERVATIONS

The spectra were taken in 2015�2017 in the Cassegrain focus of the 2-m tele-
scope of Shamakhy Astrophysical Observatory of Azerbaijan National Academy
of Sciences. We have used two spectrographs. First of them MUAGS was used
in combination of CCD 530×580. Spectral resolution is R∼14000 in the range λ
4700-6700 Å. This system was used in 2015. Second spectrograph ShAPES works
with CCD 4K×4K, spectral resolution is R∼28000 in wavelength range λ3700-
8000Å [17]. The mean signal-to-noise level is S/N = 100 in the region of the Hα
line, and S/N = 10-20 in the region of the Hβ line. Wavelength calibration was
based on the sky spectrum. We used the DECH20T software to perform all the
image reduction tasks and subsequent measurements of the spectra.

We acquired a total of 35 pairs of spectrograms of the star for 2015-2017 years.
The errors of the measured equivalent widths and intensities were equal to 5% and
about 1%, respectively. The mean error of position measurements in the spectra
of standard stars was 1�2 km/s.

The Hα line In �gure 1. we have presented the time variability of bisector
radial velocity, FWHM and equivalent wide of the Hα emission line in 2015-2017.
As seen from �gure there are seasonal variability in all parameters. Equivalent
width of Hα line increases during 3 years and changes from 18 Åto 34 Å. FWHM
of Hα line gets the value of 4.0±0.5 Å, radial velocity of the line shows decrease
and increase on this timescale and changes from 15.21 km s−1 to 47.73 km s−1.

Fig 2. presents normalized pro�le and the time variability of equivalent wide,
bisector radial velocity and FWHM of the Hα emission line observed in the spec-
trum of HD 190073 in 2015. As can be seen from �g.1 the Hα line pro�le consists
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Fig. 1. The time variability of bisector radial velocity (right top panel), FWHM (left

top panel) and equivalent wide (bottom) of the Hα emission line in 2015-2017.

of an emission peak, in which two separate components are barely distinguished
at the top. The blue wing of the line is widest than the red. On the blue wing
there is a wide and shallow absorption. The asymmetry in the pro�le shows that
there is both accretion and out�ow of matter on the circumstellar disk. Figure

Fig. 2. Normalized pro�le and the time variability of equivalent wide, bisector radial

velocity and FWHM of the Hα emission line observed in the spectrum of HD 190073

in 2015.

163



G. R. Bahaddinova et al. AJAz: 2020, 15(1), 161-169

2 shows the change in the values of the parameters RV, EW and FWHM versus
time. As can be seen, with relatively stable values of EW 22 Åwith root mean
square (rms) ± 2 Å, we found a signi�cant variation in the bisector radial velocity
of the emission component of the Hα line ant mean value +29 with rms ± 7 km/s.
The parameter FWHM also has a scatter around the average 4.56 ± 0.29 Å.

In the Figure 2 it is evident that, starting with JD 2457230, the RV shows a
red shift to a maximum in JD 2457244, and then a slow return to the previous
level, having reached it approximately in JD 2457275. In this case, the values of
EW and FWHM are in minimum. This shows that during about 45 days a certain
movement of matter and a change in intensity in radiation occurred in the star's
disk.

As can be seen from Fig.2 radial velocities show seasonal changes within ± 15
km/s. According to the data of 2015, we identi�ed the above variability of radial
velocities (Fig. 2). The same variation we can see in the parameters EW (±5 Å)
and FWHM (±1 Å). Moreover, the mean values of the mentioned parameters are
demonstrated variation from year to year. Similar type variations we have discov-
ered in the line Hβ. Figure 3. shows normalized pro�le and the time variability

Fig. 3. Normalized pro�le and the time variability of equivalent wide, radial velocity

in halve-widths level and FWHM of the Hα emission line observed in the spectrum of

HD 190073 in 2016.

of equivalent wide, bisector radial velocity and FWHM of the Hα emission line
observed in the spectrum of HD 190073 in 2016. In 2016 pro�le of Hα emission
line obviously separated into two peaks. And it shows itself in the parameter of
the line.
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As is shown in Fig.4, in 2017 parameters of the Hα line shows the similar
variability as in 2015. We can see increase and decrease in the value of radial
velocity and decrease in the equivalent wide (from 34 Åto 24Å).

As can be seen from the data of 2017 (�g.4), we observed a similar variability
in radial velocities of the emission component of the Hα line, which was obtained
in 2015. EW is changing from 34 Åto 24 Å. Here, the duration of the event is
about 50 days in the changes from the maximum to the minimum in equivalent
widths, and about 40 days in the values of radial velocities. Such a feature in the
change in the line parameters is a sign of a long-lived stable part in a circumstel-
lar environment. We assume that such a component can be formed by additional
components or a planet that rotates in a Keplerian orbit.

About one additional detail which is observed in the pro�le of the line Hα: in
2015 and in 2017, the pro�le of emission component of the Hα line has a single
peak. In 2015, the spectral resolution is lower than in 2016 and 2017. But in
2017, we also �nd a line pro�le with barely distinguished peaks. Perhaps such a
pro�le is observed simultaneously in the case when there is a signi�cant change
in the line parameters within 40-50 days.

Fig. 4. Normalized pro�le and the time variability of equivalent wide, radial velocity

in halve-widths level and FWHM of the Hα emission line observed in the spectrum of

HD 190073 in 2017.

Hβline

Variability in the parameters of the Hβ line is of the same nature as in the
Hα line. Signi�cant seasonal variations in radial velocities and equivalent widths
are observed (Fig.5). In 2015, radial velocities, equivalent widths and half-widths
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of the emission component of the line Hβ show signi�cant changes at the same
moment when active changes in radial velocities are observed in the Hα line. In
the Hβ line, the characteristic duration time of process is about 60 days. This
even was presented in the Fig.6 and Fig.7. As can be seen from the �gure, in

Fig. 5. The time variability of bisector RV (right top panel), EW (left top panel) and

FWHM (bottom) of the Hβ emission line in 2015-2017.

2017, the same e�ect in the Hβ line is observed that took place in the Hα line in
2015 in time, these events occur synchronously and with approximately the same
duration.

3. CONCLUSION

Thus, our spectral monitoring for 2015-2017 showed that there are active sea-
sonal variations in the spectral lines of hydrogen Hα and Hβ. Such seasonal
changes are accompanied by a change in the structure of the pro�les of these
emission components.

The most important result obtained in this work is the detection of a contin-
uous smooth change in radial velocities, equivalent widths and half-widths of the
emission components of hydrogen lines, in 2015 and in 2017. The characteristic
duration time of this event is about 40-50 days. First, a redshift of the bisector
velocity of the emission components is observed, and at the same time, a smooth
decrease in the line intensity is occurs.

According to the data of work [13], the rotation period Prot of the star was
obtained about 32 ±25 days, which is in satisfactory agreement with the char-
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Fig. 6. Normalized pro�le and the time variability of EW, RV and FWHM of the Hβ

emission line observed in the spectrum of HD 190073 in 2015.

Fig. 7. Normalized pro�le and the time variability of EW, bisectorial RV and FWHM

of the Hβ emission line observed in the spectrum of HD 190073 in 2017.

acteristic time obtained in our observations during active processes. Fortunately,
our 2015 data were obtained in a fairly close step time resolution and allows us to
determine the characteristic time of an active event with an accuracy of several
days. If we take the value of the rotation period of the star about 40±5 days,
then with a known radius of the star 3.6 ±0.5 R� [16], for the rotation velocity of
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the star we can get 4.6 km/s. Knowing the vsini as equal to 3.2 km/s [1], we can
determine the angle of inclination of the axis of rotation, as 45◦ ± 6◦. This value
of the angle of inclination is little larger than the angle presented in work [1].

The discovered by us event was observed for two case - in 2015 and 2017. This
event is an active change in the spectral parameters with a characteristic time of
40±5 days in the hydrogen lines of Hα and Hβ. We assume that the discovered
phenomenon indicates the existence of a stable formation in the circumstellar
space of the star HD 190073. A possible heterogeneity in the circumstellar disk
may be the result of the existence of an asymmetric structure caused by the
destroyed disk in a result of planet formation processes.

This work was supported by the Science Development Foundation under the
President of Azerbaijan � Grant No EIF-BGM-4-RFTF-1/2017-21/07/1.
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The paper discusses existing methods of distance determinations to bright

objects inside our Galaxy. Possible inaccuracies are considered. Measurements

of both: distances and radial velocities allow determination of the Milky

Way rotation curve, believed to be �at because of the postulated Dark

Matter halo around the Galaxy. We demonstrate the rotation curve, based

on observations of Caii interstellar absorption lines in spectra of OB stars.

Our high resolution spectra allow to measure both: distances and radial

velocities with a high precision �free of the e�ects of stellar binarity and the

line center uncertainties in rapid rotators. The resultant rotation curve of

the Milky Way proves to be much more complex than either ��at� or �keplerian�.

Keywords: Milky Way � rotation � interstellar medium

1. INTRODUCTION

The Galaxy, as well as other, similar objects, rotates. It's characteristic, spiral

form is likely governed by the gravitation force and orbital speeds of galactic ob-

jects. Spiral galaxies are believed to contain not only the visible objects but also

Dark Matter, distributed in the form of extensive halo. The presence of the lat-

ter should make the orbital speeds of the objects, external to our Sun, constant,

independently of the distance to the galactic center. The function, presenting

the orbital speed vs. galactic radii is called Rotation Curve. The latter is �at if

the orbital speeds are constant, starting from a certain radius and keplerian �if

the Dark Matter halo does not exist and the orbital velocities get systematically

smaller with growing radii.

* E-mail: jacek@umk.pl
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Several years ago the presence of Dark Matter (DM) inside and/or around

our Galaxy was questioned by Moni Bidin et al. (2012). Estimating the dynam-

ical surface mass density at the solar position between Z = 1.5 and 4 kpc from

the Galactic plane, the authors concluded that the local density of Dark Matter

is at least an order of magnitude below the standard expectations, i.e. if the

halo is present. However, Bovy & Tremaine (2012) used the model with di�erent

assumptions and concluded the accordance of observations to the Dark Matter

existence paradigm. This fact makes all possible observational tests of the Dark

Matter existence very important; the possibility that the same data applied in

di�erent models lead to contradictory conclusions proves clearly the insu�ciency

of necessary observations.

Let's assume that orbits of galactic objects are circular. Nearly �at rotation

curves in outer parts of spiral galaxies were inferred by Sofue & Rubin (2001). This

constant, independent on distance from the galactic center, velocity of galactic

rotation is considered as a fundamental proof of the presence of the Dark Mat-

ter haloes. The Dark Matter should contain a vast majority of galactic masses.

The existence of the Dark Matter in the Milky Way was questioned already by

means of analyzing stellar motions (Kuijken & Gilmore (1989), Holmberg, &

Flynn, (2000)). The above mentioned analyzes were based on motions of rela-

tively nearby stars which gives a limited reliability to the results. The density of

galactic objects declines quickly outside the solar orbit which makes constructing

statistically signi�cant samples of such objects di�cult.

Signi�cant di�erences between the determined rotation curves, as compared

to the Keplerian ones, may shed more light on the problem of the Dark Matter

also in or around our Galaxy. Maciel and Lago (2005) built the Galactic rota-

tion curve based on a large sample of planetary nebulae and compared with that

of Brand and Blitz (1993) which is based on Hii regions. Rotation velocities of

planetary nebulae (relatively old objects) are systematically lower than those for

Hii regions (very young objects).

The role of the observationally determined rotational curve of Galaxy is crit-

ical for proper modelling of the Milky Way. Since quite recently a big e�ort has

been made to interpret observations of kinematics of interstellar gas, based on the

assumption that Hi, Hii and H2 clouds move on closed orbits, usually assumed to

be circular. This may follow their mutual collisions as clouds collide much more

likely than stars due to their big sizes. Collisions should �thermalize� the orbits

making them circular. The above mentioned clouds are considered as tracers of

the gas disc (thin disc). Hii and H2 objects are evidently spatially correlated

since OB stars (used to measure Hii clouds' distances) and exciting Hii clouds,

are recently formed out of dense, molecular interstellar clouds. The case of Hi

clouds, being revealed by the 21 cm spectral feature, remains uncertain.
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The discrepancies of the galactic rotation curve from the Keplerian one are in-

terpreted either in terms of the presence of Dark Matter or as a necessity of using

the proposed MOND (Modi�ed Newtonian Dynamics), see e.g. Milgrom (1983).

Several years ago an argument for the �atness of the outer Galactic rotation curve

was given by very precise astrometric measurements in the frame of the VERA

program of trigonometric parallaxes and proper motions of a few star forming

regions distributed far away beyond the solar orbit: Reid et al. (2009). These

results favour a nearly �at, or even slightly rising outward Galactic rotation speed

up to 13 kpc. However, the sample of objects, used in these studies, is extremely

limited.

Sofue et al. (2009) have uni�ed the existing data on rotation curves for our

Galaxy into a single rotation curve by means of re-calculating distances and ve-

locities, adopting for the galactocentric distance and the circular velocity of the

Sun values (R⊙,V⊙)=(8.0 kpc, 200 km/s) respectively. His resulting curve is

generally �at with two local minima or dips situated at radii 3 and 9 kpc from the

Galactic center. The 3-kpc dip is consistent either with the bar or alternatively

explained by a massive ring with the density maximum at a radius of 4-kpc. The

9-kpc dip is shown using di�erent tracers and seems to be the most peculiar fea-

ture in the Galactic rotation curve. Sofue et al. (2009) explains it by a massive

ring with the density peak at a radius of 11 kpc. This giant ring may be related

to the Perseus arm. Evidently the sample of tracers observed outside the solar

orbit (and believed to be the members of the Galaxy) is much smaller than those

of insiders. Moreover, the scatter of individual determinations of distances and

radial velocities grows in a stepwise manner outside the solar orbit (see the Fig.1

of Sofue et al. (2009)).

Galazutdinov et al. (2015) used high resolution spectra to determine inten-

sities and radial velocities of 50 interstellar Caii sightlines, towards OB stars

�members of the Milky Way thin disc. The method used allows to avoid prob-

lems with stellar binarity which creates doubts as to whether the observed radial

velocity is that of the mass center. Moreover, stellar radial velocities must be de-

termined using broad (Doppler broadening) or very broad (rotation) lines which

makes measurements uncertain in a sharp contrast to very narrow interstellar

lines. The rotation curve of Galazutdinov et al. (2015) is clearly keplerian; more-

over, the already observed young clusters con�rm the results based on Caii lines.

2. DISTANCES AND THEIR UNCERTAINTIES

The most traditional and basic method of determining distances to celestial

objects is the trigonometric parallax. This is the only one fully independent and

necessary to calibrate other methods.The method is very straightforward but also
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�quite di�cult in the case of determining large distances, necessary to investigate

the Galactic structure. Very small angles can hardly be measured with high pre-

cision. This situation was supposed to be improved by the Gaia satellite (DR2).

It seems to be of basic importance to check whether the Gaia DR2 distances are

as correct as expected. Anyway �stellar binarity may cause some uncertainties,

perhaps accompanied with some, undiscovered yet, factors.

The other, traditionally used method of distance measuring is that, using the

photometric equation:

m−M = 5 logD − 5 +R− V E(B − V ). (1)

This simple equation is, however, full of traps. Absolute magnitude should

be calibrated to spectral type and luminosity classes (using trigonometric par-

allaxes); thus M depends on the precision of the above calibration and of that

of Sp/L estimate. The calibration is di�cult since the su�ciently nearby OB

stars (of precisely known trigonometric parallaxes) are very scarce. Moreover, if

our target is a variable star, both m and M should be determined for the same

phase. Such a situation seems very unlikely. The total�to�selective extinction

ratio, R−V , varies from object to object (see Fitzpatrick & Massa 2007) but it's

individual values are in many cases hard to be properly estimated. Moreover,

E(B-V) depends once again on the proper spectral classi�cation. Many sources

of possible errors!

Another method, invented as long ago as in 1928 (Struve 1928) but developed

for OB stars only quite recently (Megier et al. 2009) is based on intensities of in-

terstellar Caii lines derived from high resolution spectra, i.e. on column densities

of interstellar gas. This method requires also a calibration based on trigonometric

parallax but this is the only calibration needed. Sets of trigonometric parallaxes

from Hipparcos and Gaia allow such calibration. The method is not sensitive to

Sp/L estimates as well as to stellar binarity or, more generally, variability. It's

basic, purely empirical, equation is:

DCaII [pc] = 77 + (2.78 + 2.60
EW (K)

EW (H)
− 0.932)EW (H). (2)

The method works properly only if Caii lines do not show any saturation ef-

fects, i.e. when EW (K)/EW (H) > 1.32. Radial velocities of interstellar clouds

can be measured precisely because the Caii lines are sharp. Moreover, clouds

orbits are likely circular (thermalized) which facilitated determination of orbital

speeds.
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3. RESULTS

It is of basic importance to determine distances to the selected galactic objects.

We used a long series of high resolution UVES (fed with the Kueyen VLT mirror)

spectra from ESO to estimate distances using all three methods described in the

Introduction, i.e. trigonometric parallaxes from Gaia DR2. spectrophotometric

ones (our spectra have been used to check the existing Sp/L's) and the method

based on column densities of Caii lines. A comparison between the results of all

three methods can shed some light on the precision of the possible distances.

Fig. 1 presents the comparison of the distances based on Gaia DR2 trigono-

metric parallaxes and those, based on Caii column densities. The comparison

shows that both methods give reasonably similar results until the distance of ∼2
kpc. For larger distances the scatter is unacceptably big.

Fig. 1. A comparison of Gaia and Caii distances. Note the general agreement until

2 kpc.

The next �gure (Fig. 2) compares the Sp/L distances to those of Gaia DR2.

The result is quite astonishing. As in Fig. 1 the distances agree statistically until

D∼2 kpc. Estimates of larger distances seem risky.
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Fig. 2. A comparison of Gaia and Sp/L distances. Note the general agreement until

2 kpc.

It is thus not astonishing that while comparing Caii and Sp/L distances we

get the same result.

Apparently distances to relatively nearby objects (up to 2 kpc) can be esti-

mated quite reliably and thus the Milky Way rotation curve may be determined

in the range of these 2 kpc. Larger distances are uncertain.

Galazutdinov et al. (2015) argued that the Milky Way rotation curve is rather

keplerian than �at. However, they investigated only objects outside the solar or-

bit. What one can �nd inside the orbit of our daily star? We tried to investigate

this using distances from both: Gaia parallaxes and from the Casc ii method.

In both cases we used radial velocities of interstellar clouds. Going towards the

galactic center we went a bit deeper than 2 kpc as the number of possible objects

is relatively large in this direction. The result is astonishing (Fig. 4). The orbital

speeds seem to get much lower when going inside the Milky Way disc. The result

is the same, independently of the distance measuring method.

It seems that the orbital speeds of galactic objects are the highest at the so-

lar distance! Both: inside and outside the solar orbit they seemingly get lower.
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Fig. 3. A comparison of Caii and Sp/L distances. Note the general agreement until

2 kpc.

How the latter is related to the structure of the Milky Way disc? Currently it is

impossible to answer this question.

4. DISCUSSION

Our considerations prove clearly that the problem of the galactic rotation

curve �its shape and orbital speeds, remains open. We observe the thin disc of

our Galaxy from the �frog� perspective and its general form is not accessible to

our eyes. It is possible that the disk contains some streams of matter �possible

results of galactic cannibalism. The orbital speeds seem to be relatively small

inside the solar orbit but outside of it they seem to get smaller again. The latter

may suggest a keplerian rather than �at rotation curve; however �how to inter-

pret the curve inside the solar orbit? Apparently much more copious and precise

data on distances and motions of bright, distant objects, are necessary to solve

this problem.
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Fig. 4. Rotation curve of the Milky Way inside the solar orbit. Velocities are calcu-

lated for interstellar clouds. Distances are from both: Gaia and Caii method. The

results are very similar.
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It is traditionally believed that blue hypergiants such as LBV should be

concentrated in young massive clusters, such as early OB-type stars. But

according to the observations of Smith & Tombleson [5] they are often located

far from the OB associations. We performed a numerical simulation how the

LBVs can be ejected from the parent stellar cluster. As it was established

the evolution in binary systems can lead to the ejection of LBV or pre-LBV stars.

Keywords: star � LBV stars � Cluster dynamic

1. INTRODUCTION

Most massive stars are believed to be formed in the central region of the clus-

ters. However, some of them such as LBVs are detected later outside the parent

cluster [1]. These bright blue supergiants are characterized by the irregular vari-

ability and strong stellar wind. The lifetime of such stars does not exceed several

million years and it is unknown up to date why such short-lived stars can appear

outside of the parent OB. The solution of this problem can shed light on the

scenario of the LBVs formation.

In the present paper we study the mechanisms for a massive star to be ejected

from the cluster due to of the close interactions with other massive stars and in a

result of a kick after supernova explosion in a binary system. We use numerical

simulation of the dynamic evolution of the cluster and follow the motion of the

LBVs candidates in this system. The parameters of our model of the cluster are

discussed in Section 2.
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Fig. 1. Left panel. The dependence of the distance of the outgoing stars (black

lines) to the cluster center of mass for the stellar masses larger than 5 M�) . The

stars at LBV stage are marked by red color. The gray region limits the cluster size at

the current time. Right panel. The same as in the left panel, but for more massive

cluster with masses M > 6M�.
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Fig. 2. �gure

Left panel Cluster evolution without supernova explosions. Right panel

Evolution of the same cluster taking into account the in�uence of supernovae.

2. MODELING

For modeling the stellar evolution we use the SSE code by Hurley et al. [3].

Simulation starts when the virial equilibrium is established and �nishes when all

massive stars became the supernovas. The initial function of the masses is taken
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from the paper by Kroupa [4]:

f(M) ∝M−β, (1)

where β = 2.3. The minimal stellar mass in cluster is limited by 5M�.

We suppose that stars with Ṁ > 10−5M� yr−1 which are close to the

Humphreys-Davidson limit [2] are LBV candidates. They are stars with a mass

M > 40M� and an average lifetime of less than 5 Myr. The escape velocity

depends of cluster parameters. For our cluster model it is about of 15 km/s.

As it can be seen from Fig. 1 (left panel) no stars leave the cluster during the

LBV stage. In several simulations, LBVs could be located at the periphery of the

cluster as it seen in Fig. 1 (right panel).

We also examine the impact of of the supernova explosion on the ejection of

LBVs. We use a simpli�ed model of this scenario when at the time of the out-

burst the speed of the star closest to the supernova increases by a random value

corresponding to a normally distributed random value with the mean velocity 50

km/s. The �rst ejections in Fig. 1 (right panel) correspond to most massive SN

progenitors collapsed to a black hole. Now with the current model of stellar evo-

lution, supernovae eject the future LBV a little later than it is necessary to see

the LBS far from the cluster. However it can be seen that the acquired velocities

allow to massive stars move away at large distances from their parent cluster in

a short time.
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We have constructed for the �rst time the surface-brightness distributions arund

11 bright protostellar objects at three wavelengths. Our results indicate appre-

ciable inhomogeneity in the distribution of the radiating matter around these

proplyds. The brightness distributions along the minor and major axes have

asymmetrical, bell-like shapes.

The lengths of the tails of proplyds located within 16"of the star θ1 Ori C

depend on the distance to the ionizing star. Proplyds located closer to the star

have shorter tails.

The distributions of matter in the protostellar disks di�er substantially: The

brightness distributions along the minor diameter can be best �tted using a

cubic polynomial, while the brightness distributions along the major diameter

are better �tted with a power law with index α < 0.

No wavelength dependence for the dimensions of the protostellar disks was

found. The sizes of di�erent objects in the violet, red, and IR can remain

the same, increase, or decrease with wavelength. This is probably related to

the physical and evolutionary states of individual objects. The mean absolute

luminosities determined from the bright, crescent-shaped regions in the sources

studied di�er little from the solar luminosity.

Keywords: Pre-Main Sequence stars�circumstellar structure�protostars�

proplids.

1. INTRODUCTION

An important task in modern astrophysics is studying the formation of planets

and protoplanetary disks. Main key for this task are studies of the characteristics

of stars and protostellar formations, as well as the structure of protostellar disks

in the region of the Orion Nebula. We used direct images of the vicinity of θ1

Ori C taken from the Hubble Space Telescope MAST archive as observational

* E-mail: gunelkanan@gmail.com
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material for this study. These observations were obtained on January 21, 2004

with the HST using the WFPC1 camera, with an angular resolution of 0.049”.

Five di�erent narrow-band �lters were used. We selected the brightest proplyds

located near θ1 Ori C. We used data from [1]and [2] to �nd the distance of the

proplyds from θ1 Ori C, which are consistent with the distances to the Orion

Nebula with in the uncertainties. At the distance to the Orion Nebula, equal to

420 pc [3], this corresponds to a linear resolution of 21 AU, su�cient to enable

studies of the structures of circumstellar disks around young stellar objects in

this region. All the objects we chose are located no more than 16” from θ1 Ori C.

The data were reduced using the MIDAS software operating in a Linux Ubuntu

environment. Our reduction was guided by standard surface-photometry methods

[4]. When constructing the surface-intensity distributions of the proplyds, we

chose a direction along which we constructed a photometric cross section. This

enables estimation of the intensity from the minimum to the maximum along a

photometric cut across the object. After setting reference points along the chosen

direction, we obtained a table of data for the intensity distribution in equatorial

coordinates (α, δ).The maximum and minimum intensities for a given image were

identi�ed in this table, and used to establish the step for the contours used to

depict the intensity distribution in the region of the image. Further, we created

images with intensity contours in the (α, δ) plane. The subsequent reduction was

carried out using these images in the Ds9 package. Fig.1 shows the contours for

the three proplyds 163�317, 158�326, and 176�325 and the scheme for measuring

distances in the images.

The minimum and maximum intensity and contour step are indicated for

each �lter. The straight line segments in Fig.1 indicate the directions of the x and

y axes, conducted along the major and minor axes of an ellipse. A comparison

showed that it was possible to distinguish the intensity distributions obtained

mainly in three �lters�FR388N, FR656N, and FR914M. Therefore, we used data

obtained in these three �lters in our subsequent analysis.Fig.1 shows that the

structures of the objects are appreciably di�erent in di�erent �lters.

Table1 presents our measurements of the cross sectional diameters of each

proplyd in the three �lters.This is a fundamental parameter of a proplyd. We

determined the diameters with in one to two pixels, so that, with a resolution

of 0.045”/pixel, the maximum uncertainty is about 50 AU.Table 6 shows that,

for most of the objects, the maximum diameters of the indicated cross sections

substantially exceed the instrumental pro�le. The largest sizes were obtained for

158�327, especially in the red and IR. Table 1 also presents the ratios of the major

axes Dy to the minor axes Dx. The bottom row of Table 1 presents the mean val-
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Fig. 1. Examples of contours of the three objects for 3 various bands

ues of the measured sizes and the irratios for all the objects. These values indicate

the characteristic sizes of circumstellar disks in early stages of their formation.

We tested for correlations between the ratio Dy/Dx and the angular distance

from the irradiating star θ1 Ori C. The correlation coe�cients for the FR388N,

FR565N, and FR914M �lters are 0.716 ± 0.232, 0.473 ± 0.258, and 0.729 ±0.156,

respectively. The con�dence levels of the obtained correlation coe�cients are no

lower than 95%. Proplyds located less than 16” from θ1 Ori C display signi�-

cant correlations between Dy/Dx and the angular separation from the star. The

dependence of the length of the tail on this distance could be the result of pho-

tovaporization, which increases with decreasing distance from the exciting star.

This apparently exerts a disruptive in�uence on the circumstellar disks of the pro-

plyds and enhances the dissipation rate. We also tested for correlations between

the individual parameters Dy and Dx. The correlation coe�cients between Dy

and Dx are 0.564 ± 0.227, 0.742 ± 0.15, and 0.881 ± 0.074, respectively, for the

FR388N, FR565N, and FR914M �lters. This correlation is weaker in the violet

than in the red and IR, suggesting that the disk structures of the proplyds are less

clearly expressed in the violet. The existence of linear dependences between the
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Table 1. Maximum sizes of the proplyds in the x and y directions

Filters FR388N FR656N FR914M

Object Dx(AU)Dy(AU)Dy/DxDx(AU)Dy(AU)Dy/DxDx(AU)Dy(AU)Dy/Dx

157-323 164 217 1.32 107 161 1.50 143 254 1.78

158-323 156 217 1.39 157 258 1.64 181 261 1.44

158-326 140 336 2.40 164 406 2.48 125 234 1.87

158-327 201 476 2.37 251 719 2.86 314 718 2.29

161-324 167 208 1.25 171 459 2.68 80 147 1.84

163-317 168 297 1.77 121 167 1.38 176 215 1.22

166-316 108 144 1.33 94 117 1.24 77 127 1.65

167-317 184 226 1.23 233 343 1.47 132 188 1.42

168-328 75 113 1.51 90 132 1.47 128 173 1.35

168-326 237 230 0.97 252 230 0.91 279 226 0.81

176-325 73 192 2.63 98 253 2.58 150 347 2.31

@@@ 151.5 242.1 1.66 156 297.0 1.86 157.5 267.5 1.67

diameters Dy and Dx may testify that the observed disk sizes are proportional to

the amount of mass in the central object. No wavelength dependence of the sizes

of the protostellar disks was detected.

So, we have received the following results:

1. The lengths of the tails of proplyds located within 16” of the star θ1 Ori C

depend on the distance to the ionizing star. Proplyds located closer to the

star have shorter tails.

2. The distributions of matter in the protostellar disks di�er substantially: the

brightness distributions along the minor diameter can be best �tted using a

cubic polynomial, while the brightness distributions along the major diam-

eter are better �tted with a power law with index α < 0 .

3. No wavelength dependence for the dimensions of the protostellar disks was

found. The sizes of di�erent objects in the violet, red, and IR can remain

the same, increase, or decrease with wavelength. This is probably related

to the physical and evolutionary states of individual objects.

4. The mean absolute luminosities determined from the bright, crescent-shaped

regions in the sources studied di�er little from the solar luminosity.
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MONITORING OF LUMINOUS BLUE VARIABLES

CANDIDATES IN M31

O. N. Sholukhova a*, S. N. Fabrika a, A. Valcheva b, P. Nedialkov b

a Special Astrophysical Observatory, Nizhnij Arkhyz, Zelenchukskiy region

Karachai-Cherkessian Republic, Russia

b Department of Astronomy, So�a University, So�a, Bulgaria

We present the results of spectroscopic and photometric study of Luminous

Blue Variable (LBV) candidates in the Andromeda galaxy. Two targets in M31

galaxy J004526.62+415006.3 and J004425.18+413452.2 from Massey's list [1]

have been observed with the 6-m Russian telescope BTA from 2012 to 2017 in

the optical range. Photometric data in BVR �lters for all objects obtained at

Schmidt telescope at NAO Rozhen Bulgaria from 2015 to 2018. Using these

data in combination with other archive photometric data we show photometri-

cal curve and produce multi-epoch spectral energy distributions (SED) of these

stars. Taking into account an inherent property of LBVs that their bolometric

luminosity of LBV stars are constant we determine the stellar temperatures

and radii in di�erent LBV states, as well as the extinction. We have obtained

estimates bolometric magnitudes Mbol ≈ −10.4m and Mbol ≈ −8.4m for

J004526.62+415006.3 and J004425.18+413452.2 respectively. Both objects

showed photometric and spectral variability that con�rm their classi�cation as

LBV.

Keywords: stars: emission-line, LBV � galaxies: individual: M31

1. INTRODUCTION

The optical spectra and photometry obtained at the Russian 6-m telescope

BTA with SCORPIO spectrograph from 2012 to 2017. Photometric data in BVR

�lters for all objects obtained at Schmidt telescope at NAO Rozhen from Nov.

2015 to Dec. 2018. We use archive data of Panoramic Survey Telescope and

Rapid Response System (Pan-STARRS) [2], Palomar Transient Factory (PTF)

[3] and data from work [4]. For data Pan-STARRS archive we use equations

* E-mail: olga@sao.ru
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for photometric transformations between the SDSS and other systems [5] and

http://www.sdss.org/dr4/algorithms/sdssUBVRITransform.htm

J004526.62+415006.3

In Fig.1 (left) we present light curve obtained according to our and archive

photometric data in R-�lter in period from 2006 to 2019. We see irregular variabil-

ity ∆R ≈ 1.0m. The arrows indicate the dates of the obtained spectra. Spectral

studies of this object were carried out in 2006 by Massey [1], in 2010, 2015 by

[6], in 2011, 2012, 2017 by us on the BTA telescope [7]. Our data suggest its

clear LBV-like variability the star with the same reddening but the star becomes

brigter.

Fig. 1. Left: Light curve in R-�lter for J004526.62+415006.3. Open circles - data

PTF [3], �lled circles - data from NAO Rozhen telescope, asterisks - data [1], blue

circles - data from Pan-STARRS [2], red circles - data from [4]. The arrows indicate

the dates of the obtained spectra. Right: SED modelling. Circle indicate the B, V, R

photometry observed simultaneously with our spectra, �lled circles indicate photom-

etry with the contribution of bright emission lines. Square are the data by Massey et

al. [1], �lled square - with the contribution of bright emission lines. The curves desig-

nate the blackbody approximation with reddening applied according to Table 1. The

solid curve shows our �t to the optical part of our spectra, the dashed curve shows

the �t to the data of [1]. All parametres which we estimate from SED: photosphere

temperature, absolute and bolometric magnitudes presented in Table 1.

J004425.18+413452.2

In Fig.2 (left) we present a compiled photometric curve of

J004425.18+413452.2 constructed from our and archive data for the period

from 2006 to 2019. The object shows the variability ∆R ≈ 0.6m. In Fig.2 we

show the SED for J004425.18+413452.2. We use our spectrum and photometry

from BTA/SCORPIO obtained in 18 Dec. 2015. We con�rmed the spectral and

photometric change in that object.

Acknowlegments. The research is partly supported by RFBR grant N 19-

52-18007. S. Fabrika, P. Nedialkov and A. Valcheva acknowledge partial support
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Fig. 2. Left: Light curve for J004425.18+413452.2. Symbols are the same as on

Fig.1. Right: SED modelling. Circles indicate the B, V, R, I photometry observed

simultaneously with our spectra, �lled circles indicate photometry with the contribu-

tion of bright emission lines. The solid curve shows the �t to the optical part of our

spectrum. All parametres which we estimates from SED presented in Table 1.

Star AV ,
m MV ,

m Tsp,kK TSED,kK Mbol,
m

J004526.62+415006.3 1.5 ± 0.1 -9.5 15 − 25 15 -10.4

J004526.62+415006.3 1.5 ± 0.1 -8.5 15 − 25 22 -10.4

J004425.18+413452.2 0.7 ± 0.2 -7.8 10 − 15 12 -8.4

Table 1. Parameters of the studied stars.

from DN18/10 grant from the NSF of Bulgaria.
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NEW LBV CANDIDATES IN NGC247 GALAXY

Y. N. Solovyeva a*, A. S. Vinokurov a, S. N. Fabrika a,

O. N. Sholukhova a, E. A. Nikolaeva b

a Special Astrophysical Observatory, Nizhnij Arkhyz, Russia

b Kazan Federal University, Republic of Tatarstan, Russia

We present a study of two bright Hα-sources in NGC 247 galaxy. The objects

004703-204708.4 (absolute magnitude MV ≈ −9.2m) and 004702-204739.9

(MV ≈ −9.5m) show spectral lines typical for well-studied LBV stars. We have

obtained estimates of reddening, photosphere temperature of objects, and bolo-

metric magnitudes Mbol ≈ −10.6m and Mbol ≈ −10.7m, which corresponds

to bolometric luminosities log(Lbol/L�) ≈ 6.2 and log(Lbol/L�) ≈ 6.1 for

004703-204708.4 and 004702-204739.9 respectively.

Keywords: stars: emission-line, Be � galaxies: individual: NGC 247

1. INTRODUCTION

Luminous blue variables (LBVs) are bright massive stars at one of their �nal

evolutionary stages [1]. LBVs are characterized by a high luminosity of the order

of ∼ 106L�. They also show signi�cant spectral and photometric variability at

di�erent time scales. We have found two new LBV-candidates 004703-204708.4

and 004702-204739.9 in NGC 247 galaxy.

004703-204708.4 shows the strong broad emission lines of hydrogen and he-

lium He I with P Cyg pro�les 1. There are many lines of iron Fe II, silicon Si

II, weak emission lines of nitrogen N II (4630) and carbon C II (7052). The

presence of these lines indicates that the photosphere temperature may be about

Tsp = 20± 5 kK. Bright forbidden lines [O III], [Ar III], [N II], [S II] are probably

emitted by the surrounding nebula. Spectrum of 004702-204739.9 contains broad

emission hydrogen lines Hα, Hβ and many iron lines Fe II. Based on the presence

of these lines, we estimated the photosphere temperature of 004702-204739.9 as

Tsp = 15±5kK. The oxygen emission lines [O I] (6300, 6364) and the calcium dou-

* E-mail: solovyeva@sao.ru

192



AJAz: 2020, 15(1), 192-195 New LBV candidates in NGC247 galaxy

Fig. 1. Top: (left)The 004703-204708.4. spectrum; (right) 004703-204708.4 SED �t-

ting. Bottom: (left) The 004702-204739.9. spectrum (right) 004702-204739.9 SED

modelling. The unlabelled long and short ticks designate the hydrogen lines and He I

lines, respectively. The �lled circles indicate photometry from Subaru (2016) with the

contribution of bright emission lines, un�lled - excluding emission lines. The un�lled

squares indicate photometry from HST/WFC3/IR. Dereddened spectra are shown by

gray colour.

blet [Ca II] (7291, 7324) indicate the presence of circumstellar gas. These lines are

characteristic of the spectra of B[e] - supergiants and warm hypergiants . We esti-

mated the reddening AV = 0.8±0.1m (for 004703-204708.4) and AV = 0.9±0.2m

(for 004702-204739.9) using hydrogen lines of surrounding nebula, assuming the

B case photoionization [2].

Photometric data from Subaru telescope(2016) were used to plot the spectral

energy distribution (SED) of objects. The infrared data from the Hubble Space

Telescope (2014) were plotted but were not used in SED-�tting. Photometric data

were corrected for the contribution of the emission lines. SED was approximated

by the Planck function taking into account interstellar extinction at RV = 3.07 [3]

with temperatures TSED = 18±2 kK (for 004703-204708.4) and TSED = 15±2 kK

(for 004702-204739.9). In addition, the IR excess is not observed, which indicates

the absence of circumstellar dust.

Based on the estimates of the photosphere temperature of objects and the

reddening we estimated absolute and bolometric magnitudes and bolometric lu-

minosity (Table 1). Objects do not show signi�cant photometric variability: the

brightness variations of 004703-204708.4 is ∆B ≈ 0.3m and ∆V ≈ 0.3m from

2011 (HST) to 2016 (Subaru), the variability of 004702-204739.9 is ∆U ≈ 0.22m,
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Fig. 2. Temperature - luminosity diagram for 004703-204708.4 (dark gray) and

004702-204739.9 (light gray). Stellar evolutionary tracks for Z = 0.008 stars are

plotted. The gray �gures indicate the ranges of temperature and luminosity.

∆B ≈ 0.15m, ∆V ≈ 0.09m, ∆R ≈ 0.09m from 2009 (CTIO 0.9-m telescope) to

2016 (Subaru).

Star AV ,
m MV ,

m Tsp,kK TSED,kK Mbol,
m log(Lbol/L�)

004703-204708.4 0.8 ± 0.1 -9.2 15 − 25 18 -10.6 6.2

004702-204739.9 0.9 ± 0.2 -9.5 10 − 20 15 -10.7 6.2

Table 1. Parameters of the studied stars.

The �gure 2 shows the temperature - luminosity diagram for 004703-204708.4

and 004702 204739.9. We used stellar evolutionary tracks from [4] with Z = 0.008.

Gray �gures show the range of possible temperature and luminosity values of ob-

jects. The photosphere temperature estimates obtained from spectral data were

used. Both objects have initial masses of about 40 M�. Such mass is su�cient

for the star to pass the LBV stage [5]. For the �nal classi�cation of objects, new

photometric and spectroscopic data are required.
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MULTI-PERIODIC OSCILLATORY EVENT IN A

STELLAR SUPERFLARE: SPECTRAL ANALYSIS

AND INTERPRETATION
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We report the detection of multiple quasi-periodic pulsations (QPPs) observed

during the �aring activity of a young, active solar-type star observed by

NASA's Kepler Mission. The QQP signal was analyzed with a data-driven

non-parametric method, Singular Spectrum Analysis (SSA), which has never

been utilized previously for analyzing solar or stellar QPPs in �ares. The

present analysis reveals that the apparent anharmonic shape of the QPPs

in this super�are results from a superposition of two intrinsic modes whose

amplitude and time modulation are suggestive of speci�c physical processes

that are also found in operation during solar �ares.

Keywords: Stars: Flare � Stars: Solar-type � Stars: Activity

1. INTRODUCTION

The super�are occurred on KIC 8414845, a young, active solar-type star ob-

served by NASA's Kepler Mission. Its light curve (Fig. 1, left panel) was found

in short-cadence observations from 2012 Dec 7 to 2013 Jan 11. The QQP signal

of the �are was obtained after detrending the curve. In order to disentangle the

�are trend and reduce the risk of introducing arti�cial signals that may be mis-

interpreted as QPPs, we applied an analytical physics-inspired model of the �are

pro�le [1]. Fig. 1 (middle panel) shows the model superposed to the detrended

light curve of the �are. The speci�c physical explanation for the generation of

QPPs is still under debate although a variety of mechanisms have been proposed

in the literature. The most viable ones can generally be divided into two groups:

those where the �are emission is modulated by magnetohydrodynamic (MHD)

*
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Fig. 1. Left panel: Light curve showing the �are on KIC 8414845. Middle panel:

Flare model by [1] superposed to the detrended light curve of the �are. Right panel:

Two couples of reconstructed components (RCs 1-2 and 3-4) reproduce major portions

of the variability in the residual light curve of the �are.

oscillations and those based on some regime of repetitive magnetic reconnection

(see review of [2]). A main issue with QPPs is the ability to distinguish the ob-

served variability with the one associated to stochastic processes that manifest

themselves as colored noise [3]. To this aim, we applied a speci�c technique, the

Singular Spectrum Analysis (SSA; [4]) to identify dominant modes that are often

missed by other spectral methods and establish their signi�cance against colored

noise. SSA is a non-parametric data-driven method that relies on the eigende-

composition of the correlation matrix estimated after embedding the signal into

its delayed coordinates and has been already applied in the astrophysical context
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to analyze solar coronal data ( [5] [6] [7]). The reconstructed time series of the two

main signi�cant modes obtained through SSA are shown in Fig. 1 (right panel)

and recover major portions of the variability in the original time series. SSA is

thus proven to represent a powerful tool to investigate quasi-periodic processes

in stellar super�ares, providing knowledge that can be important for revealing

physical processes operating during these energetic events. Investigation of other

multiple QPP events in the context of both solar and stellar �ares is currently un-

der way through SSA with the aim of yielding further insight into the mechanisms

underlying their production.
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