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The 70th Birthday of Aleksandr Alekseevich Boyarchuk

Academician Aleksandr Alekseevich Boyarchuk—the
Academic Secretary of the Divison of General Physics
and Astrophysics of the Russian Academy of Sciences,
Directory of the Ingtitute of Astronomy of the Russian
Academy of Sciences, and main editor of Astronom-
icheskiir Zhurnal—will celebrate his 70th birthday on
June 21, 2001.

A. A. Boyarchuk is an eminent astrophysicist spe-
cializing in the fields of stellar spectroscopy, the phys-
ics of stellar atmospheres, stellar envelopes and cir-
cumstellar material, space-based optical astronomy,
and the construction of astronomical instruments and
telescopes.

Thebeginning of hisscientific activity and an appre-
ciable fraction of his life were connected to the Crimean
Astrophysical Observatory of theAcademy of Sciences of
the USSR. After graduating from the mathematical
mechanics department of Leningrad State University with
a specidty in astronomy in 1953, Boyarchuk became a
graduate student at the Crimean Astrophysical Observa
tory and, after successfully defending his dissertation,

began to work as a junior, then senior scientist at the
Observatory. In 1969, he was appointed Assistant
Director, retaining this position until 1987. In 1976,
Boyarchuk was elected a corresponding member of the
Academy of Sciences of the USSR. In 1987, he became
director of the Astronomy Council of the Academy of
Sciences (renamed the Institute of Astronomy three
years later) and moved to Moscow. In this same year,
Boyarchuk was elected as afull member of the Russian
Academy of Sciencesand became amember of the Pre-
sidium of the Russian Academy of Sciences two years
later. In 1996, he became head of the Division of Gen-
eral Physicsand Astronomy of the Russian Academy of
Sciences—the largest division in the Academy sys
tem—uwhile also continuing as head of the Institute of
Astronomy.

The earliest of Boyarchuk’s important scientific
results were obtained during studies of Be stars. He
determined the physical parameters in the envelopes of
these gtars and created amodd for the Be-star phenome-
non. Further, using a broad base of observationa material
on symbiotic stars, Boyarchuk carried out detailed inves-
tigations of these objects, which were quite mysterious a
that time, and constructed a multi-component model that
made it possible to understand their observed spectral and
photometric properties. Based on these stars, and subse-
quently also various other types of non-steady-state
stars, he proposed now widely accepted concepts con-
cerning the observational manifestations of various
effectsin the evolution of starsin close binary systems.

Over the last severa years, Boyarchuk and his
coauthors have carried out extremely interesting detailed
hydrodynamical computations of matter exchange in
close binary systems; these have shown that widely used,
simplified models with a “hot spot” on an accretion
disk do not correspond to the real, complex, physica
patterns of the flow of matter from one stellar compo-
nent to another. The construction of two-dimensional
and three-dimensional models based on these computa-
tions and analyses of the gas-dynamical flows in such
systems have revealed a number of fundamentally new
effects in the physics of mass transfer in cataclysmic
binaries, symbiotic stars, and low-mass and massive
X-ray binary systems.

The work of Boyarchuk on the chemical composi-
tions of various types of stars—red giants, supergiants,
new stars, Be stars, symbiotic stars and other close
binaries, metallic stars, and also the unique object FG
Sgr—is of fundamental importance. The discovery by
Boyarchuk and his colleagues back in the 1970s of
sodium overabundances in the atmospheres of super-
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giantsfirst demonstrated that not only elements synthe-
sized in the CNO cycle are carried to the surfaces of
evolved stars. These and further detailed observational
studies revealed interesting dependences of the sodium
overabundances in the atmospheres of supergiants and
giants on their luminosities. Analyses of recent obser-
vations of the atmospheres of a number of giants have
demonstrated analogous anomalies in the abundances
of aluminum and silicon.

At the end of the 1950s and beginning of the 1960s,
Boyarchuk carried out a series of pioneering studies of
phenomena associated with stellar rotation. He was the
first to compile a catalog of stellar rotation rates, con-
taining 2362 objects. Statistical analyses of the data in
this catalog have enabled the identification of peculiar-
itiesin the rotation of early-type stars.

The role of Boyarchuk in the preparation and real-
ization of the major space experiment “Astron” was
very great. Hewas not only the scientific supervisor for
the project but also directly participated in the devel op-
ment of the space ultraviolet telescope, the creation of
the complex of scientific instruments, the assembly and
tuning of the telescope at the Crimean Astrophysical
Observatory, the composition and realization of the sci-
entific program, and the development and execution of
methods for the reduction of a large fraction of the
observational material obtained. Important resultswere
acquired in connection with measurements of the spec-
tral energy distributions of the earliest-type stars, the
discovery of white dwarfs in symbiotic systems, esti-
mates of the gradients of the outflow velocities of hot
stars, observations of the radiation of active galactic
nuclei, and studies of active processes on red dwarfs.
The observations of the evolution of the rate of outflow
of material from Halley’s comet during its approach
toward and recession from the Sun are of specia inter-
est, as is the detection of a gradient in the overabun-
dance of heavy elements in the expanding shell of
Supernova 1987A. Boyarchuk received a State Prize
for hisrolein the creation of the “Astron” space obser-
vatory.

Currently, Boyarchuk is the scientific supervisor of a
new space project to build a large ultraviolet telescope
designed to obtain high-resolution spectra, high-quality
images, and polarimetric data—the *Spektrum UV”
project. However, the interests of Boyarchuk in the areaof
space experiments are not limited to astrophysical investi-
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gations—a new type of space optical angular interferom-
eter was recently developed under his supervision (the
“Zodiak” project).

Boyarchuk expends much strength and energy on
various organizationa activities. He has been associ-
ated with the supervision of major scientific organiza-
tions for more than 30 years. In recent years, he has
held positions of responsihility in the Presidium of the
Russian Academy of Sciences, as the Academic Secre-
tary of the Division and the Primary Assistant to the
Chairman of the Council of the Russian Academy of
Sciences on Space Issues, and has also had numerous
other responsibilities as a member of various commit-
tees, councils, commissions, and editorial boards.

The widespread international recognition of the sci-
entific activities of Boyarchuk istestified to by hiselec-
tion as President of the International Astronomical
Union and also by his membership in many prestigious
foreign and international academies and societies.

Boyarchuk is the author of more than 250 scientific
articles and severa monographs. His services have
been acknowledged, in particular, by a “Sign of
Honor,” “Order of Honor,” and the order “Service for
the Motherland.”

Boyarchuk has educated numerous students, many
of whom have themselves gone on to become authori-
tative figures in astrophysics. He is able to attract the
attention of colleagues with whom heisworking to the
solution of the most interesting scientific problems. His
exceptional benevolence toward others and unpreten-
tiousness in relations, the ability to make weighty and
purposeful decisions and carry them out with firmness
of will and adherence to principles, and intuition and
exceptional wisdom in evaluating situations and prob-
lems act as a magnetic to those working around him.
Aleksandr Alekseevich is a modest man with a strong
sense of decency who is worthy of great authority and
the sincere respect of his colleagues and friends.

The collectives of the editorial board and editors of
Astronomicheskii Zhurnal, the Institute of Astronomy
of the Russian Academy of Sciences, and the Interna-
tional Academic Publishing Company “Nauka’ con-
gratulate Aleksandr Alekseevich on the occasion of this
jubilee and wish him health, happiness, success in
everything, and future scientific accomplishments as
great as those already attained.
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Abstract—Observations of the nebula S3 associated with the WO star in the galaxy 1C 1613 and of an extended
region surrounding S3 are reported. The star and bright core of the nebulawere observed with amultipupil fiber
spectrograph mounted on the 6-m tel escope of the Special Astrophysical Observatory of the Russian Academy
of Sciences. Images in the principle spectral lines and integrated spectra of the star and three compact clumps
were obtained, and the radial-velocity field constructed. An extended region of the galaxy was observed with
the Very Large Array at 21 cm. A giant ring or H | shell enclosing a large fraction of the stellar population in
IC 1613 was discovered. The WO star and associated bipolar nebula, which we discovered earlier, lie at the
inner edge of theH | ring. A local H | deficiency and two arclike H | ridges were a so detected for thefirst time
and probably represent the neutral component of the bipolar shell surrounding the WO star. The two arclike
ridges may also have been produced by the collective stellar wind (and supernova explosions?) in OB associa-
tion No. 9 from the list of Hodge. A scenario for the formation of the extended bipolar feature is discussed,
based on the new data. © 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Only six WR stars of more than five hundred such
objects in the Local Group of galaxies belong to the
rare WO class, which represents a very brief fina evo-
lutionary stage of massive stars approaching the naked
CO-core stage (see [1, 2] and references therein). WO
stars are characterized by powerful stellar winds (with
terminal velocities reaching =5000 km/s[1, 3-5]), and
their effective temperatures can be as high as 10° K
[4,6-8]. One of these six stars was discovered by
D’ Odorico and Rosa[9] (seeaso[10, 11]) inthe dwarf
irregular galaxy 1C 1613. The star was identified by the
specific wide bands it produces in the spectrum of the
core of the bright emission nebula S3 from the list of
Sandage [12]—agiant 29" x 9" (93 x 30 pc) H |1 region.
Throughout this paper, we adopt the distance 660 kpc
for IC 1613, as derived by Sahaet al. [13]. The central
region of S3 shows a bright He Il 4686 A emission
[9, 14, 15]. A detailed spectral analysis of the nebula
and a discussion of its chemical composition are pre-
sented by Garnett et al. [15] and Kingsburgh and Bar-
low [16]. The nebula S3 was found to be a source of
thermal radio emission [17]; the full size at half-maxi-
mum intensity of the radio source (19" x 14") corre-
sponds to a bright region of the optical nebula visible
on deep Ha images taken by Hodge et al. [18] and
Hunter et al. [19].

Our observations made with a scanning Fabry—Perot
interferometer mounted on the 6-m telescope of the

Special Astrophysical Observatory (SAO) and narrow-
band Ha and [O 111] images taken with the 4-m tele-
scope of the Kitt Peak National Observatory resultedin
the discovery of afaint external bipolar feature (hereaf-
ter called the bipolar shell) extending far beyond the
bright nebula S3 [20, 21]. The sizes of the two external
components—the southeastern and northwestern
shells—are 35" x 24" (or 112 x 77 pc) and =60" x 70"
(or =190 x 220 pc), respectively. Radial-velocity mea-
surements at the maximum and the Ha line halfwidths
provide evidence for expansion of the bipolar shell,
with the lower limits to the expansion velocities of the
southeastern and northwestern shellsbeing 50 km/s and
at least 70 km/s, respectively.

Afanas ev et al. [21] proposed ascenario for thefor-
mation of the unique bipolar feature by the stellar wind
of the WO star, which is embedded in a dense layer at
the boundary of a supercavity inthe galaxy’sH | distri-
bution. We identified this supercavity by analyzing the
H | column density distribution in IC 1613 published
by Lake and Skillman [22]. At that time, we hypothe-
sized the presence of a dense shell surrounding the
supercavity and aphysical association with the WO star
but were not able to prove that this was the case.

In the current paper, we report the results of new
observations of the nebula associated with the WO star
in the galaxy |C 1613. We observed the bright core of
the nebula S3 using the MPFS multipupil fiber spec-
trograph mounted on the SAO 6-m tel escope (Section 2).
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We obtained integrated spectra of individual compact
clumps in the central bright region and reconstructed
the radial-velocity field from our HB and [O 111] 5007 A
measurements. We also obtained observations of a
large sector of IC 1613 at 21 cm with the Very Large
Array (VLA; Section 3). We derived a detailed image
of the neutral-gas distribution, which revealed a giant
densering or H | shell surrounding the supercavity, and
showed that the WO star does indeed reside in this
densering and is physically interacting with it. We also
found alocal H | deficiency and two extended features,
testifying to the presence of a neutral gas component
associated with the ionized bipolar shell. In Section 4,
we discuss the results of the observations and analyze a
possible scenario for the formation of the extended
bipolar feature.

2. SPECTROSCOPIC OBSERVATIONS
OF THE WO STAR AND NEBULA S3

2.1. Observations and Data Reduction

The spectroscopic observations were made on
November 29 and 30, 1999, using the new MPFS pan-
oramic multipupil fiber spectrograph mounted at the
primary focus of the SAO 6-m telescope. A description
of the spectrograph can be found at the webpage
http://www.sa0.ru/~gafan/devicesmpfs_main.htm.

Compared to the earlier version of the MPFS [23],
the new spectrograph has a larger field of view, wider
spectral range, and higher quantum efficiency. The
spectrograph usesa 1024 x 1024 CCD as adetector and
allows a set of spectrato be taken simultaneously from
240 spatial elements (“micropupils’) forminga16 x 15
array in the plane of the sky. The angular size of an
image element can be varied from 0.5"-1.0". A spec-
trum of the sky background 4.5' from the center of the
field of view is taken simultaneously. Table 1 gives a
log of the MPFS observations.

These observations were reduced using IDL-based
software developed by the SAO Laboratory for Spec-
troscopy and Photometry of Extragal actic Objects. The
preliminary data reduction included offset frame sub-
traction, flat-field correction, cosmic-ray removal,
extraction of individual spectra from the CCD images,
and wavelength calibration using the spectrum of a
He-Ne-Ar lamp. We then subtracted the night-sky spec-
trum from the linearized spectra and used a number of
spectrophotometric standards observed at the same
zenith angle as |C 1613 to convert the observed fluxes

Table 1. Log of MPFS observations
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to an absolute energy scale. We used the same standards
to derive the seeing estimates given in Table 1.

Analysis of the observations showed that the data
obtained on November 29 and 30, 1999, yielded consis-
tent values for the main parameters measured (line
fluxes and velocities). Therefore, we will consider fur-
ther only the November 30, 1999, data, since they had
a higher angular resolution compared to the data of
November 29, 1999.

Figure 1lashows an [O I11] line image of the central
region of the nebula S3 surrounding the WO star from
the data of [21], together with the boundaries of the
field of view of our new MPFS observations.

2.2. Analysis of the Field Spectroscopy Results
TheWO star

We obtained the integrated spectrum of the WO star
by co-adding 24 individual spectra, which exhibited the
broad emission bands characteristic of Wolf—Rayet
stars.

During the flux measurements, we fitted the emis-
sion lines using superpositions of two to six Gaussians;
the resulting flux and equivalent-width estimates are
summarized in Table 2. Note that the errors quoted in
this table do not include uncertainty in the continuum
level, which could contribute systematic errors to the
equivalent widths. For comparison, thistable also gives
the fluxes and equivalent widths of the corresponding
lines from [16].

We observed a narrower spectral interval than
Kingsburgh and Barlow [16]; it is clear from Table 2
that the two sets of observations do not show significant
discrepancies. The differences between the equivalent
widths are due primarily to the different methods used
to determine the continuum level (unlike Kingsburgh
and Barlow [16], we did not take into account the neb-
ular continuum component). Our flux estimates are
higher than those of [16] for most of the lines. Thisis
likely due to the fact that our panoramic detector col-
lected al the light from the star, whereas a long dlit
whose width (1") was comparable to or smaller than the
image size was used in [16]. To test this hypothesis, we
integrated the spectra of the star only over the lenses
lyingwithina1” x 5" rectangle aligned along PA = 55°,
i.e., inthe direction of the dlit used in [16]. The result-
ing WO-star line fluxes, indeed, proved to be afactor of
1.5-2 lower, on average, than the fluxes listed in Table 2.
Moreover, as we show below, the emission-line bright-

Size of : ; Spectral .
Date micropupil Field of view interval, A O\ A Exposure, s Seeing
Nov. 29, 1999 1" 16" x 15" 44507050 8 7200 27
Nov. 30, 1999 0.75 12x11.3 4450-7050 8 7200 18
ASTRONOMY REPORTS Vol.45 No.6 2001
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Fig. 1. (a) [O I11] image of the nebula surrounding the WO star, adopted from [21]. The frame shows the MPFS field of view for the
observations described in this paper. (b) MPFS observations. | sophotes show the brightness distributioninthe C 1V 5801 A line emit-
ted by the WO star. Also indicated are the positions of emission clumps. (c), (d), (€), and (f): Images and isophotes of the nebulain

theHell 4686 A, [0 111] 5007 A, Ha, and [S |
WO star. Surface brightnessisin units of 10~

ness peak in the nebula does not coincide with the posi-
tion of the star. This could have led to an offset during
the positioning of the narrow dlit on the star in [16],
resulting in further underestimation of the line fluxes.
We constructed imagesinthe C 1V + He Il 4659 A,
OV 5590 A, and C 1V 5801 A emission lines by inte-
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I5] 6717 + 6731 A emission lines, respectively. The crossindicates the position of the
Sergem? s arcsec™.

grating the spectraover theinterval s 46004725, 5535—
5653 and 5735-5850 A, after subtraction of narrow
nebular line components blended with the WO-star
lines. The centroids of all the images agree to within
+0.05" and also agree with the centroid of a continuum
image made in the vicinity of 6100 A. We estimate the
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Table 2. Fluxes and equivalent widths of emission lines in the spectrum of the WO star

A L F,ergcm? st Ew, A

’ ne this paper [16] this paper [16]
4659 CIV +Hell 2.56 x 1074 1.48 x 1074 360 + 25 330+ 20
5290 oVI 9.50 x 10716 1.26 x 1071 13+2 55
5411 Hell + CIV 1.28x 1071 5.5 x 10716 17+2 30
5470 Clv 3.46 x 10716 4.2 x 10716 4+1 20
5590 oV 4,04 x 10715 2.46 x 1071° 62+ 11 120
5801 clv 2.10 x 10714 1.41 x 1074 420 + 97 690 + 40

FWHM of these emission-lineimages of theWO star to
be 1.85 £ 0.05", 1.84 £ 0.09", and 1.67 £ 0.03", respec-
tively, consistent with the seeing estimate of 1" 8 obtained
for the standard star (Table 1). Note that, due to certain
specific features of the spectrograph, the images con-
structed from the micropupil array are slightly elon-
gated (1:1.15) along the x-axis (Fig. 1b). Therefore, al
our FWHM estimates are based on measurements in
the y-direction.

The continuum image of the WO star was somewhat
more extended (FWHM = 2.2" £0.15") and exhibited a
faint base. (This could indicate the presence of a com-
pact cluster made up of severa stars, but firm conclu-
sions require further observations.)

Structure and Emission Spectrum of S3

We constructed an entire series of monochromatic
images of the bright core of the nebula in the He 11
4686 A, [0 TI1] 5007 A, [S11] 6717 + 6731 A, and Ha
lines by obtaining Gaussian fits to the emission lines.
The results are shown in Figs. 1c-1f. All the line pro-
files are fit well by single Gaussians and do not show
any systematic deviations. Note, however, that the
expected relative gas velocities (up to 100 km/s in the
bright core[21]) are appreciably lower than the spectral
resolution of our data (FWHM = 350450 km/s).

It is evident from Fig. 1 that the morphology of the
nebula is appreciably different in different lines. For
example, the He |1 brightness peak is coincident with
the position of the WO dtar; the He 11 brightness
decreases with distance from the star, and the full size
of theemissionregionis10” x 9". The situation isquite
different in the brighter [O 111] and Ha linesand alsoin
the [S 1] lines: the corresponding images exhibit sev-
era bright clumps2"-3" fromthe star (Fig. 1). The[O111]
and Ha images show two well-defined bright clumps
north and northwest of the star (marked A and B, respec-
tively, in Fig. 1b) and amore extended clump northeast of
thestar (clump CinFig. 1b). Thisextended clump isespe-
cidly prominent inthe [S 1] images, where clump A can-
not be seen at all.

We discovered the clumpy structure of the S3 core
in our earlier study [21], based on uncalibrated [O I11]

and Ha images of the region. However, having no
emission spectra for the clumps, we mistook the WO
star for a clump (clump 2 in [21]). (Clumps A and B
from our new observations correspond to clumps 3 and
1, respectively, from [21]; clump C, which can be con-
fidently identified only in the [S I1] lines, was hot dis-
covered earlier inthe [O I11] and Ha images.)

We obtained the integrated spectra of clumpsA, B,
and C; the positions of the image elements whaose spec-
tra were co-added in each clump are shown in Fig. 1b.
Table 3 gives the relative line intensities for the three
clumps, corrected for selective extinction. We assumed
c(HP) =0.1and E(B—-V) = 0.069, in accordance with [ 16].
For comparison, Table 3 also presents the data of [16] for
theintegrated spectrum of the central region of S3.

2.3. lonized Gas \elocities in the Core of S3

We used the resulting spectrato construct the radial-
velacity field for the central part of the nebula S3. We
determined the velocity fields from measurements made
in the main spectral lines from Gaussian fits to the corre-
sponding line profiles. Anaysis of the night-sky spectrum
showed that, after linearization of the spectra, there
remained systematic velocity variations in the night-sky
lines across the fidd of +0.1-0.15 channdls, i.e., about
15 km/s. We corrected our emission-line velocity fields
for this systematic offset; Fig. 2 shows the results.

We used the resulting velocity fields to estimate the
mean velocitiesin various lines for clumpsA, B, and C
and for the nebula region projected onto the WO dar. In
thislast case, we used the same set of |enses used when co-
adding the spectrum of the star (see Section 2.1). The
results are summarized in Table 4, where the quoted errors
correspond to the velocity dispersion within individual
spatial elements.

The resulting mean clump velocities are consistent
with the mean velocity of the nebula S3 as a whole
derived from our Fabry—Perot interferometric measure-
ments (V,, = -216 = 1 km/s) [21] (taking into account
possible systematic absolute calibration errors of 15—
20 km/sfor the interferometric observations) and arein
full agreement with the measurements of Tomita et al.
[24], based on a single spectrogram of S3: V,,, = —235

ASTRONOMY REPORTS  Vol. 45
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Table 3. Lineintensitiesfor clumpsA, B, and C

421

0,
A Line M (Hg). %
A B C [16]
4686 Hell 31.1+£0.7 28.3+£0.8 122+0.8 23.1
4711 [Ar 1V] 7107 79+0.8 31+08 45
4740 [Ar V] 63+0.7 65+0.7 58+0.8 5.62
4861 HB 100.0 100.0 100.0 100.0
4959 [O 1] 1745 168+ 8 164.0+ 2 188
5007 [O 1] 519+ 13 511+ 20 489+ 6 -
5876 Hel 41+03 46+07 54+08 7.1
6542 [N 1] 14+£0.2 1.8+£0.3 23x03 -
6563 Ha 273+ 4.0 283+ 10 273+5 276
6583 [N 1] 24+0.2 28+04 46+0.3 6.4
6717 [SH] 89+0.3 10.2+£0.2 15.2+0.9 8.73
6731 [SH] 6.9+0.3 76%+0.2 104+ 0.8 5.78
(DHB x 10 ergecm? st
15 | 12 | 7.7

to —230 km/s. We show below (see Section 3) that the
velocities of thedensest H | cloudsin the vicinity of S3
are=-230 km/sor differ from this value by less than
10 km/s.

Two cone-shaped regions where the velocities are
systematically different from the mean areimmediately
apparent in Fig. 2. Our [O Ill] line measurements
enable identification of the region where the velocities
differ from the mean value by 40-50 km/s. Both devia-
tions from the mean velocity agree with the velocity
variationsin the central part of the bright nebula S3 pre-
sented in [21], based on interferometric Ha measure-
ments. Note that the cone-shaped regions originate at
the position of the star, a pattern that, generally speak-
ing, might indicate an asymmetric stellar wind. How-
ever, firm conclusions require further observational evi-
dence, since such velocity variations could aso be a

consequence of the inhomogeneous structure of the
interstellar medium in the near environment of the star.

3. RADIO OBSERVATIONS IN THE 21-CM LINE
3.1. Observations and Data Reduction

We constructed a high angular resolution VLA H |
map covering an extended region of the galaxy IC
1613, including the WO star and the associated bipolar
shell (thiswas part of alarger project to investigate the
neutral-gas structure and kinematics in IC 1613 [25]).
The maps shown below were constructed from com-
bined B-, C-, and D-array VLA observations with a
velocity resolution of 2.57 km/s. The data were Han-
ning smoothed, subjected to the usual calibration pro-
cedure, and made into maps using the AIPS package.

Fig. 2. lonized gas velocity field in the (@) HB and (b) [O 111] 5007 A lines based on the MPFS observations. The cross indicates the

position of the WO star. The velocity scaleisin kmy/s.

ASTRONOMY REPORTS Vol.45 No.6 2001
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Table 4. Mean velocities for clumpsA, B, and C and toward the WO star

A\ A Line Vhen kimis
A B C WO

4686 Hell -213+14 227 + 22 —-186 + 30 -214+21
4861 HpB -250+ 10 —242 + 13 -252 + 7. -231+18
4959 [O11] =247+ 11 -241+13 —-257 + 6. -230+ 18
5007 [O11] —241 + 8. -238+ 17 —-253+10 —-225+18
6563 Ha —246 + 6. —248 £ 5, —242 + 4, —-251+6.
6717 [SH] —247 + 23 —225+13 -224+11 —-253+ 26

Mean —241+6 -237+4 -236+11 —234+6

The results are represented in the form of a data cube
with angular resolution 74 x 7" 0, which corresponds
to alinear resolution of ~23 pc.

Figure 3 shows the H | distribution for the eastern
sector of the galaxy constructed using these data. A
well-defined giant cavity (supercavity) surrounding a
large fraction of the stellar population of IC 1613 is
immediately apparent. This giant, low surface bright-
ness region of 21-cm emission is also visible on the
map of Lake and Skillman [22]. Earlier [21], we sug-
gested that this region was deficient in neutral gas

DEC (B1950)
T .

because it had been swept out, implying that the super-
cavity should be surrounded by a dense, wind-blown
shell. Figure 3 shows that such ashell or ring of neutral
gas does, indeed, exist and that the WO star residesin a
dense gas layer near itsinner edge.

The angular size of the supercavity is about 5', cor-
responding to alinear size of 1 kpc. The characteristic
thickness of the shell isAR = 1'-2', or 200-350 pc.

A sketch of the bipolar ionized shell surrounding the
WO star and its relative position with respect to the H |
supercavity are shown on an enlarged scale in Fig. 4,
which presents the southeastern sector of the H | ring.

56 -

54F .

52

50 .

48

01°46' F R

i
01"02m40° 30

RA (B1950)

Fig. 3. Eastern sector of the galaxy |C 1613: brightness distribution in the 21-cm line from the VLA data (gray scale) and Ha iso-
photes (based on the observations made with the 4-m KPNO tel escope). An enlarged-scal e version of the framed region surrounding

the nebula S3 and WO star is shown in Fig. 4.
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Fig. 4. (8) Southeastern sector of the dense H I ring (including the framed region in Fig. 3). The contours correspond to H | column
densities of N(H I) = (2, 6, 18) x 10" cm2. The cross indicates the position of the WO star. (b) Sketch of the bipolar ionized shell
associated W|th the WO gtar (isophotes adopted from [21]); the Ha isophotes correspond to brightness levels of 0.028, 0.2, 0.4, 1.0,
and 2.0 x 101> erg cm™ s arcsec™. The H | distribution is superimposed as a gray-scale image.
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Table 5. Parametersof H | cloudsin thevicinity of the bipo-
lar shell

Cloud |RA (B1950)DEC (81950)| M1 [, 10%M
a | 1228 |14755 5 4
b | 12315 [14820 8 -3
¢ | 122124 |14808 20 10
d | 10226 |14820 7 2
e |10228 |14830-60 9 6

This figure shows that the elongated core of the ion-
ized bipolar shell (previously known as S3) and its
bright southeastern component are located in a dense
region of the ring, whereas the extended, faint north-

—-40-20 0 20 40 60

RA (B1950)
[0%)
(]

01"02m36°

v

—180-200-220-240 -260
Vhe]’ km/s

Fig. 5. H | radial-velocity variations in a right-ascension
band from the VLA observations (seetext). Thefluxesarein
mJy/beam.
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western component is in the low-density medium
inside the supercavity.

Figure 4 clearly showsalocal decreasein the 21-cm
brightness, filled by the ionized gas of the core and
southeastern component. We can aso see two promi-
nent, extended H | features just on the outside of the
two sides of the northwestern component of the ionized
shell, which reproduce the shape of the shell. This
structure probably provides evidence for alocal neutral
shell surrounding the bipolar shell.

The parameters of the most prominent H | clouds
forming the local neutral shell surrounding the ionized
bipolar feature are summarized in Table 5, which pre-
sents the central coordinates, total mass, and maximum
column density of each cloud.

3.2. Neutral Gas Vel ocities

In order to reveal the possible effect of the expan-
sion of the local neutra shdll, we constructed the radial-
velocity distribution within aright-ascension band passing
through the WO star (Fig. 5). The band is 200" wide and
thereforeincludesall cloudsH | making up thelocal shell.
This distribution clearly demonstrates velocity variations
with distancefrom the star that aretypical of an expanding
shdll (the so-caled “velocity dlipse’) at right ascensions
from 01"02™m28¢ to 01"02™3 1. This region corresponds to
the part of thelocal H | shell that is east of the WO star;
the characteristic radius of this* half-shell” is100-140 pc.
The velocity difference between the two sides of the
neutral shell is ~20 km/s, suggesting an expansion
velocity of ~10 km/s. The velocities of the densest
“unaccelerated” H | cloudsin a large region surround-
ing the WO star are V,,,; = —230 = 5 km/s.

4. DISCUSSION

Theresults of spectroscopic observations of the WO
star and the central region of the nebula S3 reported in
this paper are in full agreement with earlier observa-
tions, within the errors limits, when the different dlit
locations are taken into account. The spectra of the
compact clumps identified in this paper do not differ
significantly from the those of the nebula S3 (see [15, 16]
and references therein). The relative line intensities
listed in Table 3 are suggestive of atypical H Il region
ionized by a star with ahigh effective temperature. The
observed differences between the spectra of the three
clumps could be due to different excitation conditions:
distance from the exciting star and electron density. No
shock signatures were found either in the emission
spectra (the [N 11] and [S I1] lines are weak) or in the
mean velocities of the bright clumps. The ionized gas
velocities of the clumpsin the central core of the nebula
agree with velocity measurements of neutral gas clouds
in the vicinity of the bipolar shell.
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Electron Density and He Abundance
in the Nebula Core

The relative intensities of the [S I1] 6717/6731 A
doublet can be used to estimate the electron density in
the three bright clumps identified in this paper. We
determined the electron densitiesin clumpsA, B, and C
using formulas adopted from [26], assuming that the
electron temperature of the nebulais T, =17000 K (as
determined in [16] from the [O 111] 4959/4363 A line
intensities). The resulting values are listed in Table 6.

We derived the He abundance in the nebula from He |
and He Il line intensities of individual clumps using the
diagnogtic relations and recombination coefficients for
hydrogen and helium from [27]. At T, = 17000 K we
determined the relative helium abundances N(He*)/N(H)
and N(He*")/N(H) and the total helium abundances
N(He)/N(H) (in number) of the clumps. The results are
given in Table 6, which also lists data adopted from
[16]. We can see that our abundances coincide with
those of [16] and arein good agreement with the estimate
of [10]: N(He)/N(H) = 0.073 = 0.009. (In both [10] and
[16], the He abundances were obtained from the spec-
trum of the entire bright core of the nebulawithout sub-
dividing it into individual clumps.)

Velocity of the Stellar Wind of the WO star

One of the major parameters determining the struc-
ture and kinematics of the interstellar medium at large
distances from WR stars is the stellar-wind velocity.
Kingsburgh et al. [2] have shown (seealso [16]) that the
halfwidth of the C IV 5801 A line at zero intensity isa
good estimator of the terminal wind velocities of WR
stars. The C IV line halfwidth at zero intensity mea-
sured from our spectrafor the WO star yieldsaterminal
wind velocity of V,, = 2910 km/s, which isvirtually coin-
cident with the value 2850 km/s obtained in [16], given
that the accuracy of our measurements is determined by
the width of the spectral channel (~130 km/s). We thus
confirm the conclusion of Kingsburgh and Barlow [16]
that the terminal wind velocity of the WO star in
IC 1613 isthelowest among the six objects of thisclass
currently known in the Local-Group galaxies.

Large-Scale Structure of the Inter stellar Medium

In principle, thegiant H | ring shownin Fig. 3 could
be the projection onto the plane of the sky of ashell or
torus. A toruscould be theresult of thewind-blown super-
cavity bresking out of the gaseous disk of the galaxy. In
both cases, the neutra gas ring surrounding the supercav-
ity displays a characterigtic filamentary structure. The fil-
amentary system making up the H | ring bifurcates at its
southeastern end. A system of arclike filaments with char-
acterigtic lengths of 1'-1.5', or 200300 pc, is a so appar-
ent. This filamentary pattern undoubtedly testifies to the
action of dynamically active processesthat areresponsible
for the formation of the supercavity and the surround-
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Table 6. Electron density and He abundances of clumpsA,
B,andC

Parameter A B C [16]
Ne, CNT3 170 80 <30 100
N(He")/N(H) 0051 | 0057 | 0067 | 0.057
N(He™)/N(H) | 0028 | 0025 | 0011 | 0.025
N(He)/N(H) 0079 | 0082 | 0078 | 0.082

ing densering or shell. Thislarge-scale structure appar-
ently formed as the result of aburst of star formationin
the region. However, determining the nature of this
burst is a separate problem which lies beyond the
scope of this paper. Of interest to us here is the very
existence of such adense shell or torus surrounding the
supercavity, since we consider this large-scale mass
distribution to be responsible for the unique bipolar
structure of the extended ionized shell associated with
the WO star.

Lozinskaya[20] suggested that the bipolar structure
of the ionized shell surrounding the WO star might be
the result of a strong stellar wind breaking out of the
dense gas layer. Earlier [21], we associated this dense
layer with a hypothetical wind-blown shell, which we
suggested should surround the giant H |-deficient
region in IC 1613 seen on the map of Lake and Skill-
man [22]. However, only in this paper have we finally
been able to provide some evidence supporting this
hypothesis. The following factors form our principal
arguments.

(1) One piece of evidence is the relative orientation of
the bipolar ionized shell with respect to the H | supercav-
ity. Itisclear from Fig. 4 that the bright core of the nebula
is extended along the boundary of the dense H | ring; the
smaller southeastern component of the ionized bipolar
shell lies inside a dense neutral gas layer, and the
extended northwestern component lies in the low-den-
sity medium inside the supercavity.

(2) Afanas'ev et al. [21] showed that the southeast-
ern component is brighter than the northwestern com-
ponent and also has alower expansion velocity.

(3) Thelocal cavity and extended H | featureswhose
discovery is reported in this paper testify to the pres-
ence of a neutral shell surrounding the ionized bipolar
shell, providing direct evidence for a physical associa-
tion of the WO star and the ionized bipolar shell with
the supercavity and dense H | ring (the only alternative
being a chance projection).

The gas density in the clouds making up the local H |
shell surrounding the bright central and southeastern
components of the ionized nebula can be derived from
our maximum column density and total mass estimates,
assuming that the clouds have the same sizes in the
line-of-sight and transverse directions. The clouds that
make up the local neutral H | shell haveirregular struc-
tures. Clouds a, ¢, and ein Table 5, which make up the
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expanding part of the H | half-shell, have lengthsin the
plane of the sky ranging from 40 to 120 pc. For a col-
umn density of (5-9) x 10%° cm, this yields a charac-
teristic density of n,;; = 1.5-7.5 cm™.

For comparison, we present estimates of the average
density of ionized gas in this nebula: Davidson and
Kinman [10] found n, = 8.5 cm based on the H3 emis-
son of the centra 6" of the nebula S3; Kenicutt [28]
reportsn, = 1 cn based on astudy of the integrated Ha
emission of the bright nebula; and Goss and Lozinskaya
[17] found n, = 3.5 cm™ from their analysis of its ther-
mal radio emission.

If the H | clouds surrounding the bright central and
southeastern components of the bipolar ionized shell
are, indeed, parts of a shell of neutral gas blown out by
the stellar wind, the radius and expansion velocity of
the expanding section east of the WO star should be
100-140 pc and about 10 km/s, respectively (see Sec-
tion 3). Inthe standard model [29, 30], wefind the kine-
matic age of the wind-blown neutral shell to bet =
(6-8) x 10° yr. (Note that this estimate depends neither
on the stellar wind power nor on the density of the sur-
rounding gas.) This age substantially exceeds the dura-
tion of the final WO stage and corresponds to the main-
sequence lifetime of a massive star (M = (30-40Mp)).
We thus conclude that the local neutral shell surround-
ing the bright southeastern and central components of
the ionized nebula could have been produced by the
stellar wind of the WR progenitor when it was still a
main-sequence star. Note that, earlier [21], we con-
cluded that the ionized bipolar shell was blown out by
the successive action of the stellar wind from the cen-
tral star, first at the WR and then at the WO stage.

Our estimates indicate that the terminal velocity of
the stellar wind of the WO star reaches 3000 km/s (see
Section 2); a mass-loss rate of 2.9 x 10°Mg/yr was
derived in [16] based on the relation between the He 11
line luminosities and the mass-loss rates for two WO
stars. Accordingly, the power of the stellar wind of the
WO star inIC 1613 isL,, = 10® erg/s. In all likelihood,
the wind power was a factor of two to three lower dur-
ing the earlier WR stage (WR stars typically have ter-
minal velocities of 2000 km/s), but the duration of the
WR stage (= 5 x 10° yr) is at least an order of magni-
tude longer than that of the WO stage. The power of the
stellar wind of the main-sequence progenitor could
have been two orders of magnitude lower than at the
final Wolf-Rayet stage, however, the main-sequence
lifetime was at least an order of magnitude longer than
the Wolf—Rayet stage.

The formation of the wind-blown shell is deter-

mined by the standard relation R =28 (L;¢/ny)S5t3°,
where L is the power of the stellar wind in units of
10% erg/s, n, isthe density of the surrounding gas, Ris
the radius in pc, and t; is the time in units of 10° yr
[29, 30]. We can easily see that, athough the mechan-
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ical energy inputs from the massive star during the WR
and WO stages are comparable, the stellar wind pro-
duced during the main-sequence stage is capable of
creating alarger shell than the powerful but short-lived
stellar wind at thefinal stage. Therefore, thislatter wind
serves as an additional source of mechanical energy in
an aready formed, slowly expanding shell.

Our results for the two extended arclike H | clouds
surrounding the northwestern component of theionized
shell are much less conclusive. On the one hand, these
formations could be the result of the stellar wind of the
WO star and its progenitor breaking into the tenuous
gas inside the supercavity. Our measurements, indeed,
indicatethat the H | surface density inside the supercav-
ity is at least an order of magnitude lower than in the
clouds listed in Table 5. The thickness of the emitting
gas layer can be taken to be twice that of the supershell
in the plane of the sky, i.e., about 3'4' (600-700 pc),
according to Fig. 3. Accordingly, we find the mean gas
density in the supercavity to be =0.04-0.05 cm™. If the
observed ring-shaped H | distribution is the projection
of athick torusrather than ashell, the size of the emis-
sion region should be even larger, so that the above esti-
mate should be considered an upper limit to the gas
density inside the supercavity. The same standard rela-
tionyieldsaradius of R = 180 pc for ashell blown out
in the tenuous medium of the estimated density over the
timet =7 x 10° yr found above. This agrees with the
observed size of the northwestern part of the local shell
outlined by two extended arc-like H | cloudsin Fig. 4.

On the other hand, the formation of such an arc-like
structure outlined by these extended H | clouds could
betheresult of the collective stellar winds (and possible
supernovaexplosions) from association No. 9 of thelist of
Hodge [31], which is adjacent to and inside the supercav-
ity. (Thisassociaionisthelargestin sizeand therichestin
thegalaxy.) Inthiscase, the stellar wind andionizing radi-
ation of the WO star act inside this already formed arc-
like feature.

We plan a detailed analysis of the kinematics of the
ionized and neutral gas components in this region and a
comparison with the stellar population. This study should
lead to unambiguous conclusions about the nature of the
arclike formation and the possible genetic relation
between the WO star and the association.

5. CONCLUSIONS

We have observed the central part of the nebula S3
surrounding the WO star (field spectroscopy with the
6-m telescope) and an extended surrounding region
severa kpcinsize (21-cm VLA observations). We have
mapped the brightness of the central nebulain the main
spectral lines and constructed the radial-vel ocity distri-
bution based on HPB and [O 111] 5007 A line measure-
ments.

We identified three compact clumps and determined
their integrated spectra, mean velocities, and electron
ASTRONOMY REPORTS  Vol. 45
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densities. Our spectroscopic data for both the WO star
and the central region of S3 are in agreement with pre-
vious observations (see [15, 16] and references
therein). The relative line intensities in the spectrum of
the nebula are indicative of pure recombination emis-
sion from ahighly excited H 11 region.

We anayzed the structure and kinematics of the
neutral gasin an extended region around |C 1613 that
includesthe WO star and the associated ionized bipolar
shell. A giant, dense shell or toroidal formation of neu-
tral gas about 1.5 kpc in size surrounds the H | super-
cavity. Thisgiant structure was very likely produced by
bursts of star formation in this region.

We aso discovered for the first time a local defi-
ciency in the brightness of the 21-cm line and two
extended H | features, providing evidence that the
extended ionized bipolar shell associated with the WO
star [20, 21] is, in turn, surrounded by a local shell of
neutral gas. The mass and expansion velocity of this
shell indicate that it was blown out by the stellar wind
of the WO progenitor when it was still amain-sequence
Star.

Our new observations support a scenario in which
the extended bipolar structure was produced by the stel-
lar wind of the WO star residing in the dense “wall” of
the supercavity. The arclike structure of the extended H |
cloudsjust outside the faint northwestern component of
the ionized shell might have been shaped by the collective
stellar wind (and supernova explosions?) of Hodge's[32]
association No. 9. Inthiscase, thewind andionizing radi-
ation of the WO star act inside this previously formed
arclike structure.
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Abstract—Weak, compact radio sources (~100 mdy peak flux, L ~ 1-10 pc) with their spectral peaks at about
a gigahertz are studied, based on the complete sample of 46 radio sources of Snellen, drawn from high-sensi-
tivity surveys, including the low-frequency Westerbork catalog. The physical parameters have been estimated
for 14 sources: the magnetic field (H), the number density of relativistic particles (n), the energy of the mag-

netic field (EHD ), and the energy of relativistic particles (Eg). Ten sources have Ey, <Ee three have approx-

imate equipartition of the energies ( En, ~ E.), and only one has Ey, > Ee The mean magnetic fieldsin qua-
sars (10~ G) and galaxies (1072 G) have been estimated. The magnetic field appears to be related to the
sizes of compact features as H ~ 1/./L . © 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Compact radio sources with gigahertz-peaked spec-
tra (GPS sources) were distinguished as a separate class
in 1982 [1]. They attracted attention due to their unusu-
ally high compactness. VLBI observations showed that
the bulk of the radio emission comes from regions with
linear sizes not exceeding 1 kpc and frequently smaller
than 10 pc[2]. In spite of their small sizes, GPS sources
have high radio luminosities, ~10* erg/s. Optical iden-
tifications indicate that these sources are mostly qua-
sars and radio galaxies. The properties of GPS sources
are smilar to those of compact steep-spectrum (CSS)
sources, which have spectral peaksat ~100-300 MHz and
linear dimensions not exceeding the sizes of their par-
ent galaxies (10-30 kpc). The main hypotheses about
the nature of GPS sources have been reviewed in, e.g.,
[3-6] and are briefly summarized below.

(1) GPS sources are young, compact objects that will
evolveinto classical FRI/FRII double sources[7-10].

(2) They are not young, but a very dense interstellar
environment prevents them from expanding to “nor-
mal” sizes[11-15].

(3) They are old objects that, for some reason, have
entered a new phase of their life. This is suggested by
the fact that ~20% of GPS sources have emission from
halos [5, 16, 17].

(4) They are objects formed by interacting galaxies
[8,9, 11, 17, 18].

Each of these hypotheses is supported by a number
of arguments. In this work, we consider the physical
conditions in GPS sources and compare them to those
in CSS sources.

It is often thought that GPS sources are related to
CSS sources[10, 19-21]. It is sometimes supposed that
GPS sources are young versions of CSS sources. We
have obtained interplanetary-scintillation observations
of asample of 57 CSS sources at 102 MHz. For most of
the sample sources, we detected alow-frequency cutoff
in the spectrum of the compact (scintillating) compo-
nent. We have found correlations linking the magnetic-
field strength and number density of relativistic parti-
cles to the source size and aso a correlation between
the mean magnetic field and the source type (the mag-
netic field is weaker in quasars than in galaxies) [22-24].
It is of interest to investigate the possible extension of
these dependences to GPS sources.

The basis of the study is the complete sample of
faint GPS sources published in thethesis of Snellen[4].
The peak flux densities of typical GPS sources are usu-
aly severa Jy [1]; therefore, sources with peak fluxes
of about 0.1 Jy arefairly faint. Thissampleincludesthe
faintest GPS sources currently known. It was compiled
on the basis of the Westerbork survey at 327 MHz [25]
and Green Bank 1.4- and 5-GHz surveys[26, 27]. Addi-
tiona observations of al GPS candidates were obtained
using the VLA and MERLIN. The fina sample contains
47 sources. Images in the optical and infrared and mul-
tifrequency VLBI observations are available for all
sources; optical spectroscopy has been carried out for
some of the sources. Various possible interpretations
concerning the origin of the sources have been proposed.
These results were partially published in [28-30].

1063-7729/01/4506-0428%21.00 © 2001 MAIK “Nauka/Interperiodica’



PHYSICAL CONDITIONS

2. TECHNIQUE FOR DETERMINING
THE PHYSICAL CONDITIONS IN THE NUCLEI
OF GPS SOURCES

A low-frequency cutoff in the spectrum of a radio
source carries information about the physical condi-
tions in the region that is responsible for the cutoff.
Especially abundant physical information can be
extracted in the case of a cutoff dueto synchrotron self-
absorption. Artyukh [31] developed a technique based
on the formula of Slysh [32] to estimate the magnetic-
field strength Hy and relativistic-plasma density n,
without assuming equipartition between the energies of
the magnetic field and relativistic plasma, asis usually
done when obtaining such estimates. It follows from
the formula of Slysh that

H,Ov®e's?(1+2)™.

Using the angular size 6 of the source, the flux near the
cutoff in the spectrum S the frequency v at which this
flux is measured, and redshift z, we can infer the mag-
netic-field strength Hy in the source. Applying this
magnetic field strength in the optically thin part of the
spectrum, we can estimate the relativistic plasma den-
sity. The accuracy of the method is one-two orders of
magnitude [31]. The main errors are associated with an
inaccuracy in the source angular sizes and possible
inhomogeneity of the sources.

This technique was devel oped in application to low-
frequency spectral cutoffs (cutoff frequencies of about
100 MHz); however, it can be used without restriction for
synchrotron cutoffs at any frequency. It is only necessary
to demondtrate that a cutoff is indeed due to synchrotron
s f-absorption. This technique was thoroughly tested for
low-frequency cutoffs on alarge sample of CSS sources
[22-24].

There are three fundamenta points related to the
application of this technigue to the sample studied.

(1) The method tacitly assumesthat the angular size
of acompact feature observed at high frequencies does
not change with frequency. If the size of the compact
source depends on the observing frequency, the esti-
mates will be erroneous. For the GPS sources we are
studying, VLBI observations were carried out at 5 GHz
and for most sources also at ~15 GHz. However, their
spectratypically peak at ~1.5 GHz. Hence, we must be
certain that the compact source seen at 1.5 GHz hasthe
same angular size as at 5 GHz. Studies of a sample of
CSS sources [22—-24] have shown that, first, features
studied using VL BI may disappear at lower frequencies
(due to a spectra cutoff); however, their shapes and
sizes depend little on the observing frequency. Second,
most GPS sources have no halo, so that the integrated
spectrum reflects the spectrum of the compact emis-
sion. Some GPS sources have a modest halo (contain-
ing ~5-10% of the total flux density); however, the
overwhelming majority of GPS sources have no halo
[5, 16, 17]. A faint halo can distort the spectrum of the
compact feature, but it cannot considerably shift the
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spectral peak. The total halo flux density islow and, in
the formula used to estimate the physical conditions,
H; ~ SZ; thus, a20% error in the estimated flux density
can reduce H by afactor of 1.5. Compared to the over-
all accuracy of the technique of one—two orders of mag-
nitude, thisis not significant. Thus, we can usetheinte-
grated spectrum of a GPS source when the spectrum of
the compact component and the integrated spectrum
coincide at a high frequency (5 GHz).

We must also consider the probable appearance of
new features at frequencies below 5 GHz. These can
shift the spectral cutoff toward lower frequencies and
can also flatten the spectrum. However, the narrowness
of the spectral peaks for the sample GPS sourcesis not
consistent with this[4]. As awhole, even if additional
features have appeared at low frequencies, they are
either too faint and have no observable effect on the
spectrum or themselves have spectral cutoffs.

(2) The method uses the spectral index a (S~v=9) in
the optically thin region of the spectrum, but compact
sources are often variable and, hence, it is not correct to
construct the integrated spectrum using flux densities
measured at different epochs. Since 5-GHz Green
Bank, Westerbork, MERLIN, and VLBI observations
obtained at different epochs are available, proximity of
the flux densities for a given source would be good evi-
dence for the absence of appreciable variability on time-
scales of about ten years. Additional indirect evidence is
the “smoothness’ of the spectrum presented in [4].

(3) Generally speaking, the magnetic field should be
estimated at frequencies where the optical depth is
close to unity. In this case, the observed emission is
contributed by the entire source. If the optical depth
() > 1 is much greater than unity, we see emission
only from a surface layer of gas[31]. Since T ~ 1 near
the spectral peak, we useflux densities measured in this
region. As a rule, the measurements of the studies of
CSS sources [ 22-24] covered the region of the spectral
peak and were then used to estimate the physical
parameters. The spectra for the sample studied are
rather sparse, and there are cases when the closest point
in the cutoff region is quite far in frequency from the
spectral peak. The widest separation is for the GPS
source 0538+7131: the peak frequency is 4.2 GHz,
whereasthe closest point with measurementsin the cut-
off region is at 1.4 GHz. Since H; ~ v, the difference
in the magnetic-field estimates for this source will be a
factor of (4.2/1.4)> = 243 (two orders of magnitude). To
compare the results obtained for our GPS sample with
those for the sample of CSS sources, we have estimated
the physical parameters using the same method as in
[22-24]. In addition, we estimated the physical param-
eters using the same method, but using the peak fre-
guency and flux density. We comment on these esti-
mates in Section 4.
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Table 1. Estimated physical conditionsin GPS sources

TYUL’BASHEV

Source | ztype [Qx10°L,pc| a Ho G Eny: En €9 | n,cm™ |E, erglem®| E, erg
erg/cm?
0544 + 5847/ 2.86 Q 04" | 3 | 116 | 23x10°| 22x10M 1.7x10%|1.8x 10° 15 1.2 x 10%7
0758 +5929/1.977Q | 014 | 2 | 04 | 34x10%| 46x10°| 1.1x10%®|1.1x10%? | 83x1072| 2.1x10%®
0826 +7045/2.003Q | 012 | 2 | 02 | 28x103| 31x107| 6.3x10% 25 1.3x103| 2.7x10%
0830 + 5813| 0.093Q 042 | 1 | 051 | 66%x102| 1.7x10%| 52x10°|1.2x1071 | 47x10°| 1.4x10%
1538 +5920(3.878Q | 021 | 2 | 0.77 | 6.0x103| 1.4x10°| 3.4x 10 5.1 40%x 10| 9.4x10°
1622 + 6630 0.201Q 012 | 1 | 046 | 72x10*| 21%x108| 59x10* |28x10%? | 1.2x107!| 35x10*
1642 + 6701/2.167Q | 072 | 5 | 1.01 | 1.8x10*| 1.2x10°| 3.8x10%|38x10' | 1.3x102| 4.1x10%
1746 +6921/1.886 Q | <0.36 | <3 | 0.41 |<39x102%(<62x 107 |<7.6x10°| >18 |[>4.0x10%|>4.3x10%
1819 + 6707/0.220Q | 20.16 | 14 | 054 | 7.8x102| 24x10%*| 1.8x10°°|63x10% | 22x10°| 1.6 x 10
1841 + 6715 0.470Q 0.4 3 |063| 65x103| 1.7x10°| 1.0x 10° 25 25x 10| 1.6x10%
1958 +6158(1.824Q | 032 | 3 | 023 | 9.7x10°3| 38x10°6| 36x10°1(32x101 | 7.9%x10°| 7.4x10°
0538 + 7131| 2 012 | 2 | 14 | 1.8x103| 1.3x107| 27%x10"[6.3x10? | 53x102| 1.1x10%®
1525 + 6801/ 2 072 | 5| 108 | 66x10°3| 1.7x10°%| 52x 10% 3.9 20x 10| 6.0x10%
1600 + 7131(2 1.0 6 | 1.67 | 23x10°%| 20x107| 9.8x10%°|7.6x 10! | 53x102| 2.6x10°%®

3. PHYSICAL CONDITIONS IN THE NUCLEI
OF GPS SOURCES

In the final sample, we have kept sources that had
“smooth” measured spectra and similar flux densities
fromVLBI and single-dish observationsat 5 GHz. This
latter requirement guarantees a negligible contribution
from any halo. Sources having nearly flat spectrain the
optically thin region of the spectrum were excluded,
since small changes of the spectral index can result
in awide scatter in the estimates of the physical con-
ditions. We added to the sample three sources with
very “smooth,” sharply-peaked spectra (0538 + 7131,
1525 + 6801, and 1600 + 7131).

It is suggested in [13, 17, 33, 34] that synchrotron
self-absorption provides the most likely explanation for
the spectral cutoffs. We have estimated the physical
parameters of 14 GPS sources assuming that the radio
emission is due to synchrotron radiation from an elec-
tron—positron plasma and that the low-frequency spec-
tral cutoffs are due to synchrotron self-absorption. We
adopted H, = 75 km s* Mpc and g, = /2. The results
are listed in Table 1, which presents the source
(1) name; (2) redshift zand type (Q: quasar, G: galaxy);
(3) angular size (Q = 6, x 6,, where 8, and 8, are the
VLBI sizesfrom [4]); (4) estimated mean linear sizeL;
(5) spectral index a in the optically thin region; and
(6)—(11) estimated physical parameters in the nuclei
(magnetic-field strength, magnetic-field energy den-
sity, total magnetic-field energy within the volume L3,
density of relativistic particles, total energy of relativis-
tic particles within the volume L?). The data for col-
umns 1, 2, 3, and 5 were taken from [4]. The redshifts
of the sources 0538+7131, 1525+6801, 1600+7131 are
unknown, and we have adopted z = 2 (typica of qua-

sars). Note that the redshift is contained in the formula
for the physical parametersin the factor (1 + z)™!; thus,
uncertainty in z has little effect on the final result. We
can see from the table that all estimates correspond to
the linear scales L ~ 1-10 pc.

When finding the total energy of relativistic parti-
cles, we took as the integration limits the energies at
which the emission of relativistic electrons in our esti-
mated magnetic field peaksat 10 MHz and 100 GHz. In
our previous studies of the physical conditionsin CSS
sources [22—24], we defined theintegration limitsin the
same way.

In[13, 17, 33, 34], it was indirectly shown that syn-
chrotron self-absorption is the most probable mecha-
nism for the spectral cutoff in GPS sources. Neverthe-
less, we also present estimates assuming that, despite
the synchrotron nature of the emission, the spectral cut-
offs are due to thermal plasma that is located in the
region where the synchrotron emission is generated. In
this case, the emission coefficient is determined by the
synchrotron mechanism, and the absorption coefficient,
by the thermal plasma. In our view, it is appropriate to
give estimates of the density of thermal electronsin the
objects studied, since a very high density of thermal
electrons can be expected in GPS sources [3, 12]. The
results are listed in Table 2, which presents the (1) source
name, (2) source linear dimensions, (3) peak frequency,
and (4) estimated density of thermal electrons. Col-
umns 1 and 3 were taken from the thesis of Snellen [4].
We can see from the table that the estimated values of
n, are at least an order of magnitude higher than the
density of thermal electronsin our Galaxy on the same
scales [35]. Here, we have assumed a uniform filling of
the volume by the thermal electrons. If the volume is
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filled by dense clouds, such as those corresponding to
the optical narrow-line region (NLR), then, depending
on the filling factor, the thermal-electron densities
listed in Table 2 should be increased accordingly. For
example, if the clouds fill 10% of the volume, al the
estimates in Table 2 should be increased by an order of
magnitude.

In [36], a source model explaining the spectral cut-
off asthe effect of thermal absorption is constructed. In
particular, a special model was introduced to explain
the rel ationship between the size of the compact source
and the peak frequency. According to this model, the
thermal electrons in GPS galaxies are distributed as
Ne = Ny(r/Ry)~2, where n, = 10 cm™ at adistance R, =
10 kpc. It iseasy to verify that n, ~ 10’ cm™ on ascale
of 1 pc; i.e., three to four orders of magnitude higher
than our estimates. Apparently, thermal absorption can
account for the spectra of sources in which the absorb-
ing regions are considerably larger than those in the sam-
ple studied and, at the sametime, in which the densities of
therma electrons are rather high. However, therma
absorption remains improbable as the main mechanism
leading to the spectral cutoffs in al compact radio
sources.

4. DISCUSSION

Thetypical angular resolution of theVLBI observa
tions was better than 1 mas; nevertheless, there were
virtually no completely resolved sources. The pub-
lished source angular sizes are several-fold smaller than
the angular resolution of the VLBI observations[4]. At
the same time, as noted above, the technique used is
very sensitive to the angular size of the source: H ~ 6.
Hence, if the actud angular size is smaller than the origi-
nally published value, the magnetic field is overestimated
and therel ativistic-particle density underestimated. Onthe
other hand, V SOP observations of 3C 147 have shown that
theangular size of thissource may be considerably larger
than indicated by early VLBI observations [37]. If the
angular size is underestimated, the magnetic field
should be increased and the number density of relativ-
istic particles decreased. Our estimates demonstrate
that, if the source angular sizes differ from their true
values by no more than afactor of two, the main results
remain essentially unchanged.

Of the 14 sources studied, ten have E, < E,, three
have E, ~ E,, and only onehas E,, > E,.. In studies of a
sample of CSS, the case where the magnetic-field
energy far exceeds the relativistic-particle energy was
fairly common. In estimates derived from the peak fre-
guency and flux density, the most typical caseisenergy
equipartition, E, ~ E, (nine sources). This wide discrep-
ancy between the physical conditions estimated based on
thefirst point in the spectrum beyond the cutoff and on the
spectral peak is due to the strong frequency dependence
of the H, estimates (H ~ v°). Apparently, the true physi-
cd conditions are intermediate between the estimates
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Table 2. Estimated density of nonrelativistic electrons at
T=10*K

Source L, pc Vp, GHz Ng, CM™3
0544 + 5847 3 14 1000
0758 + 5929 2 2.0 1800
0826 + 7045 2 35 3100
0830 + 5813 1 1.6 2000
1538 + 5920 2 35 3100
1622 + 6630 1 4.0 5100
1642 + 6701 5 1.3 750
1746 + 6921 <3 2.2 >1600
1819 + 6707 14 0.8 250
1841 + 6715 3 21 1500
1958 + 6158 3 3.0 2200
0538 + 7131 2 42 4200
1525 + 6801 5 1.8 1000
1600 + 7131 6 1.7 900

obtained using the two methods. This results in addi-
tional distortion of the dependences derived; we take
thisinto account in our subsequent conclusions.

It is also interesting to compare the mean magnetic
fields in quasars and galaxies. We have found that the
mean magnetic field in quasars (~107 G) is weaker
than that in galaxies (~102 G). The typica sizes of
compact features in both quasars and galaxies are sev-
eral parsecs. Of course, the statistical significance of
this result is low (the sample contains only four radio
galaxies). However, these results are consistent with
those on the physical conditions in CSS sources
obtained in [24], where the mean fields in quasars and
galaxies were 107 and 10 G, respectively, with fea
ture sizes of a few hundred parsecs. For the physical
conditions estimated from the peak frequency and flux
density, the typical field is somewhat stronger, but the
dependence is the same. Earlier, in [23, 24], we found
a correlation between the sizes of the compact self-
absorbing features in CSS sources and the magnetic
field: the smaller the self-absorbing feature, the weaker
the magnetic field and the higher the number density of
relativistic particles. According to the results for GPS
sources, the mean fields in features with sizes of severd
parsecs are stronger than those in featuresin CSS sources.
Thus, thereisan obviousincons stency between thesetwo
sets of estimates obtained using the same method.

Figures 1 and 2 are reproduced from [24]. Uncertain
estimates of the magnetic field are labeled “ 2" We can
see that the early result was basically due to several
points with anomalously low magnetic fieldsH ~ 10—
10°1°G.

There are anumber of possible explanationsfor this
result, which contradicts our previous work.



432
H,G
103
103
10

1071 DD o

1077

-9 Ll
10 10 100
L, pc

Fig. 1. Magnetic-field strength H asafunction of linear size
of the source L for galaxies[24]. The“?" denotes uncertain
estimates.
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Fig. 2. Same asFig. 1 for quasars [24].

(1) Let us suppose there is superluminal expansion
in the sources with anomalously low magnetic fields.
Then, due to Doppler brightening, the observed flux
exceeds the actual value. Since H ~ S?, thisresultsin
underestimation of the magnetic field (this explanation
was proposed by Artyukh [38]).

(2) Let us suppose that the angular sizes of sources
with weak magnetic fields have been strongly underes-
timated (as is possible, according to [37]). A tenfold
underestimation of the angular size will lead to under-
estimation of the magnetic field by four orders of mag-
nitude.

TYUL’BASHEV

(3) We aso may suppose that the CSS and GPS
sources are not related from the viewpoint of their evo-
[ution. In this case, there should not be any relation
between the physical conditions in these two classes of
sources. However, the evolutionary relationship between
these classes seems beyond question, so that we consider
this explanation to be improbable.

(4) Itisaso possible that we, indeed, observe ather-
mal cutoff in sources with anomalously low magnetic
fields, rather than a synchrotron cutoff. At the same
time, the cutoffsin the spectra of the remaining sources
are due to synchrotron self-absorption.

Thus, there are a number of explanations that could
invalidate the dependence published earlier. However,
investigating these possible explanations is far beyond
the scope of thiswork. Aswasalready noted in[23, 24],
the increase of the magnetic field with the size of the
compact feature seemed to us unexpected and not obvi-
ous from a physical standpoint. We believed it to be
more natural that the density of the relativistic particles
and magnetic-field strength should be higher the
smaller the compact, self-absorbing feature.

If GPS sources and CSS sources are the same type
of object at different stages of evolution, we can see a
statistical correlation linking the magnetic fields in
compact feature to their size. Thisdependenceisasfol-
lows:. as the sizes of the compact, self-absorbing fea
tures decrease by two orders of magnitude (from hun-
dreds of parsec in CSS sources to several parsecs in
GPS sources), thefields increase by an order of mag-

nitude: H ~ 1./L (H ~ L' for estimates derived from
the spectral peak). Thus, instead of a dependence relat-
ing the size of the compact feature with the peak fre-
guency, we have obtained a dependence linking this
size with the field strength in the feature. This correla-
tion seems to us more physically grounded.

5. CONCLUSIONS

Our study of a sample of “weak” GPS sources has
yielded the following results:

(a) on small scales, of the order of several parsecs,
the magnetic-field energy is, as a rule, considerably
lower than the relativistic-particle energy;

(b) the average magnetic field in quasars (10 G) isan
order of magnitude weaker than that in gdaxies (102 G);

(c) the magnetic-field strength may be related to the
size of the self-absorbing compact feature asH ~ L-0¢D,

ACKNOWLEDGMENTS

The author is grateful to I.A.G. Snellen for provid-
ing data on some of the sources studied, V.S. Artyukh
for discussion of the technique for inferring the physica
conditions from the spectral cutoff, V.1. Shishov for inter-
esting comments on the work, and G.E. Tyul’ basheva for
help with the preparation of the paper.

ASTRONOMY REPORTS  Vol. 45

No. 6 2001



10.

11.

12.

13.

14.

15.
16.

17.

18.

19.
20.

PHYSICAL CONDITIONS

REFERENCES
Gopal-Krishna, A. R. Patnaik, and H. Steppe, Astron.
Astrophys. 123, 107 (1983).

R. L. Mutel and R. B. Phillips, in The Impact of VLBI on
Astrophysics and Geophysics (IAU Symposium 129), Ed.
by M. J. Reid and J. M. Moran (Kluwer, Dordrecht,
1988), p. 73.

C. Stanghdllini, C. P. O'Dea, S. A. Baum, and E. Lauri-
kainen, Astrophys. J., Suppl. Ser. 88, 1 (1993).

I.A. G. Sndlen, Ph.D. Thesis (Netherlands, 1997).

C. Stanghellini, C. P. O'Dea, S. A. Baum, et al., Astron.
Astrophys. 325, 943 (1997).

J. C. Carvaho, Astron. Astrophys. 329, 845 (1998).

R. B. Phillips and R. L. Mutel, Astrophys. J. 236, 89
(1980).

R. B. Phillipsand R. L. Mutel, Astron. Astrophys. 106,
21 (1982).

J. C. Carvaho, Mon. Not. R. Astron. Soc. 215, 463
(1985).

C. Fanti, R. Fanti, D. Dalacasa, et al., Astron. Astro-
phys. 302, 317 (1995).

C. P ODea, S. A. Baum, and G. B. Maorris, Astron.
Astrophys., Suppl. Ser. 82, 261 (1990).

C.P.O'Deg, S. A. Baum, C. Stanghdllini, et al., Astron.
Astrophys., Suppl. Ser. 84, 549 (1990).

C.P.O'Dea, S.A. Baum, and C. Stanghellini, Astrophys.
J. 380, 66 (1991).

W. van Breugel, G. Miley, and T. Heckman, Astron. J.
89, 5(1984).

J. C. Carvaho, Astron. Astrophys. 292, 392 (1994).

C. Stanghellini, S.A. Baum, C. P. O’ Dea, and G. B. Mor-
ris, Astron. Astrophys. 233, 379 (1990).

S. A. Baum, C. P. O'Dea, D. W. Murphy, and
A. G. de Bruyn, Astron. Astrophys. 232, 19 (1990).
C.P.O'Deg, C. Stanghellini, S.A. Baum, and S. Charlot,
Astrophys. J. 470, 806 (1996).

C.P.O'Deaand S. A. Baum, Astron. J. 113, 148 (1997).
A. C. S. Readhead, G. B. Taylor, W. Xu, and T. J. Pear-
son, Astrophys. J. 460, 612 (1996).

ASTRONOMY REPORTS Vol. 45 No.6 2001

21.

433

A. C. S. Readhead, G. B. Taylor, T. J. Pearson, and

P. N. Wilkinson, Astrophys. J. 460, 634 (1996).

22. V. S. Artyukh, S. A. Tyul’bashev, and P. A. Chernikov,

23.

24,

25.

26.

27.

28.

29.

30.

31

32.
33.

35.

36.

37.
38.
39.

Astron. Zh. 76, 3 (1999) [Astron. Rep. 43, 1 (1999)].

S. A. Tyul’ bashev and P. A. Chernikov, Astron. Zh. 77,
331 (2000) [Astron. Rep. 44, 286 (2000)].

S. A. Tyul’bashev and P. A. Chernikov, in Astron. Astro-
phys. 2001 (in press).

R. B. Rengelink, Y. Tang, A. G. de Bruyn, et al., Astron.
Astrophys. 124, 259 (1997).

P. C. Gregory and J. J. Condon, Astrophys. J., Suppl. Ser.
75, 1011 (1991).

P. C. Gregory, W. K. Scott, K. Douglas, and J. J. Condon,
Astrophys. J., Suppl. Ser. 103, 427 (1996).

I. A. G. Snellen, R. T. Schilizzi, A. G. de Bruyn, et al.,
Astron. Astrophys., Suppl. Ser. 131, 435 (1998).

I. A. G. Snéllen, R. T. Schilizzi, M. N. Bremer, €t al.,
Mon. Not. R. Astron. Soc. 301, 985 (1998).

I. A. G. Snéllen, R. T. Schilizzi, M. N. Bremer, €t al.,
Mon. Not. R. Astron. Soc. 307, 149 (1999).

V. S. Artyukh, Tr. Fiz. Inst. Akad. Nauk SSSR 189, 223
(1988).

V. 1. Slish, Nature 199, 682 (1963).

M. W. Hodges, R. L. Mutel, and R. B. Phillips, Astron. J.
89, 1327 (1984).

R. L. Mutel, M. W. Hodges, and R. B. Phillips, Astro-
phys. J. 290, 86 (1985).

D. Downes and A. Maxwell, Astrophys. J. 146, 653
(1966).

G. V. Bicknell, M. A. Dopita, and C. P. O’'Dea, Astro-
phys. J. 485, 112 (1997).

V. |. Slysh, private communication.
V. S. Artyukh, private communication.

P. N. Wilkinson, A. C. S. Readhead, B. Anderson, and
G. N. Purcell, Astrophys. J. 232, 365 (1979).

Trandlated by G. Rudnitski?



Astronomy Reports, Vol. 45, No. 6, 2001, pp. 434-441. Trandated from Astronomicheskii Zhurnal, \Vol. 78, No. 6, 2001, pp. 505-513.

Original Russian Text Copyright © 2001 by Abakumov, Mukhin, Popov, Chechetkin.

Mathematical M odeling of the Structure of an Accretion Disk
in a Stellar Binary System

M. V. Abakumov?, S. I. Mukhin?, Yu. P. Popov?!, and V. M. Chechetkin?
1Keldysh Institute of Applied Mathematics, Moscow, Russia
2Moscow State University, Vorob’ evy gory, Moscow, Russia
Received September 22, 2000

Abstract—Numerical simulations of gas-dynamical processes taking place in the accretion disk of a stellar
binary system are presented. Theinitial state of the disk is an equilibrium gaseous configuration. Mechanisms
for the development of spiral waves and associated variations in the angular momentum of the gas are considered.
Theinfluence of theratio of the binary-component massesand theinitia disk configuration areinvestigated. It iscon-
cluded that the existence of a steady-state disk isimpaossible without aflow of gasfrom the donor star. © 2001 MAIK

“ Nauka/Interperiodica” .

1. INTRODUCTION

Investigation of gas-dynamical flows in accretion
disks in stellar binary systems are currently a topical
problem in astrophysics. Accretion disks are associated
with objects such as black holes, neutron stars, white
dwarfs, etc. Thus, information about the properties of
these objects can be obtained by studying the processes
occurring in accretion disks. One of themainfactorsinthe
evolution of accretion disksistheloss of angular momen-
tum dueto various physical effects. It isprecisely angular-
momentum loss that determines the character of the disk
radiation, which is especialy important for observations.

Accretion disks are an important element of binary
stars, which in turn make up an appreciable fraction of
all known stellar systems. Theoretica studies of the
formation, evolution, and structure of accretion disks
often employ mathematical modeling based on various
physical models and computational algorithms. For
example, [1-3] are concerned with the formation of disk
structure asthe result of tidal interactions of spira shocks,
which, in the opinion of those authors, are an important
mechanism for angular-momentum loss. The formation of
an accretion disk and its structure in a binary as a conse-
quence of aflow of matter from the donor star filling its
Roche lobe are considered in [4-6]. In these computa-
tions, carried out in two- and three-dimensional approxi-
mations, the computational domain contains both com-
ponents of the binary. Therefore, there are a compara-
tively smal number of computational cells for the
difference grid in the vicinity of the accretor, where the
disk forms, making it difficult to resolve festures in the
gpatial structure of the disk flow in detail.

Here, we present the results of computations carried
out in atwo-dimensional approximation inwhich, anal-
ogousto [3], the accretion disk istreated as an indepen-
dent element of the system. In this case, precision mod-
eling of spatial structuresin the disk is possible, with

the formation and evolution of these structures occur-
ring under the action of the gravitational forces of both
components and the rotation of the binary system as a
whole. Specia atention is paid to the initid state of the
disk, which is specified to bein equilibrium in the absence
of the secondary component. In this way, the gas-dynam-
ical flow developing in the disk results exclusively dueto
the interaction with the secondary.

The ratio of the component masses and the form of
the boundary conditions are the parameters of the prob-
lem which are varied in the computations. To provide
the best reliability in the results and, in particular, mon-
itor the numerical viscosity, we carried out the compu-
tations using two different numerical methods: amodi-
fication of the scheme of Roe [7] and the method of
large particles [§].

The results are intended to answer the question of
whether a steady-state gaseous disk can exist in a
binary system under the conditions indicated and pro-
vide information about the disk’s spatial structure,
mechanisms for angular-momentum loss by the disk
material, etc.

2. MATHEMATICAL MODEL

We consider a system consisting of two stars with
masses M and mrotating about the center of mass of the
system with constant angular velocity . We will take
the star with mass M to be the primary and the star with
mass mto be the secondary (donor) (Fig. 1).

In accordance with Kepler's third law, the distance A
between the componentsis related to the angular veloc-
ity of rotation of the system by the expression

WA* = G(M +m), (1)

1063-7729/01/4506-0434%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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where G is the gravitational constant. The distance L
between the primary and the center of mass of the sys-
tem hasthe form

L = Am/(M + m). (2

We introduce a noninertial polar coordinate system
(r, ¢) rotating with angular velocity w, with its origin
coincident with the center of the primary and the$ =0
axis passing through the secondary (Fig. 1). We will
taketheregion Q = (r, <r<r,) (0< ¢ <2mM—aring
with its center at the coordinate origin—to represent
the steady-state (in the absence of the secondary) gas-
eous configuration of the accretion disk, in which the
gas rotates about the primary. We do not take into
account the self-gravitation of the gas, since we assume
that the mass of gas in the disk is much less than the
mass of the primary. The gas is taken to be compress-
ibleandideal, with itsbehavior described by the system
of two-dimensional gas-dynamical equations in Euler
variables[9]

a(rp) , A(rpu) , 13(rpv) _
ot or r odo ’

a(rpu) +a(rpu2+rp) L 1o(rpuv)
ot ar r oo

= p+pv’+rpF,

a(rpv) , a(rpuv) , 19(rpv’+rp) 3)
ot o Tt 0%

= —puv +rpF,,

d(rpe) , d(rpuh)  1a(rpvh) _
ot T or troae PRV

e = e+ U/2+V?2,
with the equation of state

p = (y-1)pe. “)

Here, r istheradius; ¢, the polar angle; t, time, p, the
gas density; p, the pressure; €, the specific internal
energy; e, the total specific energy; vy, the adiabatic
index; h, the total specific enthalpy; v = (u, v)', the gas
velocity; u, itsradia component; v, its azimuthal com-
ponent; F, the total specific internal force acting on a
gas particle; and F, and F,, its radial and azimuthal
components (in dimensionless variables), respectively:

1

2
r

h=e+plp

F, = —=+ ;—nzcos(a +0)—w’scos(n + ) + 2wV,

&)
Fy = _;_“zgn(a +) +w’ssin(n +¢) —2wu,

where

d = Jr?+ A>—2Arcost,

sina = rsing/d, cosa = (A—-rcosb)/d,
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s = JrP+L2—2rLcosd,
sinn = rsing/s, cosn = (L —rcosd)/s.

These expressions take into account the gravitational
forces of the primary and secondary components, the
centrifugal force, and the Coriolis force. Note that the
expressions for the forces in the chosen coordinate sys-
tem do not depend on the solution—i.e., on time—with
the exclusion of the last term (containing the velocity),
associated with the Coriolis force.

We specified a steady-state gaseous configuration as
the initial data in the computations. This enabled us to
exclude the influence of gas-dynamical processes
associated with a non-equilibrium initial state of the
disk. In [10], we investigated in detail the possible
equilibrium, cylindrically symmetrical configurations
for gas rotating near a gravitating center whose pres-
sure and density are related by the polytropic equation

p = kp', k,y = const.

In particular, we considered the class of equilibrium gas
configurations with boundaries of the form

Z(r) = zarexp(-B(r—ro)’), o,B,1o>0, (6)

and presented formulas for the equilibrium distribution
functions of the velocity v,(r, ) and density p(r, 2) of
the gas. Using analytical and numerical studies, we
showed that the given gaseous configuration could be
considered to be in equilibrium and could be used as
initial data when modeling processes in an accretion
disk in both three-dimensional and two-dimensional
approximations.

The computations described below were carried out
using dimensional variables based on the following
scaling factors:

R = 7x10° cm,

M = 1x10% g,
G=667x10°cm’ g s

We took the distance between the binary compo-
nents to be A = 4, and the mass of the secondary in the

Fig. 1. Diagram of a stellar binary system with the mass of
the primary component M, the mass of the secondary com-
ponent m, and the angular velocity of rotation w.
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main run of the computations was m= 1. A complete
orbit of the binary system takes place over T, = 35. We
take the gas to be ideal with equation of state (4) and
adiabatic index y = 5/3.

The parameters in (6) specifying the initial equilib-
rium configuration of the disk weretakento bea = 0.2,
B=9,andr,=0.8. Inthiscase, most of the gasis con-
centrated in thering 0.5 < r < 1.1, the density distribu-
tion has a clear maximum, the total mass of the disk is
M,,s = 0.1, and a complete orbit of a gas particle in the
equilibrium configuration takes place over times T, = 0.6
and T, = 10 at the inner and outer edge of the disk,
respectively.

Depending on the computation run, the parameters
of the computation domain were chosento ber, =0.2,
rh=14,r,=02,r,=21 andr,=0.1,r, = 3. The
dimensionsof the difference grid were 80 x 80, 120 x 100,
and 160 x 120, respectively. At the edges of the compu-
tation domain, we specified either “free” boundary con-
ditions

0 _o M_g v_, de_

ar 20 50 50 5T
or the condition that the gas not flow through the
boundary

0,

u=0. ®)

In addition, we varied the component mass ratio and
theinitial configuration of the disk in the computations.

3. RESULTS OF NUMERICAL
COMPUTATIONS

The aim of our mathematical modeling was investi-
gating the flow of gasin an accretion disk near the pri-
mary under the influence of the gravitation of the sec-
ondary and rotation of the binary system. We present
the results of computations performed with various
parameters for the system and various boundary and
initial conditions. To increase the trustworthiness of the
results, we carried out computations using two different
numerical methods: a modification of the scheme of
Roe [7] and the method of large particles [8]. The results
of these two computations were essentidly identicd, tes-
tifying to the insignificant influence of the approxima
tion viscosity.

The results of al our computations display the gen-
eral characteristic stage of the development of an accre-
tion disk. Let us examine the results using a typical
computation run with the mass ratio equal to unity and
the free boundary conditions (7) as an example.

We carried out the solution in several steps. Asindi-
cated above, the initial disk configuration is equilib-
rium. We obtained a preliminary solution of the system
of equations (3) and (4) in the absence of a secondary
(m = 0). These computations showed that, in this case,
theinitial state of the gas remains virtually unchanged,

ABAKUMOV et al.

which not only confirmsthat it is stationary but also tes-
tifiesto its stability.

The main computation was then carried out includ-
ing the secondary component of the binary, which was
located at an appreciable distance from the primary
(10°A) at theinitia time. Then, in order to avoid abrupt
relaxation processes, we gradually moved the second-
ary linearly to adistance A from the primary over atime
T, =4.5. Theangular velocity of rotation of the system,
the posgition of its center of mass, and the total specific
externa force varied in accordance with relations (1), (2),
and (5), respectively. At this stage, also, theinitial state
of the gasin thedisk varied only weakly. The reason for
this is that, in this formulation, variations of the gas
velocity and, as a consequence, variations of the remain-
ing parameters describing its state are determined by the
action of the external forcefield F and aso by the force of
the gas-kinetic pressure; therefore, these variations
have an inertial character and are manifest with some
delay.

The pattern of the force field is such that, in this
stage of the computation, the gas gradually acquires a
positive radia velocity component, leading to the for-
mation of a shock propagating at the periphery of the
computation domain. Note that the radial and angular
components of the “perturbing” total force are nonuni-
form in the polar angle. As a result, the shock front
acquires an elliptical shape.

In its passage through the shock front, the gas essen-
tially losesits radial velocity component. This leads to
the formation of a central core, inside of which a spiral
formation develops. The shock propagates to the outer
boundary of the domain and, because of our use of the
boundary conditions (7), freely leavesit.

In this way, there is a disruption of the initial equi-
librium gas configuration and a new state develops, an
important element of which is the spiral structure
(Fig. 2). Figure 2 presents contours of the density and the
velocity field in the ringlike computation domain at time
t=18.0. This configuration does not change qualita-
tively over atime of the order of T, = 35 and is quasi-
steady-state in the sense that the gas velocity’s radia
component is much less than its azimuthal component.

To study the two-armed disk structure that had
formed, we also computed the trajectories of gas parti-
clesin the disk. These computations showed that, as a
rule, passage of a particle through the spiral-wave front
leads to changes in its angular momentum.

Figure 2 presents the trajectory of a gas particle
(thick solid curve) located at the point (r,=0.75, ¢ =0)
at timet = 14 and passing through nearly one and a half
orbitsaround the primary by thetimet = 21. Inthistime
interval 14 <t <21, the structure of the flow in the disk
remains virtually unchanged. Therefore, we superpose
the particle trgjectory on the density contours at the
intermediate timet = 18. Figure 3 depictsthe time vari-
ations of the sine of the particle’s polar angle sin¢, its
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Fig. 2. Density contours (solid) and the velocity field (vectors) at timet = 18. The thick curve shows the trgjectory of a gas particle

with theinitial position (at t = 14) at the point (r, = 0.75, ¢ = 0).

radius R, and itsangular momentum J=rv,. A compar-
ison of these plots clearly demonstrates that a particle’'s
angular momentum decreases when it passes through
the spiral-wave front. The computations show that the
degree to which the angular momentum decreases
depends appreciably on the angle at which the particle
intersects the front, the intensity of the wave, and the
shape of the front.

It is important to note that the angular momentum
can also change appreciably when the particle moves
behind the spiral-wave fronts. For example, Fig. 4 pre-
sentsthe trgjectory of a particle located at the sameini-
tial time at the position (r,, ¢ = 0), wherer,>r,=0.75.
The angular momentum of this particle sharply
decreases when its passes through the region of the neg-
ative pressure gradient behind the wave front. We can
seein Fig. 5 that, in the course of its motion, this parti-
cle (whose initia position is still further from the cen-
ter) can acquire an additional angular momentum,
causing it to be shifted toward the outer edge of the disk
and eventually leave the computation domain. This
occursin spite of the fact that the trajectory of this par-
ticle shifts toward the center relative to its initial posi-
tion during acertaintimeinterval. It follows from the pre-
vious results that the accretion of matter depends not only
on the presence of a spiral wave but aso on the overal
superposition of forces, including the pressure gradient.

During the quasi-steady-state phase, we see only
dlight qualitative variations in the disk structure. These
include a decrease in the wave intensity and “winding
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up” of the gasin the fronts in the direction of rotation
of the particles. The density and pressure maximaof the
gas gradually shift toward the center of theregion, asa
consequence of theloss of angular momentum by some
fraction of the gas.

These stages of the formation of a spiral flow are
characteristic to some degree of all the computations

sin ¢

0.62f

0.06-
~0.49
~1.06

R x 107!

6.56
5.82
5.08
4.35

Jx 107!

7.14
6.66
6.19
5.72_I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1.12 1.51 1.61 1.70 1.80 1.89 1.99 2.08 2.13

Fig. 3. Time variation of the sine of a particle’s polar angle
sing (the rotation phase), its radius R, and its angular
momentum J = rvg.
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Fig. 5. Same as Fig. 2 for the initial position of the test particle (r; > rp, ¢ = 0).
we considered. We now turn to a description of the First and foremost, we consider the influence of the

properties of several computation runs corresponding component mass ratio on processes in the disk. With
to various values of the main dimensionless parameters  this aim, we carried out computations with different
of the problem. ratios of the primary and secondary masses. As the

ASTRONOMY REPORTS Vol. 45 No.6 2001



MATHEMATICAL MODELING OF THE STRUCTURE OF AN ACCRETION DISK

Disk mass
0.14

0.13
0.12
0.11
0.10
0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01

1 1 1
0 18 36 54 72 90 108126144162180198216
Time

Fig. 6. Time dependence of the mass of the accretion-disk
material.

mass of the secondary is increased, we observed an
increase in the intensity of the spiral waves and a so vari-
ation of the shape of the wave fronts. The results for the
case of decreased secondary mass, for example m = 0.1
(with a constant distance between the components A = 4),
proved interesting. The two-armed spiral structure is
established appreciably later than in the runs described
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above—after atimeinterval of the order of 2T.. In addi-
tion, the intensity of the spiral wavesthat are formedis
considerably less.

To estimate the influence of the form of the initial
equilibrium configuration, we carried out computations
in which the mass of the secondary was, as before, m=1,
but the parametersin boundary Eq. (6) were specifiedto
bea =0.19, =1, andr, = 0.2. In this case, the mass of
the initia configuration is, as before, M,,, = 0.1, but the
pressure and density monotonically decrease from the
inner to the outer boundary of the domain. In this run
also, a radial shock wave formed, though it has a
smaller intensity than in the main run. The spiral waves
form at later times, their intensities are small, and the
shape of the wave fronts differs from those described
above. We obtained similar results when we chose for
theinitial configuration atwo-dimensional equilibrium
configuration (in the absence of the secondary) with a
Keplerian velocity distribution in the radius.

One of the main questions that should be addressed
by our computations is whether there can be a steady-
state accretion disk in a stellar binary system. The
results described above lead us to conclude that, in the
adopted formulation of the problem, strictly speaking,
there is no steady-state disk. After some time interval
whose duration depends on the parameters adopted, we
observe a quasi-steady state characterized by the pres-
ence of spiral formations. Further, the distributions of
the density, pressure, and so forth, decrease in magni-
tude while maintaining their overal profiles. The main
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Fig. 7. (Solid) density contours and (vectors) the velocity field at timet = 19 for a computation domain containing the Roche lobe

of the primary (thick curve) and the Lagrange point L;.
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reason for thisisthe flow of mass out through the bound-
aries of the domain (primarily the outer boundary), dueto
the boundary conditions (7) imposed. This is demon-
strated by Fig. 6, which presents the time dependence of
the mass in the ring computation domain.

We repeated this computation run on an appreciably
larger computational domain (r, = 0.1, r, = 3) that con-
tained the Roche labe of the primary and the Lagrange
point L,. Here, as in the run described above, a two-
armed spiral disk structure is established (Fig. 7). This
structure remains qualitatively the same over a longer
time of the order of 12T, However, as before, this
structureis not steady-state, since we observe aflow of
disk material both toward the inner boundary of the
computation domain (toward the primary) and toward
the outer boundary, primarily through the vicinity of
the inner Lagrange point. The intensity of the spiral
waves varies with time, together with the shape of the
wave fronts (Fig. 8). The structure of the spiral-wave
structure on the far side relative to the secondary is
especially evident.

It is clear that a steady state of the spiral structure
that forms is impossible in the presence of an uncom-
pensated flow of matter from the primary. In our formu-
lation of the problem, we can formally avoid the out-
flow of mass by replacing the boundary conditions (7)
with the nonflow boundary conditions (8). In this case,
it isindeed possible to obtain a steady-state spiral disk
structure in an expanded region containing the Roche
lobe of the primary with the parametersr, = 0.2 and

r, = 2.1 (Fig. 9). The computations showed that this
structure is steady-state and does not vary over an
extended time of the order of 20T,

Another important question is the nature of the spi-
ral waves that arise. Traditionally, it is usually thought
that they represent standing shock waves with a spiral
discontinuity front [3]. We were not ableto confirm this
hypothesis through our numerous computations. First
and foremosgt, in the specified gaseous configuration
(shown to be possible by our computations), the steady-
state nature of the shock waves comes into contradic-
tion with the requirement that the entropy be constant
in aclosed system, since particlesin a steady-state flow
that intersect a surface discontinuity many times will
gradually increase the entropy. On the other hand, a
careful study shows that, in the quasi-steady-state
regimes of disk evolution described above, the vel ocity
components of the particles do not experience disconti-
nuities when they intersect the supposed shock fronts
and the Mach number is appreciably higher than unity in
virtually the entire region (with the exception of periphera
aress, where the dengity is vanishingly small).

A specia analytical and numerical study of steady-
state gas flows in a gravitational field in a one-dimen-
sional approximation was devoted to questions con-
cerning the nature of steady-state spiral waves[11]. It was
demonstrated that, in the presence of externa forces, there
exist two classes of continuous steady-state solutions, cor-
responding to compression and rarefaction waves.
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Fig. 9. Same as Fig. 7 for other boundary conditions (see text) and timet = 307.

4. CONCLUSIONS

Analysis of the results of our computations has
shown that the gas-dynamical processes in the accre-
tion disk of astellar binary system are determined by a
complex force field—the gravitational interactions of
both stellar components, the centrifugal force, and the
Coriolis force—as well as by the gas-dynamical pres-
sure gradient. The gravitational and centrifugal forces
are time independent. Under the action of these forces,
aflow containing two spiral formations with enhanced
density and pressure formsin the disk.

In our formulation of the problem with free bound-
ary conditions, there is no steady-state disk. The reason
is the flow of gas through the boundaries of the computa
tion domain, primarily the outer boundary. Redlization of
asteady-dtate disk requires aflow of mass from the donor
star, asistakeninto account in afull treatment of the prob-
lem[5, 6, 12]. Our computations, estimates, and analytical
study indicate that the spira structures that form in the
disk are not shock waves, asis usualy assumed [11].
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Abstract—We have modeled the Hy, Hp, and H, (Balmer series), P, (Paschen series), and Br,, (Brackett series)
hydrogen lines formed in the inner regions of the accretion disk around the Herbig Ae star UX Ori. Our calcu-
lations are based on spectra obtained with the Nordic Optical Telescope (NOT) and the IRTF. We computed a
grid of non-LTE models for a radiating area in the accretion disk and determined the basic parameters of the
lines using the method of Sobolev. Analyzing the theoretical and observed line profiles, equivalent widths, and
luminosities, we have estimated the accretion rate and el ectron-temperature distribution in the inner parts of the

accretion disk. The accretion rate of UX Ori isabout M, = (3-10) x 10~Mg/yr, and the temperature distribu-
tion is consistent with the power law T(r) = T(rp(r/r Ep‘””, where the el ectron temperature near the stellar sur-
face T(rpy is 15000-20000 K and the power-law index n = 2-3 is about two to three. The resulting value for

M, eliminates problems connected with the application of magnetospheric accretion models to Herbig Ae/Be
stars. Another important conclusion is that, at the estimated accretion rate, the energy release is substantially
(about two orders of magnitude) lower than the stellar luminosity. Therefore, the optical radiation of UX Ori
accretion disks cannot appreciably contribute to the observed variability of these stars, which must be deter-

mined mainly by variability in the circumstellar extinction. © 2001 MAIK “ Nauka/I nterperiodica” .

1. INTRODUCTION

The Herbig Ae star UX Ori [1] is the prototype for a
class of young stars with nonperiodic Algol-type bright-
ness minima, which have been actively studied for years.
They are mainly distinguished by violent, unpredictable
photometric activity, with amplitudes reaching 2-3™
[2—4]. The brightness minima are accompanied by an
increase of the linear polarization of the star by up to
5-8% [4—6], indicating the presence of eclipses due to
circumstellar dust envelopes. During the eclipses, the
direct (unpolarized) radiation of the star decreases so
that the relative contribution of the radiation scattered
by the circumstellar dust increases. This explains not
only the increase of the linear polarization but also the
“turnaround” of the color tracks in color—-magnitude
diagrams [7]. The high degree of polarization suggests
that the circumstellar gas and dust envelopes are very
flattened (we will call them disks below, for the sake of
brevity) and are viewed edge-on or at a small angle to
the line of sight. Thisis apparently the main reason for
the violent photopolarimetric activity of these stars.

Another important feature of UX Ori stars that also
appears to be due to the “optimal” orientation of their
circumstellar disks is the presence of spectroscopic

signs of gas accretion, seen both in metallic and Balmer
lines[8-12]. Thereis ample evidence that the accretion
resembles the infall of circumstellar matter onto 3 Pic
[8, 9, 13], which is due to the evaporation of cometlike
bodiesin thevicinity of the star [14]. On the other hand,
the H, emission in the spectra of UX Ori stars and the
fact that thisline (aswell asthe He 5876 A line) often
displays an accretion profile indicate that the bulk of
the accreted matter comes into the vicinity of the star
from the circumstellar gas—dust disk [13, 15]. Thisis
also indicated by the recent analysis[16] of the approx-
imate chemical composition (hydrogen to metal ratio)
of the matter accreted onto UX Ori.

Thus, thanksto their “optimal” orientation, we view
UX Ori stars directly through circumstellar disks—a cir-
cumstance we make use of in our emission-line modeling.
Here, we consider the innermost region of the accretion
disk, where a condderable fraction of the hydrogen line
emission is formed. Non-LTE modeling for these lines
enables us to determine the accretion rate of the circums-
tellar gas and the temperature distribution in the accretion
disk, which in turn can be used to estimate the rate of
release of accretion energy. Thislast quantity is of con-
siderable interest in the context of the hypothesis that
the accretion disk makes an appreciable contribution to
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the optical radiation of UX Ori stars (see, for exam-

ple, [17]).

2. FORMULATION OF THE PROBLEM

For young, low-mass T Tauri stars, the magneto-
spheric-accretion model provides a reasonabl e descrip-
tion of the interaction between the accretion disk and
the star (see the review [18] and references therein). In
this model, a cool, geometrically thin accretion disk is
the source of accreted matter. At some distance r, from
the star (the corotation radius), the disk material col-
lides with the magnetosphere. As a result, the type of
gas motion is dramatically altered: the quasi-Keplerian
rotation of the disk switches to solid-body rotation and
freefall of the accreted gas onto the star. It isthisinner-
most region (in the case of T Tauri stars, its character-
istic sizeisabout 5-10 stellar radii [19]) that is thought
to be responsible for the formation of most of the line
emission in these stars. The hottest regions, wherelines
of atoms and ions with high ionization and excitation
potentials originate, are located in the immediate vicin-
ity of the stellar surface [20].

For young stars of intermediate mass, the magneto-
spheric-accretion model remains without comparable
guantitative justification [18]. In particular, there is ho
direct evidence for large-scale magnetic fields on the sur-
faces of these stars[21], though some indirect indications
are available (see, for example, [22]). Nevertheless, it
seems reasonable to try to adapt the magnetospheric-
accretion model to stars of this type, since a statistical
analysis of the observed H,, profiles[23] indicates that the
large-scale structure of the velocity fieldsin the circum-
stellar gaseous envelopes of these stars corresponds
roughly to those expected in the model.

In our previous study [15], we considered a simpli-
fied model for the accretion disk of an UX Ori star, in
which the radial and azimuthal velocity components
vary according to the law v, u ~ r-'2, This model can
describe in genera terms the observed Bamer-line
intensities and profiles for comparatively low accretion
rates (of the order of 10-8 to 10-°M/yr). TheHel 5876 A
line is formed in the immediate vicinity of the star,
where the bulk of the accretion energy is released; in
this region, the rotational velocity of the accretion disk
decreases, approaching that of the star itself. This type
of variation for the rotational velocity of the gas indi-
cates the presence of a corotation zone in the accretion
disk, the angular velocity of which is determined by the
rotation of the star itself.

Based on these results, we consider here in more
detail the formation of the emission spectrum of a UX
Ori star taking the corotation zone into account.
Together with the Balmer lines, we al so anayzelines of
the Paschen (P,,) and Brackett (Br,) series. Most of the
gas radiating in these two lines is optically thin (espe-
cialy P,,), which makes the results of our diagnostics
less dependent on the optical conditionsintheradiating
region, and, consequently, morereliable.
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Although the geometrical thickness of the disk in
current accretion models increases with distance from
the star [24], we consider a simplified model of an
accretion disk with constant geometrical thickness 2h.
This approach isjustified, since we consider the part of
the disk in the immediate vicinity of the star, where the
requirements of the standard Shakura—Syunayev disk
accretion model [25] are violated due to the rapid
increase of the gas temperature and the influence of the
magnetic field. Using supplementary information about
metallic absorption lines originating in the circumstel-
lar gaseous disks of UX Ori stars, we estimated h =
(0.5-1) rgin[15].

3. OBSERVATIONAL DATA

NOT spectra. Balmer and Paschen lines. We used
spectral observations obtained in 1994-1996 with the
Nordic Optical Telescope (NOT), La Pama, with resolu-
tion R = 25000 for a sample of UX Ori stars. The same
stars were simultaneoudy monitored photometrically at
the Crimean Adrophysica Observatory. A detailed
description of theinstrumentation and spectrawill be pub-
lished by Grinin et al. [12]. We used the first three Balmer
lines H,, Hp, and H, and the P, (A 8600A) linein UX
Ori on dateswhen the star wasin itsregular bright state
for our modeling.

IRTF spectra. Balmer and Brackett lines. We used
another hydrogen line, Br, (A 21656 A), from the spec-
trum of UX Ori to diagnose the accretion disk. The
observations were made by Rodgers et al. [26] in Feb-
ruary 1999 with the NASA Infrared Telescope Facility
(IRTF) (Mauna Kea) and the high-resolution CSHELL
IR spectrograph (R= 36000). In order to determine the
luminosity of the emission component of the line, the
spectrum of anormal star of the same spectral typewas
obtained, normalized to the V stellar magnitude of UX
Ori, and subtracted from the spectrum of UX Ori. Some
optical spectra were smultaneoudy observed a Apache
Point Observatory with the Dua Imaging Spectrograph
(R= 2500). The same procedure was applied to estimate
the H, luminosity of UX Ori, with the only difference
being that a synthetic spectrum for the appropriate Kurucz
mode was used instead of the spectrum of areference gtar.
Photometric measurements made before and after the
spectral observations indicated that UX Ori was also in
its bright state (V = 9.8) at thistime. This set of obser-
vationsis described in more detail in [26].

Table 1 presents the spectral data along with theline
luminosities and equivalent widths estimated from
these observations.

4. KINEMATICAL MODEL
FOR THE RADIATING REGION

Taking the above into account, we have assumed
that the disk material rotates with a Keplerian velocity
distribution right up to the corotation radius r.. The
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Table 1. Luminosities and equivalent widths of H, P14, and
Bry lines asinferred from observations of UX Ori

Line Date  |Reference Iumlf;lrc])iity, EwW, A
10 erg/s™
H, |Feb.4,1999| [26] 4 -
Br, |Feb.6,1999| [26] 0.34 -
H, [Nov.19,1994| [12] 3.7 8.4
Hqy Dec. 2, 1995 [12] 4.4 10.8
Hy Dec. 4, 1995 [12] 6.2 14
Hq Nov.25,1996| [12] 35 8
P14 Nov.19,1994| [12] 0.31 0.78
P. |Dec.2,1995| [12] 0.21 053
Py |Dec.4,1995| [12] 0.28 0.7
P14 Nov.25,1996| [12] 0.31 0.77

kinematic conditions in the corotation zone are deter-
mined by the equation of motion in which the gravita-
tion of the star and the centrifugal force dominate. The
value of r can be roughly estimated from the condition
that the magnetic and kinetic energy be equal inan ele-
mentary volume: pu?/2 = H? /81, where H isthe magnetic
field strength, p the gas density, and u the rotationa veloc-
ity. Assuming a dipolar magnetic fidd (H ~ r=) and
Keplerian rotation and estimating the gas density using
the continuity equation and accretion rate Ma, we can
easily derive an expression relating the corotation
radius to the magnetic-field strength at the stellar sur-
face Hyand also to the mass of the star M and its

radius oy rofro= rsziJz(hv/GMaM[p”“. Here, v is

the radial component of the gas velocity in the disk
(assumed below to be 50 km/s). Adopting in this rela-

tion Hy= 500 G* Ma = 10*Mo/yr, M= 3Mg, h=rp
and ro=3re, weobtain r, = 1.5r3 Note that this esti-
mate depends only weakly (to the one-quarter power)

TAMBOVTSEVA et al.

on the poorly known disk thickness 2h and velocity v.
It follows from this estimate that the corotation zone is
closeto the star. In our calculations, we adopt r. = 2r

According to the data of [27], the rotational vel ocity
of UX Ori is 140 km/s. Taking this into account, the
velocity of solid-body rotation at r = r.. is 300 km/s, while
the Keplerian rotationa velocity is about 310 kmi/s.
Therefore, either the transition from the accretion disk
to the corotation zone occurs without a discontinuity in
the tangentia velocity component or this discontinuity
issmall. Thus, in contrast to T Tauri stars, for which the
corotation radiusisfiveto ten stellar radii, the accretion
disks of Herbig Ae/Be stars approach much closer to
the stars due to their faster rotation [28]. Therefore, in
calculations of Herbig Ae/Be emission spectrum, we
must take into account not only the radiation of gasin
the corotation region, but (unlike the T Tauri case) also
radiation originating in the accretion disk itself.

Based on this, we adopt the following model for the
radiating region: the accretion disk is dominated by
Keplerian rotation in combination with a small radial
velocity component. For the sake of simplicity, we
assume the latter to vary according to the same law as
the Keplerian velocity (v ~ r-'2) and to reach 50 km/s
atr =r. Atr, the Keplerian and corotation rotational
velocities are matched, and, in the corotation zone, the
rotation is solid-body right to the surface of the star:

u(re)(rfry) a rsrg
= 1
u(r) = g (I 1)

r>re.

The same procedure is applied to determine the radia
velocity, which, in the corotation zone, is specified by
the gravitation of the star and the centrifugal force:

dv _  GM, , u’(r)
V(r) dl’ - r2 + r ' (2)
Hence, taking (1) into account, we obtain after simple
manipulation the relation for the velocity of the infall-
ing gas in the corotation zone

@/v(rc)%v;c(r*/r—r*/rc>—1u(r*)2[(rc/r*)2—(r/r*)Z] a r<r,
V(I’) = 2

Ev(rc)(r/r*)_”2 a r>r.
Here, v(r.) isthe radia component of the gas velocity
atr=rg u(rp is the rotational velocity of the gas near

the stellar surface (assumed to be equal to the rotational
velocity of the star), v.,. isthe escape velocity near the

1 Given the large rotation velocity of Herbig Ae/Be stars, the
adopted magnetic field strength is beyond the detection limit for a
classical Zeeman analysis and, consequently, does not contradict
the negative results of the observations [21].

3)

surface of the star, and u, = 440 km/s is the Keplerian
rotational velocity of the gas near the stellar surface.
Despite the fact that u(r) and v(r.) are input parame-

ters, we encounter no difficulties in choosing them,
since spectral observations provide information about
the components of the gas velocity in the vicinity of the
star. The rotational velocity of the star is also known
from the known orientation of the rotational axis of the
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Table 2. Model parameters
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Model T(r+), K n hir. Model T(r), K n hir«
1 10000 2 0.5 7 10000 2 1
2 15000 2 0.5 8 15000 2 1
3 20000 2 0.5 9 20000 2 1
4 10000 3 0.5 10 10000 3 1
5 15000 3 0.5 11 15000 3 1
6 20000 3 0.5 12 20000 3 1

star sini = 1. For u(rp) = 140 km/s and v(r.) = 50 km/s,
the velocity law has the form presented in Fig. 1.

5. CALCULATION TECHNIQUE

The most challenging problem is the calculation of
thermal balancein theradiating region, sincethereisno
universal cooling function in the considered tempera-
ture range in an opaque plasma [29]. In addition, the
gas heating function in the region under consideration
isnot entirely clear. Therefore, we adopted a power-law
distribution for the temperature T in the envelope:
T(r) = T(r(r/rpy ", where n is a parameter specifying
the temperature profile of the accretion disk. In the study
[15], we failed to set stringent limits on the temperature
distribution in the accretion disk. Nonetheless, by fitting
line profiles and verifying the results with the observed
Balmer decrement (theintensity ratio I, : IHB : IHV),we
concluded that the best consistency between the calcu-
lated and observed Balmer line profiles was provided
by models with T(rp = 15000 K and n = 2-3.

Asin [15], our line-profile calculations were based
on the exact expression for the emerging radiation
intensity, while the level populations and source func-
tions were determined in a Sobolev approximation [30]
for media with a velocity gradient. Note that, as was
shownin [31], the kinematic model considered belongs
to the class of modelswith nonlocal radiative coupling.
In such models, the equation for the source function
contains an additional integral term that corresponds to
radiation of the surfaces of comoving points [32, 33].
However, in our case, thedisk isflat (2h < Ry, where R,
isthe outer disk radius), so that the contribution of this
termis negligible [30].

We took the energy distribution for UX Ori from
Kurucz models [34] for T, = 9500 K and logg = 4.
Analysis of shell components in the spectra of UX Ori
stars show that the parameter h can reach values compara-

bleto the stellar radius. Therefore, we carried out our cal-
culations for the two values h = O.SrDand h= ”[i The

disk density was determined from the continuity equa-
tion for the case of atwo-dimensional, axially symmet-
rical flow. We took into account the broadening of
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photosphere profiles dueto the rotation of the star in the
line-profile calculations.

Table 2 presents the parameters of the models con-
sidered. Having fixed the kinematics of the flow (Fig. 1),
the outer radius of the disk Ry=10r 0 and itsthickness,
we calculated the ionization state and level populations
for aten-level model of the hydrogen atom using the
code described in [35]. Further, we determined the
intensities, profiles, equivalent widths, and luminosities
of al the lines considered for a set of M. valuesin the
interval from 10’"Mg/yr to 10°Mglyr. In the case of the
P,, line, we took into account the fact that the Menzel
parameter for the upper level of thistrangition is equa to
unity with high accuracy in the considered density range.
Figures 2—7 present the results of our calculations.

6. RESULTS

Figure 2 presents the theoretical luminosities in the
H, and Br, lines for models with temperature profiles
corresponding to n = 3 and T(r = 10000, 15000, and

Vv, u, km/s
400

300 -

200 u

100 -

1 2 3 4 5 6 7 8 9 10

r/r*

Fig. 1. Radial v and tangential « velocity components of the
accretion flow as afunction of distance from the star.
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logL (Bry) [erg s']
32r _

31r

301

291 1 -

30.5 30.9 31.3 31.7 32.1 32.5 30.5 30.9 31.3 31.7 32.1 32.5
logL (Hy) [erg s7']

Fig. 2. Logarithms of the luminosity in the H, and Br, lines as a function of the accretion rate for (a) thin (h = 0.5) and (b) thick
(h = 1) disks for models with the temperature power-law index n = 3. The accretion rate is marked in solar masses per year (for
example, 1-9 correspondsto 1 x 10*9M@). The hollow circles correspond to T(rp = 20000 K, filled circlesto 15000 K, and triangles

to 10000 K. The crosses —|— indicate the observed UX Ori line luminosities from [26].
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L 1-7
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Fig. 3. Calculated equivalent widths for the H, and P4 linesfor n = 3 and (a) h = 0.5 and (b) h = 1. The crosses indicate the corre-
sponding values for UX Ori observed with NOT [12]. Notation for the modelsisthe same asin Fig. 2.

20000 K for h = 0.5 (Fig. 2a) and h = 1 (Fig. 2b). The  and P,, equivalent widthsfor the same M, . The crosses

crossesindicate the IRTF dataof UX Ori. Thenumbers  jndicate the NOT datafor these equivalent widths. Note
in the figures indicate the accretion rates for whichwe gt our theoretical luminosity estimates assume isotro-

carried out the calculations: Ma = 1 x 10,3 x 10, pic propagation of the radiation, which is, generally
1 x 10® and 1 x 10”’"Mg/yr. Figure 3 presents the H,  speaking, not the casein reality. Only theluminosity of Br,
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Fig. 4. Theinfluence of model parameters on the results: the P,4 and H,, equivalent widths for different (a) geometrical thicknesses

of the disk and (b) temperature gradients. In case (a), models 5 and 11 are compared, while models 2 and 5 are compared in case
(b). The crosses indicate the corresponding values for UX Ori observed with NOT [12].
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Fig. 5. Hy, Hp, and H profiles of UX Ori (a) observed, averaged over four datesin 1995 and calculated in models (b) 12 and (c) 10.
The accretion ratesin the model calculations are (Model 12) 2.3 x 10‘9M@/yr and (Model 10) 10‘7M@/yr.

can be considered, due to certain peculiaritiesin the mea-
surement technique and normaization for thisline[26].
Our calculations indicate that increasing the geo-
metrical thickness of the disk h shifts the curves in
EW(H,) - EW(P,,) diagramsto theright (Fig. 48). Thisis
due to the fact that variations of h affect the equivalent
width of the P, line (which is at frequencies where the
radiating region is opticaly thin) less then that of the H,
line. Increasing the temperature gradient (decreasing n)
shifts the curves to the left only for high and moderate

accretion rates (>108Mg/yr; Fig. 4b). When M, <
108Mglyr, these curves become closer or smply coin-
cide. Note that variation of these two parameters within

the considered limits does not fundamentaly affect the
results.
ASTRONOMY REPORTS  Vol. 45
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Considering the results for al the lines (Figs. 2-5),
we conclude that the accretion rate is in the interval
(2-10) x 10°My/yr, and the temperature distribution is
described adequately by modelswith theinitial temper-
atures T(rp = (15000-20000) K and the power-law

index n = 2-3. The figures indicate that the observa-
tions correspond somewhat better to curves with aflat-
ter temperature gradient (n = 3). Our analysis also takes
into account the theoretical Balmer decrements. Profile
fitting for the first three Balmer lines provides an inde-
pendent criterion for our estimates of the accretion rate
and disk temperature. An example is presented in Fig. 5,
which displays the Balmer profiles that were observed
(Fig. 58) and those calculated using two models:
12 (Fig. 5b) and 10 (Fig. 5¢). In both cases, the H,
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Fig. 6. (a) Optica depthsin the Lyman 1; and Balmer 1y continuaand in the case of Thomson scattering tr; (b) population for the
first three levels and electron density ng as a function of the distance from the star, calculated in model 11.

equivalent widths coincide with the observed values,
but the Balmer decrement is close to the observed dec-
rement only for model 12.

Our caculations indicate that models with small
temperature gradients (n > 4) do not reproduce the
observed Balmer profiles well. We also conclude that,
independent of the temperature gradient or geometrical
thickness of the disk, the temperature distribution with
T(r) =10000K either does not fit the observed Br, and

P,, equivalent widths (luminosity) or fails to satisfy
another criterion—consistency between the theoretical
and observed Balmer decrement.

Figure 6 presents the transverse optical depths of a
circumstellar gaseousdisk inthe Lyman 1, and Bamer 15
continua and the continuum corresponding to Thomson
scattering T (Fig. 63). The populations of the first three
levels and the ectron dendty as a function of distance
from the star are also presented (Fig. 6b). The calcula-
tions were made for a model which provides good

agreement between the theory and observations: M, =
5 x 10™°Mglyr; T(rp) = 15000, n= 3, h = 1. We can see
that the accretion disk is transparent in al continua except
for the Lyman continuum, while its maximum optical
depth due to Thomson scattering is around 1072, The cor-
responding latera optica depths of the disk in this model
aeT =13x10°,13=0.33,and ;= 1.6 X 1072,

It is obvious that we cannot in general expect that a
“UX Ori star + accretion disk” system is exactly edge-on
and that the angle a between the line of sight and the

disk plane is zero. Indeed, as was shown recently in
[36], the observed polarization of these stars in deep
minimacan also be explained for disk inclinations up to
10°-20°. Therefore, we also calculated line profiles for
the case of an inclined disk, assuming the maximum
inclination angle to be 20°. An inclination around 10°
yielded somewhat better consistency between the theo-
retical and observed profiles: the calculated profiles
become more symmetrical, and the central absorption,
more shallow.

7. DISCUSSION

Our results indicate that the magnetospheric accre-
tion model developed for young low-mass T Tauri stars
[28, 37—-40] can be adapted to young intermediate-mass
stars. Here, the corotation radius is smaller than for T
Tauri stars; therefore, the approach of the accretion disk
to the star is closer and its radiation contributes appre-
ciably to the line emission. In addition, most circums-
tellar absorption lines (shell components) are appar-
ently formed in the accretion disks of Herbig Ae/Be
stars. The low accretion rate (M, = 108-10°"Mg/yr) in
combination with the larger luminosity of these stars
explains why intermediate-mass young stars, unlike T
Tauri stars, do not experience veiling of their photo-
spheric lines by the optical radiation of the boundary
layer. For the same reason, the boundary layer cannot
giveriseto appreciable optical variability of the star, as
suggested recently by Herbst and Shevchenko [17].
The asymmetry of the forbidden linesin Herbig Ae/Be
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starsis weakly pronounced or not seen at all, whichis
sometimes considered to be an argument against the
existence of accretion disks in these stars [41]. Recall,
however, that, in this case, the radius for the sublima
tion of dust grainsis located substantially farther from
the star, at adistance of several AU. Thus, unlikethe sit-
uation in cooler, young T Tauri stars, the screening of
the dust disks in Herbig Ae/Be stars (which gives rise
to the asymmetry of the forbidden lines[42]) should be
much less effective.

Let us consider another aspect of the problem: the
influence of the stellar wind. In disk accretion models,
mass outflow isknown to be adirect consequence of the
accretion; it carries away the bulk of the angular
momentum of the infalling matter (see, for example,
[28, 37]). Therefore, stellar winds should also exist in
UX Ori stars. Note that, among all Herbig Ae/Be stars,
only UX Ori stars display clear signs of accretion,
whereas, in other Herbig Ae/Be stars, these signs are
either distorted by the wind (complicated H, emission
profiles are seen in the spectra) or are entirely absent
(Hy has a P Cygni profile). The edge-on orientation of
the circumstellar disks around UX Ori stars evidently
suppresses the influence of the stellar wind on the for-
mation of emission lines. The sole exception might be
WW Vul: for this star, the intensity ratio V/R of the H,
“blue” and “red” components varies slightly from val-
ues for “wind” (<1) to “accretion” (>1) and back [12].
This system (star + disk) may be inclined to the line of
sight, so that the wind and the accretion take turns in
dominating.

To be certain that our results depend only weakly on
the presence of a stellar wind, we made a test calcula-
tion for H, profilesin one of the above models, having
added the contributions of an accretion disk and stellar
wind. According to [28, 43], therate of masslossin the

form of magneto-centrifugal wind M,, is related to the

accretion rate M, by the expression My, = fMa, where
the parameter f can take on values from 0.1 to 0.3. We
assumed that the stellar wind originates at the surface
of the accretion disk in the vicinity of the corotation
zone and fills a region with the opening angle 172; the
matter outflow decelerates balistically, and the rota
tional velocity in thewind decreasesin accordance with
angular-momentum conservation, inversely proportion
to the distance from the axis of symmetry. The maxi-
mum rotational velocity (for r = r;) and the outflow
velocity are assumed to be 300 km/s. The temperature
is specified to be T(ry = 15000 K for both the disk and

the wind, with n = 3 in both cases. The ionization and
excitation state of hydrogen atomsin the stellar windis
calculated using the same method as for the accretion
disk. The results are presented in Fig. 7. We can see
that, in the case of an edge-on accretion disk, the pres-
ence of thewind leavesthe H, profile essentially unaf-
fected for f between 0.1 and 0.5.
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Fig. 7. Influence of the stellar wind on the H, profile of UX
Ori for My = 10®Mg/yr and My, = 3 x 10 Mg/yr.
T(rp=15000K,n=3,r:=1.5rq and h=0.5r5 The half-
opening angle for the wind is assumed to be 45°. The solid
curve corresponds to the case when the wind is taken into

account in the calculations, and the dotted curve, to the cal-
culations without the wind.

8. CONCLUSIONS

Summarizing, we can draw the following conclu-
sions.

(1) We have shown using the example of the Herbig
Ae star UX Ori that the magnetospheric-accretion
model developed for young, low-mass T Tauri stars can
satisfactorily reproduce the intensities and profiles of
hydrogen lines in the spectrum of ayoung star of inter-
mediate mass. The main difference between these two
types of starsisthat the corotation radiusis smaller for
Herbig stars than for T Tauri stars. As a result, the
accretion disks in Herbig stars are located closer to the
star and their radiation contributes substantially to the
stellar emission spectrum.

(2) Due to the specia orientation of the circumstel-
lar disks around UX Ori stars (edge-on or at a small
angleto theline of sight), the accretion profiles of lines
dominate in their spectra, which include numerous
absorption lines of acircumstellar origin (shell compo-
nents). Spectroscopic signs of the stellar wind are weak
or completely undetectable, since the thickness of the
accretion disk in the vicinity of the star is comparable
to the diameter of the star itself. Asaresult, the outfl ow-
ing matter is not projected onto the stellar disk and a P
Cygni profile is not formed.

(3) The rate of accretion of circumstellar gas onto
UX Ori does not exceed M = 10-8M/yr, and the tem-
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perature variation with radiusis well represented by the
relation T(r) = T(r(r/r [y-““, where the temperature of

the gas near the stellar surface T(r ) is 15000-20000 K

and the power-law index n is roughly equal to two to
three. The energy release for this accretion rate appears
to be appreciably smaller than the luminosity of the star
itself (by about two orders of magnitude). Therefore,
the accretion disks around UX Ori stars are unable to
contribute appreciably to their optical radiation and do
not determine their observed variability, which is due
mainly to variable circumgtellar extinction [4]. Note that
thisistrue only of quasi-stationary accretion and so char-
acterizes the dtuation on average. Under the real condi-
tions of an inhomogeneous circumstellar medium, both
the accretion rate and energy-rel ease rate can fluctuate, for
example, due to collisions of massive gas and dust
clouds.

In conclusion, we stress that these results refer pri-
marily to Herbig Ae/Be stars of late spectral types. In
the case of early-type Herbig Be stars, the dynamical
parameters of the circumstellar gas are, to a much
greater extent, specified by the radiation field of the
stars [44, 45] whose luminosity exceeds those of Her-
big Ae stars by afactor of several tens.
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Abstract—The formation of flowsin the vicinity of the inner Lagrangian point has been computed for various
close binary systems (from short-period U Gem to long-period 3 Lyr systems). The dependence of the mass-
transfer rate through the inner Lagrangian point on the degree of Roche-lobe overflow is derived. One new
aspect of thiswork is the use of Kurucz stellar model atmospheres when constructing the initial configuration
of the outer layers of the mass-losing star and also the use of the “large particles” numerical method of Belo-
tserkovskii and Davydov. The application of these stellar model atmospheres provides amore realistic descrip-
tion of the stream than do polytropic models. The computations show that the influence of the Coriolisand cen-
trifugal forces on the rate of mass transfer is negligible and does not exceed afew percent. In certain specific
cases (3 Per and W UMa), the stream models differ strongly from those of Lubow and Shu. The degree of
Roche-lobe overflow and the rate of masstransfer indicated by observations are such that the atmospheric layers
of themass-losing star are nearly alwayslocated at theinner Lagrangian point. The only exceptions are compact
binary systems and U Gem stars, in which the inner Lagrangian point resides in layers of the mass-losing star
that are denser than its atmospheric layers, and the 3 Per system, in which the mass-losing atmosphereislocated
inside its Roche lobe. The numerical dependences of the mass-transfer rate on the degree of Roche-lobe over-
flow differ from the analytical dependences for both large and small overflows. This is due to differences
between the Kurucz model stellar atmospheres and the polytropic models used in previous analytical calcula
tions and aso to the presence of dynamical effects connected with the mass transfer in the computations. The
polytropic indices corresponding to the best agreement between the numerical and analytical dependences are
4.5 for B Lyr, 2.4-2.6 for the cataclysmic binaries, and 3.1-3.3 for the remaining stars. These polytropic indices
indicate that the Roche lobes of the mass-losing stars in close binary systems are usualy overflowing. © 2001

MAIK * Nauka/Interperiodica’ .

1. INTRODUCTION

Mass transfer through the inner Lagrangian point
(L,), along with the stellar wind, are the main processes
resulting in the transfer of matter in close binary sys-
tems, which, accordingly, cause their evolution to devi-
ate from that of isolated stars. Since about 90% of the
stars in the Galaxy are components of binary or multi-
ple systems, studying mass transfer in close binariesis
avery important and topical problem.

The motion of flows and the formation of accretion
disks in binary systems have been considered in many
studies based on two- and three-dimensional numerical
hydrodynamics investigating various aspects of these
processes. We especialy note the three-dimensional
computations of Bisikalo et al. [1], carried out for sev-
eral orbital periods on a numerical grid matched to the
size of the system.

The largest drawback of these studies is their very
schematic models for the stream in the vicinity of the
point L, (often including only one or two cells) and the
extremely large size of the cellsin the Roche lobe of the
accreting star. These conditions hinder adequate
account of the effects of gas pressure on the propaga-
tion of the stream and make theinitial conditions of the

stream dependent on the parameters of the close binary
and the degree of Roche-lobe overflow. These restric-
tions prevent the incorporation of gas-dynamical calcu-
lations into software used to compute the evolution of
close binaries, in order to take into account the amount
of matter and orbital momentum transfered from one
star to the other and lost by the binary system via some
parametrization. However, this mass and momentum
transfer must be adequately taken into account if we
wish to perform detailed cal culations of binary systems
at any stage of their evolution.

To close this gap, Nazarenko [2] proposed another
approach, which we will develop in more detail in the
present work. We consider here the first stage of mass
transfer in close binaries—i.e., the formation of a
stream near the point L,—in order to obtain as com-
plete a picture as possible of the corresponding pro-
cesses in rea binaries of various types and thereby
determine differences in these processes in different
types of close binary system.

Thebinary systems considered are 3 Lyr (an early con-
tact binary), AO Cas (a massive semi-detached binary),
[3 Per (aclassical semi-detached binary), W UMa (aclas-
sical contact binary, assuming that the accreting star is

1063-7729/01/4506-0452%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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dlightly smaller than its Roche lobe), and U Gem and
SU UMa (short-period binaries). To compute the for-
mation of the stream, we use atwo-dimensional version
of the “large-particles” method of Belotserkovskii and
Davydov [3]. We will construct theinitial configuration
of the stream using the well-established atmospheric
models of Kurucz [4], which are more redistic than
theoretical polytropic models.

The use of these atmospheric models providesanew
and more exact approach for reconstructing the outer
layers of the mass-losing star (usually the secondary),
compared to the polytropic models used in the earlier
computations of Paczynski and Sienkiewiez [5],
Savonije [6], and Edwards and Pringle [7].

2. COMPUTATION METHOD

Only afew papers have been devoted to calculations
of Roche-lobe overflow near the inner Lagrangian
point. Among these, L ubow and Shu [8], Paczynski and
Sienkiewiez [5], and Savonije [6] used analytical and
semianalytical methods, Edwards and Pringle [7]
computed the overflow at L, using numerical-hydrody-
namics methods; and Blondin et al. [9] used a numeri-
ca method to study mass transfer in massive x-ray
binary systems. All these papers considered the gravi-
tationa potential of the binary in a point-mass model
and used polytropic models to construct the configura-
tion of the outer layers of the mass-losing star in the
vicinity of L, (apart from Blondin et al. [9], who used
an isothermal atmosphere model). The centrifuga
force of the orbital rotation of the binary system was
taken into account in [6, 9]. Only Lubow and Shu [8]
and Blondin et al. [9] took into account all forcesinflu-
encing the motion of matter—the gravitational poten-
tia, centrifugal force, and Coriolisforce.

From our point of view, the most important draw-
back of these earlier studiesisthe oversimplified initial
models used for the outer layers of the mass-losing star,
based on polytropic models. Lubow and Shu [8] do not
consider any particular model for the mass-losing star
at al, so that their calculations have a fundamental but
very general character. On the other hand, the poly-
tropic-model calculations of Paczynski and Sienkiew-
iez [5], Savonije [6], and Edwards and Pringle [7] are
too far removed from real binary systems and it is dif-
ficult to trace the dependence of the final results on the
binary parameters. The absence of Coriolisand centrif-
ugal forces in these models does not appreciably affect
the final results, as will be seen from our own calcula
tion results presented below.

To simulate the formation of the stream more accu-
rately than in these previous studies, we use the atmo-
spheric models of Kurucz [4] to construct the initia
configuration of the outer layers of the mass-losing star.
As a result, our computations directly depend on the
parameters of the binary system, since the atmospheric
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models are directly specified by the gravitational accel-
eration and temperature adopted for the specific star.

One very important feature of our calculations is
that we do not use any special mechanisms to generate
the process of masstransfer inthevicinity of L,. Incon-
trast to the single numerical work dealing with this
issue, by Edwards and Pringle [7], we simply continue
the computational region to the Roche lobe of the main
component, where the pressure gradient and gravita-
tional force are in the same direction, making hydro-
static equilibrium impossible. The gas accelerated in
this region forms a stream in the vicinity of the inner
Lagrangian point, clearly visible in our calculations.
The gas penetrates to the Roche |obe of the primary due
to the evolutionary expansion of the companion in the
close binary. The degree of overflow of the Roche lobe
by the companion is treated as a free parameter. There-
fore, we concentrate on the hydrodynamical aspects of
Roche-lobe overflow, without considering the evolu-
tionary origins of this effect.

We use astandard model for the binary systems; i.e.,
the stars are taken to be gravitational point masses, the
orbits of the binary systems are assumed to be circular,
and the mass-losing star rotates about its axis in syn-
chrony with its rotation about the common center of
mass of the system. We assume that the gasisideal and,
for the sake of simplicity, composed purely of hydro-
gen. The specific heat capacity is taken to be close to
unity (about 1.01-1.10); thisis an implicit way to take
into account the probable effects of interactions
between the moving gas and radiation. This method is
quite standard and was already applied, for example, by
Molteni et al. [10] and Bisikalo et al. [1].

We solved the nonstationary Euler equations using
the explicit “large-particle” method of Belotserkovskii
and Davydov [3], which has first-order accuracy in
space and second-order accuracy in time. The advan-
tages of thismethod includeits simplicity and high sta-
bility, making it possible to use it to solve problemsin
nonstationary hydrodynamics on personal computers.
We carried out the computations in two planes—the
orbital plane and the plane perpendicular to it—to
obtain at least some agpproximation of the three-dimen-
siond gas-flow pattern. The computationswere conducted
from theinitia to the final steady state, when dl the gas-
flow parameters were nearly independent of time over the
entire computationa region. In practice, atimeinterval of
from one to three orbital periods of the close binary sys-
tem was required to achieve this ate.

3. THE INITIAL MODEL
AND BOUNDARY CONDITIONS

We carried out the calculations in a rectangular
coordinate grid whose origin was at the center of the
mass-losing star (i.e., the secondary, or companion).
This choice of coordinate system is possible due to the
relatively small size of the region of the binary system
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considered, covering only the vicinity of the point L,
whose size does not exceed 0.1. (Here and below, we
give al distances in the binary systems in units of the
distance between the stellar centers.)

As aready noted above, our use of model stellar
atmospheres enables us to consider more realistic mat-
ter flows, compared to previous studies based on poly-
tropic models. On the one hand, the atmospheric mod-
els themselves provide more accurate approximations
of the outer layers of the stars than polytropic models.
In addition, the direct dependence of the atmospheric
models on the parameters of the binary systems (such
as the orbital separation, the component masses, and
the effective temperature of the contact component)
enabl es us to take into account specific features of the
mass transfer in different types of close binary systems.

The atlas of Kurucz [4] is the best known atlas of
stellar atmospheres and covers a very wide range of
variationsin the parametersin the models: logg varies
from 0.1 to 4.0, and the effective temperature varies
from 4000 to 50000 K. These wide ranges of the model
parameters enable calculation of the formation of the
stream for almost any type of binary systems.

To choose the atmospheric model used for acompu-
tation, we specify two parameters—the effective tem-
perature of the companion and the mean gravitational
acceleration at its surface when such a star isnot in a

binary system .., = G*M o/ Roon» Where G is the
gravitational constant, and M_,,,, and R, are the mass
and mean radius of the contact component (mass-losing
star). We derive atwo-dimensional model for the outer
layers of the contact component in the vicinity of L,
assuming a barotropic condition for the mass-losing
star (corresponding to its own rotation being in syn-
chrony with its motion about the common center of
mass of the binary); i.e., we assume that the contours of
equal pressure coincide with the egqual-potential con-
tours for the common field of the binary. To satisfy this
condition, we must first determine the cell sizes along
the x and y axes from the equation of hydrostatic equi-
librium. In thisway, we specify anumerical grid whose
main advantage is that it is calculated taking into
account the specific features of each close binary, rather
than being chosen arbitrarily.

Aswe will show below, the average size of the cells
in this grid depends appreciably on the parameters of
the binary system. Note also that the resulting numeri-
cal gridisnot uniform: the cell dimensions decrease far
from the central line and increase along the central line
(x axis) outward, toward the Roche lobe of the main
component. This nonuniformity of the numerical grid
enables us to allow for rapid variations in physical
guantities at the boundaries of the computational region
with higher accuracy.

Taking into consideration the atmospheric model
and cell sizes, we obtain a one-dimensional model for
the outer atmospheric layers of the mass-losing star

NAZARENKO et al.

along the central line. To extend thismodel to the entire
computational region, we approximate the depen-
dences of the matter density N(F) and temperature T(F)
along the central line by cubic splines (in the same
manner as Edwards and Pringle [7]). Next, using these
dependences, we can easily extend our one-dimen-
sional model to the entire computational region. Thus,
we obtain a pattern intermediate between a stream and
the usua atmosphere of an isolated star.

The variation in the matter density in such an atmo-
sphere still corresponds to the atmosphere of an iso-
lated star, whereas the size of the atmosphere corre-
sponds to the situation when the star isin abinary sys-
tem, since the atmosphere is situated near the inner
Lagrangian point. (When calculating the cell sizes
using the condition of hydrostatic equilibrium, we take
into account al forces acting in the binary, apart from
the Coriolisforce.)

We formulate the boundary conditions so that free
gas outflow is alowed through the boundaries of the
computational region. The conditions at boundary A
(Fig. 1) are specified so that the corresponding velocity
is close to zero and the physical quantities are almost
constant over the entire computation. This is a quite
important condition, sinceit is precisely this condition
that is responsible for the character of the gasflow. The
parameters of the flow at boundaries O and R are deter-
mined by the parameters of the flow from neighboring
cells using extrapolation formulas.

We should specifically note the position of bound-
ary O. In contrast to the analysis of Edwards and Prin-
gle[7], wherethe boundary O passed throughL,, in our
calculations, this boundary islocated in the Roche lobe
of the main component, so that the flow can be freely
formed by the action of the force fields intrinsic to the
problem, without imposing any extra conditions. (In
other words, there are no other conditions specifying
the pressure gradient or pressure at L, which give rise
to the gas flow in the vicinity of the inner Lagrangian
point.) We also emphasize that it thus becomes to some
degree meaningless to ask whether the gas from the
mass-losing star in the Roche lobe or at its boundary
can overcome the potential barrier and enter the Roche
lobe of the main, compact component. The gas over-
comes this potential barrier due to the evolutionary
expansion of the mass-losing star or the evolutionary
decrease in the dimensions of its Roche lobe.

4. CALCULATION OF ROCHE-LOBE OVERFLOW
AND FORMATION OF A STREAM
AT THE INNER LAGRANGIAN POINT

We studied the formation of streams in binary sys-
tems characterized by very different physical and geo-
metrical parameters. As a result, we can obtain arela
tively comprehensive picture of Roche-lobe overflow in
real close binary systems. The parameters of the bina-
ries in our computations are listed in Table 1, which
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gives (1) the name of the binary system, (2) the orbital
period in days, (3) the orbital separation in solar radii,
(4) the mass of the main component (expressed, as are
all masses, in solar masses), (5) the mass of the com-
panion (i.e., mass-losing star), (6) the effective temper-
ature of the mass-losing star, and (7) the mass-transfer
rate through the inner Lagrangian point in units of solar
masses per year indicated by observations.

For each close binary system, we calculated the
complete outflow pattern—from the minimum case,
when the entire atmosphere of the mass-losing compo-
nent is within its Roche lobe, to the maximum, when
the entire atmosphere is outside the Roche lobe. The
dimensions of the numerical grid changed in the course
of the calculations from 200 x 200 to 200 x 500, with
the mean number of cells equal to 60000. To take into
account the influence of the numerical grid on the solu-
tions obtained, we varied the number and thereby the
dimension of the cells. (We used an atmospheric model
composed of 200 layers rather than the usual 100 lay-
ers.) Since the computational results remained almost
the same, we can assume that the numerical grid does
not appreciably affect the solutions obtained.

It is quite interesting to compare the patterns of
stream formation at the inner Lagrangian point
obtained by Edwards and Pringle [7] with our results.
To this end, we computed the formation of a stream in
the binary SU UMausing a polytropic model, asin[7],
and compared our radial distribution of mass density at
L, with the same distribution from [7]. The results of
this comparison are shown in Fig. 2. Taking into
account the differences in the initial models, boundary
conditions, and numerical methods used, the results of
the two computations are in quite good agreement.

Since we have aso taken into account the Coriolis
and centrifugal forcesin our calculations, we can study
their influence on the stream formation and, especially,
on the mass-transfer rate through L. The computations
indicate that these forces have almost no affect on the
formation of the stream, even in the cases of a high
mass-transfer rate at L, of about 40 km/s (the Coriolis
forcein 3 Lyr) or of small mass ratios of about 0.1 (the
centrifugal forcein the SU UMasystem). The effects of
the Coriolis and centrifugal forces on the mass-transfer
rate through the inner Lagrangian point are likewise not

455
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Fig. 1. Initial configuration of the atmosphere of the sub-
giant in the B Lyr system in the vicinity of the inner
Lagrangian point L.

significant and have no observable consequences.
Therefore, we conclude that the neglect of these forces
in some previous studies does not represent a signifi-
cant drawback of those calculations.

We aso compared our results with the model of
Lubow and Shu [8]. For al the binary systems (includ-
ing the long-period ones), the vel ocity of the gas stream
at L, is approximately equal to the local sound speed
and the radial distribution of matter is consistent with a
Gaussian distribution with 0 = R,.,.,/(3—4) to an accu-
racy of 10-15%, where R, iS the stream radius,
determined from the condition used by Edwards and
Pringle [7] (namely, the stream radius is specified by
the cylinder containing 99% of the entire mass flow).
On the other hand, the stream radii calculated using the
relation given by Lubow and Shu [8] sometimes differ
from those obtained in the numerical calculations by

Tablel

Name of ; Orbital Mass-loss

the system Period, days separation, R, Minein: Mo Meomp Mo Terr, K rate, Mo/yr
B Lyr 13.00 55 12 20 11000 1.2 x10°
B Per 2.87 14 34 0.7 6000 1.0x10!
AO Cas 3.50 33 23 17.0 39000 1.0x 10”7
W UMa 0.46 24 0.6 12 6000 1.0x10°®
U Gem 0.03 0.5 05 05 4000 1010-107°
SU UMa 0.12 13 1.0 0.6 4220 1.0x 10
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Fig. 2. Comparison of the radial distribution of the mass
density at L, (dashed line) computed for the formation of the
stream in the binary SU UMa using a polytropic model (asin
[7]) with (solid line) the corresponding distribution from [7].

factors of two to three, as, for example, in the cases of
W UMaand 3 Per (Table 2).

Another effect clearly visiblein our computationsis
variations in the structure of the mass-losing compo-
nent due to the mass transfer near the inner Lagrangian
point. In the case of minimal degrees of overflow, when
the pressure gradients in the atmosphere are fairly
large, the density and temperature at L, increase over
their initial valuesin the stationary solution; in the case
of alarge overflow, when the entire atmosphere is out-
side the Roche lobe, the density and temperature
decrease in the stationary solution.

This effect, which can be called dynamical, leads to
variations of the structure of the contact component
compared to the atmosphere of the corresponding iso-
lated star, which should be manifest in the dependence

NAZARENKO et al.

of the mass-transfer rate on the degree of Roche-lobe
overflow. Sincethisdynamical effect could not betaken
into account in the analytical formulas of Paczynski
and Sienkiewiez [5] and Savonije[6] (which ignorethe
motion of matter in the vicinity of L,), our numerical
dependences should be different from the anaytical
formulas, as we will show in the next section.

The basic result of our computations are the struc-
tures of the streamsin the close binary systems consid-
ered. Since we are interested in realistic descriptions of
the mass transfer in such systems, we shall consider
stream structures for which the computed mass-transfer
rates are in agreement with the rates derived from
observations.

The flow parameters at L, are presented in Table 2.
The columns of this table give (1) the name of the sys-
tem, (2) the density of matter N, , at the pointL,, (3) the
temperature at L,, (4) the gasvelocity U, at L,, (5) the
local sound speed V,, at the inner Lagrangian point,
(6) the calculated stream radiusin units of the orbital sep-
aration, (7) the stream radius derived from the formula
presented by Lubow and Shu [8] (i.e., theratio of thelocal
sound speed to the orbital veocity of the binary)
expressed in the same units, and (8) the mass-transfer rate
obtained in our calculations in solar masses per year.

Asexpected, dueto variationsin the physical condi-
tions of the close binary systems, the stream parameters
in the binaries considered differ appreciably. These dif-
ferences are most pronounced for the stream radius,
which varies in awide range from 0.012 (for cataclys-
mic variables) to 0.13 (for 3 Lyr and the early-type con-
tact systems), in units of the orbital separation. The par-
ticle density and temperature in the stream also vary
appreciably, over the ranges 10'>-10'7 cm and 3000—
50000 K, respectively. Thisistheresult of variationsin
the physical parameters of the close binary systems and
their evolutionary statuses (i.e., degrees of overflow).
Therefore, thereisno universal structurefor the streamsin
close hinaries, which are characterized by considerable
variety over the entire spectrum from long-period to
short-period systems.

Table2

Name of N 3 T K U . km/ Ve km/ R A LS & Mass-loss
the system L1, M Li> L1, KNV/S L1> KM/S Li> R, rate, Mo/yr
BLyr 1.0 x 10%° 79097 43.7 330 0.130 0.150 1.2x10°
AO Cas 9.2 x 1014 55043 34.8 28.1 0.056 0.059 4.0x 107
B Per 1.7 x 10¥? 2439 6.4 5.9 0.045 0.024 26x10!
W UMa 8.4 x 1016 14174 12.4 14.3 0.016 0.054 1.2x10°%8
U Gem 8.0 x 1016 13919 9.8 14.2 0.013 0.021 1.2x 1079
SU UMa 2.4 x 1016 6800 53 9.9 0.015 0.019 2.7x 10710
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One new result obtained in our calculations is the
degrees of Roche-lobe overflow of the contact compo-
nents, which correspond to the mass-transfer rates
derived from observations. The degree of overflow can
be expressed numerically in one of two ways. The first
uses the standard expression, defined as Ar/r*, where
Ar isthe difference between the mean radii of the con-
tact component and of itsRochelobe and r* isthe mean
radius of the contact component. The second way isto
express the overflow in units of the total atmospheric
overflow (i.e., when the entire atmosphere of the con-
tact component is outside its Roche lobe.)

These two degrees of overflow are equal to 2.4, 0.1
for B Lyr and 2.5, 0.04 for W UMa (both contact bina-
ries); 0.5, 0.06 for AO Cas and —0.4, 0.009 for 3 Per
(semi-detached systems); 0.3, 0.0010 for SU UMa and
100.7, 0.0015 for U Gem (cataclysmic systems). Here,
the first quantities are expressed in units of the total
atmospheric overflow and the second quantities, in the
standard units.

We can see that, for all the binaries apart from the
contact systems and U Gem, the atmospheric layers are
located at L,; i.e., atmospheric overflow isrealized. The
high degree of overflow for U Gem in atmospheric
units standsout. This seemsto be associated with physical
processes occurring in this system. The negative degree of
overflow for 3 Per indicates that the entire atmosphere of
the mass-losing star in this system is located inside its
Roche lobe, and the upper chromaospheric or coronal lay-
ersarelocated at theinner Lagrangian point.

5. COMPARISON OF THE DEPENDENCES
OF THE MASS-TRANSFER RATE
ON THE DEGREE OF ROCHE-LOBE OVERFLOW
BY THE CONTACT COMPONENT

Computation of the dependence of the mass-transfer
rate at the inner Lagrangian point on the degree of
Roche-lobe overflow isthe most interesting application
of gas-dynamical studies of mass transfer in the vicin-
ity of L, from the viewpoint of the evolution of binary
systems. To study this in detail, we calculated the cor-
responding dependences for the following grid of
parameters of the close binary systems: orbital separa
tions of 2 x 10'2, 3 x 10!, and 3 % 10!° cm; effective
temperatures of 4000, 6000, 8000, 10000, 25000, and
40000 K; mass ratios of 0.1, 0.3, 0,5, and 1.0; and the
total masses of both components are 4 and 20M. As
noted above, the degree of overflow was treated as a
free parameter and the physical origins for the Roche-
lobe overflow were not considered. All parameters of
the binary were assumed to remain constant during the
course of the computations.

First, we looked for differences between our results
and the analogous analytical calculations of Paczynski
and Sienkiewiez [5] and Savonije[6], sincethe " analyt-
ical” overflows agree well with the numerical results of
Edwardsand Pringle[7]. There aretwo possible origins
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for such differences: the different models for the outer
layers or the influence of dynamical effectsin the mass
transfer. To compare the analytical and numerical
methods, we calculated the analytical dependences
with the polytropic indices that gave the best coinci-
dence between the numerical and analytical results.

To illustrate this comparison between the numerical
and anaytica dependences, we calculated the over-
flows for three well-known close binaries—[( Luyr,
SU UMa, and U Gem. We took the parameters of these
systems from Tables 4 and 5 of Savonije [6]. For the
first set of parameters from Table 4 in [6], the period of
the binary system is P, = 19, the mass of the contact
component is 4M, the mass of the main component is

1.5Mg, the effective temperature is log Ty = 4.2243,

and the polytropic index is 3.273. For the second set of
parameters from Table 5 of [6], the period of the binary
systemis P, =2.09¢, the mass of the contact component
is 16Mg, the mass of the main component is 1M, the

effectivetemperatureis log T« = 4.4013, and the poly-
tropic index is 3.220.

The results of these calculations are presented in
Fig. 3, which shows the initial numerical dependences
(where the matter velocity was taken to be equal to the
local sound speed), the numerical dependences for the
stationary solution, and the analytical dependences of
Paczynski and Sienkiewiez [5] and Savonije[6] for var-
ious sets of close-binary parameters. Comparison of the
numerical and analytical dependencesin all the figures
shows that the numerical dependences are in better
agreement with the analytical formulas of Savonije[6],
whereas the agreement with the formulas of Paczynski
and Sienkiewiez [5] is considerably worse (except for
B Lyr, where the opposite is true).

This could be due to the fact that, in both our com-
putations and in [6], the photospheric density at the
outer boundary isnot zero, and the mass-transfer rateis
not zero in the case of zero overflow. As a result, the
analytic dependence turns out to be similar to our
numerical dependence. On the other hand, when the
densities at the outer boundary of the atmosphere are
very small (about 10° cm™3), the mass-transfer rate will
be very close to zero and the distribution of Paczynski
and Sienkiewiez [5] will be in better agreement with
the numerical dependence (as occurs, for example, in
B Lyr). Therefore, using the atmospheric models of
Kurucz [4], we conclude that the formula of Savonije
[6] is in better agreement with the numerical depen-
dences when the effective temperatures of the mass-
losing stars are less than 10000-12000 K, while the
formula of Paczynski and Sienkiewiez [5] is in better
agreement for higher effective temperatures.

Comparison of the numerical initial dependence and
the dependence for the stationary solution shows the
role of dynamical effectsin the outflow of matter on the
formation of the stream and the mass-transfer rate for
various degrees of Roche-lobe overflow. As follows
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from Fig. 3, these two dependences often coincide at
moderate degrees of overflow, theinitiad numerical depen-
dence is usudly below the numerical Stationary depen-
denceat small degrees of overflow, and the oppositeistrue
at large degrees of overflow. Therefore, we can clearly see
the influence of dynamical effects on variations in the
mass-transfer rate. At small degrees of Roche-lobe
overflow, these effects lead to a dlight increase in the
mass-transfer rate under the action of the moving gas
(by approximately half an order of magnitude), com-
pared to the initial values (where, as noted above, the
local sound speed was used in the calculations instead
of the gas velocity); at large degrees of Roche-lobe
overflow, the mass-transfer rate decreases compared to
itsinitial value.

Such dynamical effects are associated with the
behavior of the density gradient near theinner Lagrangian
point in various atmospheric layers. The density gradient
inthe outer atmospheric layersisfairly large (especidly in
stars with effective temperatures above 1000012000 K)
and is considerably higher than required for the stationary
solution. At the initia time, matter is transferred from
inner (denser) layers to the inner Lagrangian point under
the action of the large dendity gradient. As a result, the
density at L, increases and the density gradient corre-
spondingly decreases. The mass-transfer rate also
decreases compared to its initial value. On the other
hand, in the case of moderate overflow, dynamical
effects are often absent, since the initid density gradient
in the vicinity of L, nearly coincides with the stationary
vaue. Finally, the situation is opposite in the case of large
overflow: theinitial density gradient is less than required
for the stationary solution. As a result, the density at L,
decreases compared toitsinitial value and the density gra
dient increases, so that the mass-transfer rate for the sta
tionary solution turns out to be lessthan at theinitid time.
Therefore, therole of dynamicd effectsin our calculations
can betraced fairly clearly. These effectslead to consider-
ablevariationsin the mass-transfer rate for the stationary
regime, especialy in the case of large overflows, when
the entire atmosphere is located outside the Roche lobe
of the mass-losing star (sometimes, by over half an
order of magnitude, as can be seen in Fig. 3).

We should a'so point out the polytropic indices for
the analytic dependences that are in the best agreement
with the numerical dependences (Fig. 3). These poly-
tropic indices are 4.6 and 4.3 in the model of Savonije
[6] for B Lyr; 2.2 inthe model of Paczynski and Sienk-
iewiez [5] and 2.8 in the model of [6] for SU UMg;
2.6 in the model of [5] and 3.4 in the model of [6] for
U Gem; 3.2 in the model of [5] and 2.7 in the model of
[6, Table 4]; and 3.5 in the model of [5] and 3.3 in the
model of [6, Table5].

All these polytropic indices are close to three and,
therefore, correspond to atmospheric overflow at the
inner Lagrangian point. Indeed, as was shown by our
calculations, the atmospheric layersarelocated at L, in
amost all cases. This suggests that there is good con-
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sistency between the numerical and analytical calcula
tions when the numerical calculations are based on the
atmospheric models and the analytical polytropic indi-
ces are closeto three. In this case, the greater or smaller
the extent of the atmosphere (or the greater or smaller
the effective temperature), the more the polytropic
index will be greater or smaller than three. The binary
system 3 Lyr possesses the most extensive atmosphere,
and the corresponding polytropic index takes on its
greatest value (>4.5).

6. CONCLUSIONS

We obtained the following main resultsin the course
of the present study.

(1) We have developed a numerical agorithm
enabling more accurate cal culation of the stream struc-
ture near the inner Lagrangian point, compared to pre-
vious methods. This algorithm uses the atmospheric
models of Kurucz [4]. The direct dependence of the
stellar-atmosphere models on the stellar parameters
makes it possible to take into account the characteristic
features of the mass transfer in each type of close
binary system.

(2) The models for streams of matter in close binary
systems obtained using our method show that, in some
cases, the stream radius differs from that calculated in
the model of Lubow and Shu [8] by factors of two to
three.

(3) The concentrations and temperatures of the gas
at thepoint L, for model sfor which themass-lossratesare
equd to those derived from observations lie in the ranges
10'>-10"" cmr? and 3000-50000 K, respectively.

(4) Applying the numerical method to analyses of
various close binary systems enabled us to estimate the
degrees of overflow at L, at the current time. These over-

flowsvary from 0.1 (for 3 Lyr) to 0.001 (for U Gem).

(5) A comparison of the numerical dependences for
the mass-transfer rate on the degree of overflow and the
analytical dependences of Paczynski and Sienkiewiez [5]
and Savonije [6] showed that the numerical dependences
are in a good agreement with the calculations of [6]
when the effective temperature of the mass-losing star
islessthan 10000-12000 K. When the effective tempera-
turesare higher than 12000 K, the numerical dependences
arein good agreement with the modd of [5].

In conclusion, we recommend the use of different
analytical formulas in the case of different effective
temperatures for the components in close binary sys-
tems being studied. Since the anaytical dependences
sometimes differ considerably from the numerical depen-
dences, the derivation of exact dependences requires the
use of hydrodynamical computations incorporating
model atmospheresfor the starsin the close binary sys-
tems.
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Abstract—Brightness and color variations of V1016 Cyg are studied using many years of UBVRIHKLM pho-
tometric observations and information about its spectral energy distribution in the intermediate IR (7.7 to
22.7 um) obtained with the IRAS and 1 SO low-resol ution spectrometers. Models for its stationary, spherically
symmetrical, extended dust envelope are computed for two cases of heating: by the radiation of the cool com-
ponent only and by the combined radiation from both components. Modd fitting of the IRAS and 1SO obser-
vations shows that the model with asingle central source—the Mira star—provides a better fit to the data, indi-
cating that the hot component’sradiation is appreciably reprocessed by the ambient gas medium and has almost
no direct influence on the IR spectrum of the symbiotic nova. The mean spectral energy distributions measured
by IRAS in 1983 and 1SO on October 1, 1996, differ considerably. The observed evolution of the envelope's
spectrum probably reflects an increasing grain concentration and decreasing grain temperature at the inner edge
of the envelope, associated with decreased luminosity and increased temperature of the hot component. The
total mass-lossrate, gas-expansion vel ocity at the outer edge of the envelope, and upper limit to the mass of the

central radiation source are estimated. © 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The preoutburst spectrum of the symbiotic nova
V1016 Cyg was typical of long-period variables, with
TiO, VO, and CO absorption bands in the optical and
IR. After the outburst, the star acquired a well-devel-
oped, high-excitation emission spectrum with forbid-
den lines. This transformation of the spectrum requires
the presence of a hot component in the system and the
existence of acircumstellar envelope. Mass loss by the
red giant could be a source of material for the gaseous
nebula (observed as a radio source), as well as for the
dust envelope, which radiatesin the IR. After the 1964
optical outburst of V1016 Cyg [1], when the object’'sV
brightness increased by almost 5™, extensive observa
tions of the star were initiated in al accessible parts of
the spectrum.

The peculiar object V1016 Cyg is now attributed to
asmall subclass of symbiotic starsand is classified asa
very slow type D symbiotic nova (with appreciable
radiation from the dust envelope in the near IR). The
system’s cool component is a Mira variable with peri-
odic pulsations of its IR brightness[2, 3]; the hot com-
ponent, which experienced the 1964 outburst, isawhite
dwarf. After the hot source’s outburst, its UV radiation
began to evaporate and dissipate the dust envel ope, and,
since the late 1970s, near-IR radiation from the Mira
has been clearly detected (1.25 to 2.5 um) in the spec-
trum of V1016 Cyg. Symbiotic novae like V1016 Cyg
remain in quiescence for along time then experience a
single magjor outburst in their photometric histories.
Polarimetric observations of V1016 Cyg [4] indicate

that this binary’s orbital period could be as long as 60
to 100 yrs.

High-spatial-resolution observations revealed a
bipolar structure in the V1016 Cyg system characteris-
tic of many planetary nebulae. The variability of the
Mira superposed on the slow brightness changes of the
gaseous envel ope and dust density variations associated
with the variable luminosity and effective temperature
of the hot component makes the observed flux changes
for V1016 Cyg rather complicated.

The current paper analyzes brightness and color
variations of the symbiotic nova V1016 Cyg based on
our optical and IR photometric data acquired from
1978 to May 2000, together with IR observations from
the IRAS satellite and the 1 SO orbiting observatory. We
also compute a model for the system’s dust envelope
and estimate the parameters of the stellar wind.

2. OBSERVATIONS

Our optical and IR photometry of V1016 Cyg was
carried out with the 1.25-m telescope of the Crimean
Laboratory, Sternberg Astronomical Institute, starting
in 1978, as part of aprogram to study circumstellar dust
envelopes. The photometric standards were the stars
BS 7784 (for the UBVR observations) and BS 7796 (for
the IR photometry). The angular diameter of the exit
diaphragm of the photometer was about 12"; during
modulation, the beams were separated by ~30" in the
East—West direction. The uncertainties of the optical
and JHKL brightness estimates were no more than

0703; those for the M filter were no more than 07'05.

1063-7729/01/4506-0461$21.00 © 2001 MAIK “Nauka/Interperiodica’
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Fig. 1. Variations of the brightness and color indices of
V1016 Cyg in the optical and IR, 1978-2000 (circles). The
dotted and dashed curves represent parabolic approxima:
tions to the observations.

Our observed U and J magnitudes and (J-K) and
(U-V) color indices for V1016 Cyg are plotted as cir-
clesin Fig. 1. Figure 2 displays the changes of these

TARANOVA

same quantitieswith phase. The variability phaseswere
computed for the Mira pulsation period P = 4709,
adopting the initial epoch JD 2440000. The results of
our JHKLM photometry of V1016 Cyg are discussed in
more detail in [5]. In our corrections for interstellar
absorption, we used the value E(B-V) = 0.25™[6].

3. ANALY SIS OF BRIGHTNESS
AND COLOR VARIATIONS

The dashed and dotted curvesin Fig. 1 show para-
bolic approximations to our observations of V1016
Cyg. The dashed curves correspond to 1978-1988,
when we obtained simultaneous optical and IR obser-
vations. Figure 1 shows that the J brightness (like
HKLM) monotonically increased from the beginning of
our observationsin 1978 until May 2000. During these
changes of the IR brightness, the system became bluer
in the IR (on average, J-K decreased). The observed
smooth changes of the IR brightness and color of
V1016 Cyg were explained in [5] as an effect of changes
of the optical depth of the dust envelope, which had
decreased somewhat by May 2000 compared to the begin-
ning of our observationsin 1978.

As for the symbiotic nova HM Sge, we can see
changes in the brightness and color of V1016 Cyg at
opposite phases in the optical and IR in 1978-1988,
when we had simultaneous optical and IR observations
(Fig. 1). The visual radiation of V1016 Cyg after its
outburst is amost completely formed in the ionized
gaseous envelope, and the observed brightness and
color variations are due to changes in this envelope's
parameters. In 1978-1983, the U-band brightness
increased, whereas U-V decreased. This suggests that
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Fig. 2. 1978-1999 photometry of V1016 Cyg folded with the 4709 period for the brightness variations of the Mira star (the initial

epoch is JD 2440000).
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the density of the ionized envel ope was increasing dur-
ing that period. In 1983, the density achieved its maxi-
mum value, after which the ionized gaseous envelope
apparently began to expand, giving rise to a smooth
decrease in the U-band flux and in U-V in 1983-1988
(Fig. 1). Thus, the densities of the dust and gas compo-
nents of the envelope simultaneously decreased in
1983-1988, probably due to expansion.

Figure 2, which presents phase light and color curves
for the 4709 period, shows changesin the IR that are typi-
cd of Miravariables: from maximum to minimum bright-
ness, for example in the J band, the Mira becomes cooler
(J-K increases towards minimum brightness).

4. MODEL COMPUTATIONS
FOR THE DUST ENVELOPE OF V1016 CYG

The problems encountered in computations of dust-
envelope models for symbiotic novae were discussed
by usin detail in [7], where we analyzed observations
of HM Sge [7]. The main difficulty is the presence of
two sources heating the envelope, with comparable
luminosities but quite different temperatures. The char-
acteristic emission peaks of silicatesin the IR spectrum
of V1016 Cyg, typica of oxygen Miras, provide evidence
that the cool component isthe main supplier of dust inthe
system. However, there is no doubt that the hot compo-
nent’s radiation and stellar wind should influence the hest
balance and grain dynamics. The existence of this compo-
nent, whose hard radiation is largely reprocessed by the
ambient gas, leadsto uncertainty in the resulting spectrum
of the radiation heating the dust and violates the spherical
symmetry of the envelope.

Bryan and Kwok [8] noted that the expected dis-
tance between the components of symbiotic novae (~10
to 100 AU) was much smaller than the size of their
envelopes (~1 pc), making it possible to take the stars
to be at the center of their envelope and the envelope
itself to be spherically symmetrical. In the case of
V1016, thisis confirmed by observations. The rotation
of the plane of polarization detected by Schild and
Schmid [9] yields an estimate for the orbital period of
80 + 25 years. For a total mass of the components of
2M,, the 80-year period correspondsto an orbital semi-
major axisof 3.5 x 10'* cm (23 AU). For aMirawith the
luminosity and effective temperature corresponding to a
variability period of 4709, the condensation of silicates
should occur at approximately this distance. Thus, we can
consider both components of V1016 Cyg to be situated
within the inner edge of the dust envelope.

Taking into account uncertainties due to the spec-
trum of the hot component reprocessed by the ambient
gas, we computed, aswe had for HM Sge [ 7], modelsfor
the stationary, sphericaly symmetrical gaseous envelope
of V1016 Cyg for two cases of heating: by radiation only
from the cool component (hereafter, model 1) and by the
combined radiation from both components, not taking into
account the absorption of high-energy photons by the
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AF(M), 102 erg s em™2

Fig. 3. Spectral energy distribution AF(A) of V1016 Cyg
obtained with the low-resolution IRAS spectrometer (cir-
cles). The solid curve is the spectral energy distribution for
our model for the dust envelope with a single radiation
source (model 1), with parameters from the table.

gaseous medium (model 2). To choose the model
parameters, we again limited our consideration to the
spectral energy distribution in the intermediate IR, 7.7
to 22.7 um, measured by the spectrometers of the IRAS
satellite and | SO orbiting observatory. We retrieved the
F(M) valuesfrom the Internet, from the databases of the
University of Calgary and the 1SO observatory. The
IRAS observations were reduced using the calibration
from [10]. The AF(A\) values (in erg s cm) are plotted
asafunction of wavelength A (in um) ascirclesin Figs. 3
and 4.

Model parameters of the dust envelope and stellar wind of
V1016 Cyg from IRAS and | SO observations

IRAS ISO
Parameter

model 1| model 2 | model 1| model 2
Ly, Lo 35000 33000
L., Lo 9000 9000 |9000 9000
Tet, o K 150000 145000
Ter oo K 2600 2600 |2600 2600
T,K 700 900 700 900
ry, 10%cm 5.30 42.2 5.21 40.6
Ty 11.0 7.0 95 6.5
d, kpc 34 8.8 34 8.8
M , 10—5 M@/yr 1.2 88 1.1 81
Ve km/s 8.2 7.2 8.4 7.3
M, Mg 17 24.4 17 24.0
>, 1010 0.98 1.38 0.55 0.78
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AF(M), 102 erg s! em™2

12

Fig. 4. Spectral energy distribution AF(A) of V1016 Cyg
obtained with the short-wavel ength spectrometer of the 1ISO
orbital observatory (circles). The solid curve is the spectral
energy distribution for our model for the dust envelope with
a single radiation source (model 1), with parameters from
the table.

In contrast to the case of HM Sge [7], the mean
spectral energy distribution for V1016 Cyg based on
the IRAS data (acquired in 1983) is ailmost the same as
that for the SO data of November 5, 1996. Thisis due
to the fairly slow variation of the parameters of the hot
component. According to the data of [11], its luminos-
ity and effective temperature at the epoch of the IRAS
observationswere L, = 35000L, and T, ,, = 150000 K,
whereas the values of [11] extrapolated to the epoch of
the ISO observations give L, = 33000L and T, =
145000 K. Nevertheless, our choice of models 1 and 2
was made independently for the IRAS and 1 SO obser-
vations.

To estimate the luminosity of the cool component,
we used the period-uminosity relation [12] derived
from observations of oxygen Mirasin the Large Magel-

lanic Cloud: M, = 2.88-3.00logP, with the brightness
variability period P = 470%. We adopted M, o, = 4"75
for the absolute bolometric magnitude of the Sun [13].
The Mira s effective temperature, T,; ., was found from
therelation [14] logT . = 3.888-0.174logP .

For both models 1 and 2, we made the usual
assumptions. Namely, we assumed that the dust enve-
lope had a sharp inner edge at a distance r, from the
center and that the grain concentration decreased in
inverse proportion to the distance squared, out to the
envelope's outer edge at r, = 1000r,. The optical char-
acteristics of the grain material were chosen to coincide
with those of “warm silicate” [15], and the size distri-
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bution of the grains, n(a), was described with an MRN
modd [16]: n(a) O a (for radii of the sphericd grainsin
therangea,,, < a<a,,,), withq= 3.5, a,;, = 0.005 um,
and a,,,, = 0.25 um. In the center of the envelope for
model 1, thereisablackbody with the parameters of the
Mira, L. = 9000Ls and T, . = 2600 K, whereas the flux
from the centra sourcein model 2 isthe sum of thefluxes
from two blackbodies with the luminosities and effective
temperatures presented in the table. In the latter case, we
assumed that the two components did not screen each
other and were Stuated inside a sphere with radiusr,. As
noted above, thisis approximately the case.

We solved for the radiative transport in the dust
envelope using the DUSTY code (version 2.0) for a
grid with 30 nodes in radius and 99 nodes in wave-
length, intheinterval from 0.01 umto 3.6 cm. The code
algorithm is described in [17, 18]. The model input
parameters were the dust temperature at the inner edge,
T,, and the optical depth of the envelope at the 0.55 pum
wavelength, 1,,. After computing the spectral energy
distribution for a model, we then determined the dis-
tance d giving the minimum sum of squared deviations
of the observed fluxesfrom the theoretical fluxesZ. The
resulting best fit parameters of the two models for the
IRAS and 1SO data are collected in the table.

The table demonstrates that the parameters for
model 1 derived from independent IRAS and ISO
observations are in fairly good agreement. Analysis of
the results al so showsthat model 2 gives an appreciably
worse fit to the observed spectral energy distribution in
the intermediate IR than model 1. Thisis confirmed by
the data from the table: the sums of squared deviations
2 for model 2 are higher than those for model 1 by
approximately a factor of 1.5. Since the total radiation
flux is conserved, the increased luminosity of the cen-
tral source in model 2 leads to overestimation of d, in
contradiction with the results of earlier studies of
V1016 Cyg. All this suggests that the short-wavelength
radiation from the hot component is amost completely
absorbed by the ambient gas [8]. For this reason, we
will mainly concentrate on the results for model 1.

The solid curvesin Figs. 3 and 4 show the spectral
energy distributions for model 1, chosen to fit the data
from the IRAS and ISO spectrometers. The figures
show that the model describes the observations rather
well. Figure 5 presents a comparison with observations
over awider spectral range. Here, the solid curveisthe
logarithm of the flux (in erg s cm™? cm™) asafunction
of the logarithm of the wavelength (in um) for model 1,
chosentofit the ISO data. The open circlesin Fig. 5 are
our JHKLM photometric measurements at maximum
and minimum brightness of the 470-day variations, and
the filled circles are photometric data from IRAS.
Though these data were not used to fit the models, the
computed curve passes fairly close to the observations
in both the near IR and far IR.
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Fig. 5. The 0.4-100 pm spectral energy distribution
logF (\) of V1016 Cyg from our data (open circles) and
IRAS data (filled circles). The solid curve isthe energy dis-
tribution for our dust-envelope model with a single source,
selected to fit the |SO data.

5. DETERMINATION
OF STELLAR-WIND PARAMETERS

To estimate the parameters of the stellar wind in
V1016 Cyg due to the action of the radiation pressure
on the dust and the subsequent transfer of momentum
to the gaseous medium, we used the gas-dynamics
mode of the DUSTY code and carried out computa-
tions for the sources of radiation considered and the
derived values for the envelope’'s optical depth. In this
mode, the code realizes a self-consistent solution for
the radiation transfer and dust motion in a stellar enve-
lope [19]. The density of the silicates was taken to be
3g/cm’, and the gasto-dust mass ratio, to be 200.
Using these data, the DUSTY code computed the total

mass-loss rate M, the gas-expansion velocity at the
outer edge of the envelope V,, and an upper limit to the
mass of the central radiation source M. The resulting
stellar-wind parameters for various models are given in
the table.

The table again shows that model 2 (with two radi-
ation sources) is less adequate. For example, the upper
limits for the masses of the stars are implausibly high,
as are the estimates of the mass-loss rate. On the con-
trary, model 1 yields stellar-wind parameters that are
fairly close to those estimated in earlier studies.

Note that we considered only the stellar wind asso-
ciated with radiation pressure on the dust. This must be
supplemented with the stellar wind of the hot compo-
nent due to the pressure of its radiation on the gas com-
ponent of the envel ope. Despiteitslow density, the very
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high velocity of thiswind (~500 km/s) could resultin a

significant mass-loss rate. For this reason, the M val-
ues given in the Table for model 1 should be considered
lower limits for the true mass-loss rate from the symbi-
otic nova.

6. CONCLUSIONS

Our model fitting to IRAS and 1SO observations
shows that, as for the symbiotic nova HM Sge [7], a
model with a single central source—the Mira star—
provides a better description of the observations. This
confirms that the hot component’s radiation is largely
reprocessed by the ambient gas medium and exerts
amost no direct influence on the IR spectrum of the
symbiotic nova.

We have derived the parameters of the dust envelope
and stellar wind fromV 1016 Cyg using new a gorithms
and a code for computing radiative transport and dust
dynamics. Our results based on independent observa-
tional data are in good agreement with earlier studies.
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Abstract—The evolution of arotating main-sequence star with amass of 16M, isstudied. Theflow of material
inthe radiative envel opeisturbulent. When the exchange of energy and chemical elementsistaken into account,
this turbulence transfers helium and momentum from the convective core to the radiative envel ope. The helium
content at the stellar surface is enhanced toward the end of the evolution on the main sequence by 0.006-0.306,
depending on the character of the star’sinitial rotation and the horizontal coefficient of the turbulent viscos-

ity. © 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Spectroscopic studies of stellar atmospheres have
shown that their helium content increases with the age
of the starsin some open clusters [1-3], aswell aswith
the ratio of the linear velocity of the stellar rotation at
the equator to the critical velocity [4-6]. The critical
velocity is defined here as the velocity of rotation at
which material begins to flow outward from the equa-
torial region. Theincrease in the helium contentsin the
atmospheres of binary components with their ages may
be even stronger than in the case of isolated stars [7].

The production of helium in a massive main-
sequence star (M = 10Mp) is the result of hydrogen
burning in its central region. The enhanced helium con-
tentsin the atmospheres of massive stars testify to pos-
sible partial mixing of materials of the outer stellar lay-
ers, whose chemical composition is specified by the
properties of the protostellar material, and inner layers,
whose chemical composition has been changed by
nuclear reactions in the stellar core.

Under the standard assumption of spherical symme-
try in the absence of rotation and magnetic fields, com-
plete mixing takes place in a massive main-sequence
star only in its central region, the convective core. On
the other hand, partial mixing can occur in the layer of
variable chemical composition adjacent to the convec-
tive core if the conditions for semiconvection are satis-
fied [8, 9]. No processes able to transport material
through the radiative envel ope, whose mass represents
a substantial part of the stellar mass, are known in the
framework of standard, spherically-symmetric models.

One basic and well-observed property of stars is
their rotation. Flows of matter in rotating stars are sub-
ject to anumber of instabilities, whose onset could lead
to partial mixing of material inthe stellar interiors[10].
We note here first and foremost the shear instability,

since it can develop on a dynamic time scale, creating
turbulencein the flowsin rotating stars. Stratification of
the stellar material makes the turbulence anisotropic
[11, 12]. Shear flows in horizontal planes (surfaces of
constant pressure) arise due to the transport of angular
momentum through these surfaces by meridional circu-
lation. The viscosity of the stellar material could prove
to be insufficient to suppress horizontal turbulent flows
[13]. Vertical shear flows can be produced during the
formation of the star, as a result of the evolutionary
expansion/compression of various stellar layers, and
also during the transfer of angular momentum by verti-
cal meridional circulation. However, the development
of vertical turbulence can be suppressed by powerful
buoyancy forces in the convective, unstable layers of
the star. Energy exchange between a turbulent element
and the surrounding medium decreases the stabilizing
action of the buoyancy forces [14-16], and the flow of
matter in the chemically uniform radiative envel ope of
arotating star becomes turbulent [17, 18].

We shall consider inthe present paper the possibility
of partial mixing of matter in the turbulent radiative
envelope and convective core of a rotating star with
mass 16Mg in a model with anisotropic turbulence
[11], taking into account the exchange of energy and
chemical elements between the turbulent element and
the surrounding medium [19, 20].

2. THE MODIFIED RICHARDSON CRITERION

A shear flow in agravitational field should be turbu-
lent if the work required to interchange two arbitrary
fluid elements is less than the kinetic energy released
by equalizing their velocities [21]:

JAInp _ . |:q9_U|:|2
g az <R|c|:|aZ|:| ' (1)
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where Ri. is the critical value of the Richardson num-
ber, gisthefree-fall acceleration, U istheflow velocity,
and Alnp isthe difference between the densities inside
and outside the element after movement through a dis-
tancez

In the case of a medium stable to convection, a ver-
tical shift of an element is associated with work against
the gravitational force. If the excess of kinetic energy in
the flow is not sufficiently large, the vertical shear flow
will be laminar. Flow in a horizontal surface of arotat-
ing star becomes nonuniform due to the transport of
angular momentum via meridional circulation. The
gravitational force does no work when an element is
shifted horizontally. The viscosity of the stellar mate-
rial is also insufficient to stabilize the flow in the hori-
zontal direction. If we suppose that a turbulent flow
becomes laminar when the Reynolds number Re
becomes comparable to unity, for the characteristic vis-
cosities in massive stars, v, ~ 10° cm?/s, the relative
difference dQ/Q between the angular velocities of
some specified surface of constant pressure near the
pole and the equator cannot exceed ~10-'4. The hori-
zontal coefficient of turbulent viscosity v,, is consider-
ably greater than the vertical coefficientv,. Asaresult,
the turbulence aimost equalizes the angular velocity in
a horizontal surface. Therefore, the change of angular
velocity in the horizontal direction is considerably less
than in the vertical direction [11]. The angular velocity
Q of astar depends only on the average distancer to the
surface of constant pressure: Q = Q(r). Thisisreferred
to asthe stratified stellar rotation law.

Let us rewrite Alnp using the differential equation
of state

dinp = adInP + ¢dInp—odInT,

where P isthe pressure, [ isthe mean molecular mass,
T is the temperature, a = (Alnp/0InP)r,, ¢ =
(0Inp/0Inp)p 1, and d=—(0Inp/0InT)p . Next, let Hp =
—dz/dInP be the pressure scale height. Then, the Rich-
ardson criterion (1) will take the form

. U
-0, -0, <ri. 22T,

We have used the standard notation [J = din T/dInP and
0, = dInp/dInP. Primed quantities refer to the material
of the element under consideration, and nonprimed
guantities, to the surrounding medium. If the element
exchanges energy with the surrounding medium, the dif-
ference ' — [0 becomes smdller and the work required to
interchange two elements also decreases. Even if the
medium is stable in the absence of this energy exchange,
it can become turbulent when this exchange is taken
into account. On the other hand, if the mean molecular

mass of the element does not change (0, = 0) but the
chemical composition of the surrounding material var-
ies so that [J,, > 0, then interchanging elements requires
more work than in the case of auniform chemica com-

9 sy
Sol8(o -
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position. The gradient of the molecular mass stabilizes
the flow.

The exchange of energy between the element and
surrounding medium due to remission of photons can
be taken into account using the mixing-length theory
[22,23]. Theratio I of the difference between theinter-
nal energies of the element and the surrounding
medium and the energy received by the element from
the surrounding medium during itslifetime isrelated to
the adiabatic temperature gradient 0, velocity v, and
sizel of the element as follows:

(0'=0) = =—=(0,-0),
_ v
r= 6K’
3
K = 4ac'|; ,
3CpP K

whereais Stefan’s constant, cisthe speed of light, ¢ is
the specific heat capacity at constant pressure, and K is
the opacity. Taking into account energy exchangeinthe
layers with uniform chemical composition, the Rich-
ardson criterion takes the form

I gd
r+1Hp

In the absence of energy exchange, I — oo, /(I +
1) — 1, and we obtain the classical Richardson crite-
rion [21]. On the other hand, if the energy exchangeis
fairly intensive, thenl” < 1,T/(I + 1) =", and the work
required to interchange the elements decreases [11]:

[@UD

We will cal the state of the medium when the work
required to interchange two elementsis exactly equal to
the kinetic energy released when their velocities are
equalized the “state of moderate turbulence” Taking
v, = vl/3, we obtain from (2) for the state of moderate
turbulence

U

F(0a—0) <Ricgs"g .

Fga(D -0)<Ri

Hp K [@UD
°gd0,-00az0

The turbulence will be suppressed in a layer with vari-
able chemical compositionif thework requiredto inter-
change two elements is greater than the kinetic energy
released when their velocities are equalized:

g0l u [@UD
™ >R|CDa 4)

Here, we have assumed that the chemical composition

of the turbulent medium does not change.

Our calculations of the evolution of arotating main-
seguence star with mass 16M, showed that, when the

v, = 2Ri, 3)
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energy exchange is taken into account, the turbulence
encompasses dl layers of the star from the initial bound-
ary of the convective core to the surface [18]. The coeffi-
cient of turbulent viscosity, defined by (3), takes on the
approximately constant valuev,, = (2 —4) x 107 cm?/s over
the entire turbulent envelope, and, by the end of the
main-sequence evolution, the angular velocity of rota
tion at the base of the turbulent envelope exceeds the
corresponding surface velocity by afactor of 2.1-2.2in
al cases considered. The gradient of the molecular
mass in the layer between the current and initial posi-
tions of the boundary of the convective core stabilizes
the flow, so that turbulence does not develop in this
layer. Therefore, the turbulence transfers angular
momentum from inner to outer layers of the star. The
radial distribution of chemical elements is determined
by the nuclear reactions and mixing of material in the
convective core.

Variations in the mean molecular mass of a rising
element can be produced by horizontal exchanges of
material with the surrounding medium due to anisotro-
pic turbulence [19]. The mean molecular mass of an
individual element can change due to the disruption of
some elements and formation of others from “pieces’
of material with different molecular masses [20]. By
introducing the quantity I", in the same way asin mix-
ing-length theory, we can obtain [19]

vl My

I'“=6—Vh and Du—Dpz—r“_'_l

O,.
In this case, the exchange of energy between the ele-
ment and surrounding medium occurs not only viathe
remission of photons, but also due to turbulence in the
horizontal plane, so that

vl

F = KV

The Richardson criterion then takes the form

2

r_92 Ay
cpz0 -

F+1H,

My g ;
(O0,-0)+ e 1HPD“ <RI
If M, —= o, then r/ry+1)—1, and we obtain the
previous restriction (4) for the onset of turbulencein a
layer with variable chemical composition. On the other
hand, if I, <1, then T /(T , + 1) =T, so that lesswork
is required to interchange two small elements. For the
same excess kinetic energy in the flow, turbulence will
develop due to elements with small sizes. The mini-
mum size of such elementsisrestricted by the viscosity.
The turbulence should not be suppressed if

4> Re,, (©)

m
where Re, is the critical Reynolds number. To estimate
the viscosity of the stellar materia v,,, we use here the
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following expression for a completely ionized hydro-
gen plasma[10, 24]:
_12mpA(kT)>?
" P 5e'InA
A - §e_3 My k3T3D112
2 U mp O
where my, is the proton mass, e is the electron charge,
and k is Boltzmann's constant.
In the case of anisotropic turbulence, v, < v,and we

obtain from (5) for the state of moderate turbulence:
(0U/92)°

98(0.-0) , g¢0,’
Hro K+v, Hpv,

v, = 2Ri, )

3. BASIC EQUATIONS

In the case of dtratified rotation, divU = 0. We can
use the Boussinesq approximation to describe the tur-
bulent stress [25]. Then, the motion of material in the
rotating star will be described by the Reynolds equa
tion:

p‘:j—LtJ = pg—gradP + div(2pv,9),

where S is the deformation-rate tensor for the mean tur-
bulent flow, v; is the coefficient of turbulent viscosity, and
P isthe pressure of an ideal gaswith radiation. The turbu-
lent pressure in the subsonic flow can be neglected.

Let us introduce the spherical coordinate system
(r, ©, ¢), whose center is coincident with the center of
the star and whose polar axis is coincident with the rote-
tiond axis. Then, the ¢ component of the Reynolds
equation [10]

A(pw’Q) _
ot

describes transfer of angular momentum in the radial
direction. Considering the material in a main-sequence
star in a two-component approximation, we can write
the transfer equation for the concentration X of hydro-
genintheradia direction [25]

div(pw’v, grad Q) (8)

‘% = div(pDgrad X). ©)

In (8) and (9), wisthe distance from the rotational axis
and D isthe coefficient of turbulent diffusion.

The r and 6 components in the Reynolds equation
describe the influence of the centrifugal force on the
mechanical equilibrium of the star. In the particular
case when the stellar rotation does not appreciably dif-
fer from rigid-body rotation, the action of the centrifu-
gal force can be taken into account via correction fac-
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Fig. 1. Distribution of physical parameters in the turbulent
radiative envelo;l:)e of astar with mass 16M, for the case of
(a®, vp) = (2, 10'% and ahydrogen content in the convective
core X, = 0.1: the viscosity v, in cm</s (solid curve), Rey-
nolds number Re (dashed curve), mixing-length theory
parameter ' (dot—dash curve), and ratio of the coefficients
of turbulent viscosity in the vertical and horizontal direc-
tionsv,, /vy, (dotted curve).

tors in the mechanical-equilibrium and radiative-diffu-
sion equations. These correction factors are calculated
using the Clairaut—L egendre theory described in [18].

We calculated the evolution of arotating star in the
standard way. All physical variables are treated as func-
tions of the mean distancer from the center to asurface
of constant pressure. Thus, the evolution of a rotating
star can be calculated in a one-dimensional approxima-
tion [18, 26]. We computed the stellar structure using
the software of Paczynski [27], modified to take into
account the centrifugal force[18]. The evolutions of the
distributions of the angular velocity Q(r) and hydrogen
content X(r) are described by (8) and (9), taking into
account the burning of hydrogen in nuclear reactions.
We take the fluxes of the angular momentum and
hydrogen concentration at the center and stellar surface to
be zero. The turbulent viscosity v, is determined by (7) if
condition (6) is satisfied and is zero otherwise. We
adopted the form v, = v /3 for the turbulent viscosity
in the convective core, where the velocity v, and sizel,
of a convective element are determined from the mix-
ing-length theory [22, 23]. All the calculations were car-
ried out with the turbulent Schmidt number Sc,= v, /D
equal to unity. The critical Richardson number Ri, was
taken to be 1/4 [28].

4. HELIUM TRANSPORT
IN THE RADIATIVE ENVELOPE

We considered three cases of evolution of astar with
mass 16 M, during the stage of hydrogen burning at its
center: (a° vy) = {(1, 100, (2, 10'9), and (1, 10'?)}.
Here, a’ istheratio of the angular velocities of the con-
vective core displaying rigid-body rotation and the stel-

STARITSIN

lar surface in a chemically-uniform, zero-age model.
Thevauea® = 1 correspondsto the case of initial rigid-
body rotation. When a® = 2, we specified a linear
decrease of the angular velocity Q(m) as a function of
the current mass mfrom the boundary of the convective
core to the stellar surface. The angular velocity of the

surface in the zero-age model QY was taken to be

5.72 x 10 s~ in al cases. Thisangular velocity corre-
sponds to a linear rotational velocity of ~200 km/s at
the surface at the equator. We assumed that the coeffi-
cient of horizontal turbulent viscosity v, [cm?/s] is
independent of the position in the turbulent envelope
and of time. We took the chemical composition at the
beginning of the evolution to be similar to the solar
composition: (X, 2)° = (0.75, 0.02), where Z is the
heavy-element content.

Typica viscodties in the radiative envelope of a star
with mass 16 M, are 200-1000 cm?/s and do not apprecia
bly change during the main-sequence evolution. With
such viscosities, the Reynolds number in the radiative
envelope is in the range 4 x 10*-10° (Fig. 1). These
large Reynolds numbers reflect the fact that the buoy-
ancy forces considerably exceed the viscous forces in
the stellar material. The viscosity cannot suppress tur-
bulence in the radiative envelope of the star. The mix-
ing-length theory parameter I' does not exceed 103 in
the turbulent radiative envelope (Fig. 1). With such val-
ues of I, turbulence does not contribute to the energy
transport in the radiative envelope [23]. Theratio of the
coefficients of turbulent viscosity in the vertical direc-
tion, calculated using (7), and in the horizonta direc-
tion v, /v,, < 1 turns out to be considerably less than
unity (Fig. 1); i.e, the criterion for the applicability of
(7) is satisfied. The rotating main-sequence star with
mass 16M, iscomposed of a convective core, semicon-
vective zone, and turbulent radiative envelope. We took
the diffusion coefficient in the semiconvective zone to
be 108 cm?/s[29, 30].

The coefficient of turbulent viscosity v, increases
from ~3 x 10° cm?/s at the base of the turbulent enve-
lopeto (1-10) x 10® cm?/s near the stellar surface (Fig. 2).
The smaller values of v, at the base of the turbulent
envelope are associated with the larger gradient of the
molecular mass and, consequently, the smaller charac-
teristic scalesfor turbulent elementswhose interchange
requires work egual to the released kinetic energy.

The turbulence transfers angular momentum out-
ward from the convective core. As aresult, the angular
velocity of the convective core decreases as the star
evolves on the main sequence (Fig. 3). The decreasein
the rotational velocity in the turbulent layers is associ-
ated with their motion from the center of the star due to
the usual nuclear evolution of central parts of the star.
A final increase in the rotational velocity of the inner
layers of the star results from their compression upon
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Fig. 2. Distribution of the coefficient of turbulent viscosity
inthe vertical directionv,, in the convective core and turbu-
lent radiativeenvelo?eof astar with mass 16M, for the case
of (a’, vy = (2, 10'°%) and several values of the hydrogen
content at the center: 0.6 (solid curve), 0.4 (dashed curve),
0.2 (dot—dash curve), and 0.0 (dotted curve).

the completion of hydrogen burning in the convective
core.

The evolution of the distribution of the hydrogen
content in the turbulent envel ope depends both on the
horizontal coefficient of turbulent viscosity v, and the
extent to which the rotation is differential in the zero-
age model (Figs. 4 and 5). Turbulence transfers hydro-
gen from the radiative envel ope to the convective core.
As aresult, the amount of hydrogen burned in nuclear
reactions in rotating main-sequence stars proves to be
greater than under the standard assumption of spherical
symmetry without rotation. The products of nuclear
burning are carried out from the convective core by tur-
bulence and distributed over the turbulent radiative
envelope.

The increase in the helium content in the turbulent
radiative envelope increases its transparency, which, in
turn, allows a greater energy flux from the central
regions. The mass of materia for which the condition
of convectiveinstability is satisfied in the central part of
the star will be greater than in the spherically symmet-
ric case. As aresult, when v;, = 10'° cm?/s, the mass of
the convective core decreases in the course of its evolu-
tion less rapidly than in spherically symmetric models
(Figs. 4aand 5b). Moreover, the mass of the convective
coreincreaseswhen vy, = 10'>2cm?/s (Fig. 4b). There are
no jumps in the distribution of the hydrogen content at
the boundary of the convective core in this case, since
shear turbulence in the radiative envel ope and semicon-
vection transfer hydrogen from adjacent layers to the
convective core. This action of mixing processesin the
radiative envel ope on the mass variationsin the convec-
tive core during the evolution of the star also promotes
an increase in the amount of hydrogen burned in
nuclear reactions on the main sequence. The increased
energy flux also promotes the onset of semiconvection
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Fig. 3. Distribution of the angular velocity Q in a star with
mass 16M for (o, v, = (2, 10'%) and several central
hydrogen contents: 0.6 (solid curve), 0.4 (dashed curve),
0.2 (dot—dash curve), and 0.0 (dotted curve).

in layers near the convective core. On the other hand,
the more uniform hydrogen distribution established by
turbulent transport hinders realization of these condi-
tions. As aresult, the mass involved in semiconvection
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Fig. 4. Distribution of hP/drogen in a star with mass 16M,
for (@) (a’, vy = (1, 10™%) and (b) (a°, vy = (1, 10'%) and
several values of the central hydrogen content: 0.6 (solid
curve), 0.4 (dashed curve), 0.2 (dot—dash curve), and
0.0 (dotted curve).
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Fig. 5. (a) Distribution of hydrogen in a star with mass
16M, for (a®, vy = (2, 10'%) and several central hydrogen
contents: 0.6 (solid curve), 0.4 (dashed curve), 0.2 (dot—
dash curve), and 0.0 (dotted curve). (b) Distribution of
hydrogen in a star with mass 16M, by the end of its main-
sequence evolution for models without rotation and initial
hydrogen contents X° = 0.75 (dot—dash curve) and X° = 0.65
(dashed curve) and also for the case (a’, vy,) = (2, 1019) (dot-
ted curve). The variations of the boundary of the convective
core on the main sequence for (a, vy, = (2, 10'%) are shown
by the solid curve.
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Fig. 6. Luminosity of a star with mass 16M, as a function
of hydrogen content in the convective core for (a’, v;) =
(1, 1019 (dashed curve), (a°, v;) = (2, 10'%) (solid curve),
(a°, v) = (1, 10'?) (dot—dash curve), and the case without
rotation (dotted curve).
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isless than ~0.1M when v, = 10'° cm?/s. When v, =

102 cm?/s, the conditions for semiconvection propa-
gate outward as the star evolves and encompass layers
with mass ~1M, by the final stage of central hydrogen
burning.

The helium mass content in the stellar atmosphere
Y, increases with time due to partial mixing of material
in the turbulent radiative envel ope and convective core.
The final increase in the helium content AY; in the
atmosphere of a star with mass 16M, during its main-
sequence evolution can reach values from 0.006 to
0.306 in the cases considered, with this increase
depending on both therotational state at thetime of for-
mation of the star and the horizontal coefficient of tur-
bulent viscosity.

The increase in the transparency of the radiative
envelope due to the inflow of alarge amount of helium
due to turbulent mixing affects the total luminosity and
radius of the star. The greater the flux of helium from
the convective core to the radiative envelope, the more
pronounced the increase in the luminosity of the star
during its evolution on the main sequence (Fig. 6). The
increased helium content at the base of the turbulent
envel ope can be approximately described as an outward
shift of the layer with variable chemical composition.
Thisshift resultsinanincreaseinthestellar radius[31],
independent of the reasons for its occurrence. On the
other hand, the increase in the helium content in the
entire envel ope leads to a decrease of the stellar radius.
Finally, the transfer of angular momentum from inner
to outer layers of the star enhances the action of the
centrifugal force on the surface layers, increasing the
stellar radius. Thus, the evolutionary change of the stel-
lar radius compared to spherically symmetric models
varies with the helium flux from the convective core to
the radiative envelope. The stellar radius increases
more rapidly than in spherically symmetric models,
especialy when the helium flux is large. However, if
the helium flux increases further, the evolutionary
increase in the stellar radius becomes less than in the
spherically symmetric case (Fig. 7).

The differences in the evolutionary changes of the
luminosities and radii of rotating stars with partial mix-
ing and transfer of momentum in their turbulent radia-
tive envel opes compared to the spherically symmetric
case is also reflected in their evolutionary tracksin the
Hertzsprung—Russell diagram (Fig. 8). The stronger
growth in the luminosity and radius of the rotating stars
increases the width of the main sequence. This broad-
ening of the main sequence in models with turbulent
mixing in the radiative envelope is limited: as the flux
of helium from the convective core to the radiative
envelope increases, the evolutionary variations of the
radius of the rotating star become smaller than in the
spherically symmetric case, and, when the hydrogen in
the convective core is depleted, the star moves upward
along the main sequence in the Hertzsprung—Russell
diagram (see case (1, 10'?) in Fig. 8).

ASTRONOMY REPORTS Vol. 45 No.6 2001



PARTIAL MIXING OF MATERIAL 473

RIRo

Fig. 7. Radius of a star with mass 16M, as function of the
hydrogen content in the convective envelope for (a®, Vp) =
(1, 10'%) (dashed curve), (@°, vy, = (2, 10'%) (solid curve),

(@, vy, = (1, 10'?) (dot—dash curve), and the case without
rotation (dotted curve).
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Fig. 8. Evolutionary tracks of a star with mass 16M, for
(@, vp) = (1, 10'%) (dashed curve), (a’, vy, = (2, 10'9) (solid

curve), (a’, vy = (1, 10'?) (dot—-dash curve), and the case
without rotation (dotted curve).
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Fig. 9. Evolution of thelinear velocity of rotation at the sur-
face of a star with mass 16M, at the equator for (a°, v;) =
(1, 10'%) (dashed curve), (a°, vpy) = (2, 10'%) (solid curve),
and (a®, v) = (1, 10'?) (dot—dash curve).
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The main-sequence lifetime is proportional to the
mass of hydrogen burned in nuclear reactions in the con-
vective core, and is inversely proportiona to the stellar
luminosity. Thetotal main-sequencelifetime of astar with
mass 16M, increases by ~30, ~50, and ~70% for the
cases (1, 10'9), (2, 10'9), and (1, 10'2), respectively, com-
pared to the results of calculations assuming spherical
symmetry.

The evolution of thelinear velocity of rotation at the
stellar surface (Fig. 9) depends on both the transfer of
angular momentum from inner to outer layers and the
flux of helium from the convective core to the radiative
envelope. This occurs because the variations in the
transparency of the envelope exert a considerable influ-
ence on evolutionary variationsin the stellar radius.

5. CONCLUSION

The influence of rotation on the evolution of a star
with mass 16M, is associated primarily with mixing of
material from the outer layers of the star, characterized
by the chemical composition of the protostellar mate-
rial, and from the central regions, whose chemical com-
position has been changed by nuclear reactions. Such
mixing takes place due to the turbulent character of the
flows in the radiative envelope of the rotating star. This
turbulence transfers angular momentum and the prod-
ucts of nuclear reactionsfrom the convective coreto the
outer layers. On the other hand, the energy transferred
by the turbulence is negligible compared to that trans-
ferred by radiative diffusion. The mixing increases the
helium content in the radiative envel ope, which, conse-
guently, increases the stellar luminosity. The mass of
hydrogen burned in the convective core on the man
sequence, the duration of main-sequence evolution, and
the mass of the helium core produced at the center of the
star by the end of its main-sequence lifetime are greater
than in calculations of the evolution of spherically sym-
metric, nonrotating stars. The evolutionary changes of the
stellar radius compared to those in models without rota-
tion depend on the rate of transfer of helium to the tur-
bulent radiative envelope in a nonmonotonic fashion.
When thisrate is small, the growth in the stellar radius
in the course of hydrogen burning is stronger than in
models without rotation. On the other hand, when the
rate of helium transfer is large, the growth in radiusis
less pronounced than in models without rotation. This
limits the broadening of the main sequence in the
Hertzsprung—Russell diagram, in contrast, for example,
to models in which convective elements penetrate
beyond the boundary of the convective core[32, 33]. As
aresult of turbulent mixing in the radiative envelope,
the helium content in the atmosphere of a star with
mass 16M, increases during its main-sequence evolu-
tion. The concentrations of CNO-cycle elementsin the
stellar atmosphere should also vary with time. A similar
action of rotation on the evolution of massive stars was
established in [34]. On the other hand, the influence of
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the centrifugal force on the stellar structure for the
characteristic rotational speeds of massive stars is neg-
ligible.

Increases in the accuracy of fundamental stellar
parameters associated with the use of CCD matrices,
refined models of hydrogen and helium atomsand ions,
and the development of non-LTE models for stellar
atmospheres have enabled the detection of discrepan-
cies between the predictions of the standard theory of
stellar evolution, which assumes spherical symmetry,
and the results of spectral observations. The masses of
stars determined from spectral analyses are always sys-
tematically lower than those derived from theories of
the evolution of spherically symmetric, nonrotating
stars[4]. This same result was obtained earlier for stel-
lar masses derived from the theory of stellar winds[35].
When rotation is taken into account, the stellar evolu-
tion occurs at higher luminosities. In other words, a
given luminosity corresponds to stars with smaller
masses than in models without rotation. Taking into
account mixing associated with the rotation opens pos-
sibilities for finding agreement between the stellar
masses determined from spectral analyses and stellar-
wind theory, on the one hand, and evolutionary masses,
on the other. Including these processes also enables us
to explain the time variations of the helium content in
the atmospheres of massive stars. The overall influence
of rotation on the evolution of a massive star depends
on both the character if its rotation after its formation
and the parameters of the turbulent viscosity in the hor-
izontal direction. These conditions can be studied on
the basis of meridional-circulation theory.
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Abstract—M easurements of the general magnetic fields of active, late-type stars obtained with the 2.6-m Shain
telescope of the Crimean Astrophysical Observatory are reported. Statistically significant values of the mag-
netic fields of e Eri and 61 Cyg A have been detected. The magnetic fields range from —10 to 21 G. The mag-
netic-field values for € Eri and 61 Cyg A exceed the solar field by an order of magnitude; € Eri is more active
than the Sun, while 61 Cyg A has approximately the same activity level asthe Sun. There is some evidence for
variations in the genera magnetic fields of these stars associated with their axial rotation. © 2001 MAIK

“ Nauka/Interperiodica” .

1. INTRODUCTION

The activity of late-type stars has been well studied,
and observational data for over two thousand active,
late-type stars have been obtained. An analogy between
the activity of such stars and solar activity was recently
established, based on a number of observational facts.
For example, the x-ray luminosity of these stars
depends on their angular velocity [1], providing evi-
dence that their x-ray emission is generated by pro-
cesses similar to those associated with solar activity.
Observations in the chromospheric ionized calcium
line carried out over several decades showed that a
large fraction of active, late-type stars display a long-
term cyclic variability similar to that of the Sun [2].
Drawing an analogy with the Sun has also been fruitful
in describing the spots on red dwarfs [3]. Moreover,
certain common features were detected for short-lived
stellar and solar flares [4].

The magnetic fields of spots and active regions play
the determining role in the physical processes in the
Sun responsible for solar activity. On the other hand,
information about strong, local magnetic fieldsaloneis
insufficient to describe the global magnetic-field struc-
ture and long-term variations similar to the magnetic
solar cycle and data on large-scale magnetic fields are
also necessary.

Studies of the magnetic field of the Sun asastar (the
so-caled general magnetic field) conducted at the
Mount Wilson, Stanford, and Crimean Astrophysical
Observatories have shown that the general field has a
number of properties that enable usto consider it aspe-
cial large-scale characteristic of solar magnetism. The
structure of the magnetic fields of active late-type stars
seemsto be similar to that of the solar field. Thisiscon-
firmed by the parameters of the local magnetic fieldson
such stars obtained spectroscopically [5-14].

Measurements of the magnetic fields of late-type
active stars via Zeeman polarimetry and of the mag-
netic field of the Sun as a star yield the intensity of the
longitudinal component of the magnetic field averaged
over the surface, which is usually called the general
magnetic field [15]. The general magnetic field of the
Sun is quite small (dlightly over 1 G at activity maxi-
mum [15]), and itsrolein the processes responsible for
activity isnot asimportant astherole of local magnetic
fields. Nevertheless, there is evidence that the large-
scale magnetic field is a considerably more important
factor in the activity of some active, late-type stars than
in the case of the Sun [16]. For this reason, investiga-
tions of the large-scale magnetic fields of active, late-
type stars are of considerable interest.

Unfortunately, it is quite difficult to measure the
large-scale magnetic fields of such stars. First, the mag-
netic fields of active regions can make a substantial
contribution to the measured magnetic fields of stars
more active than the Sun. Second, a pure dipolar large-
scale field can be observed on active, late-type stars
very rarely, for example, at certain fixed phases of the
stellar cycle. Moreover, observations must take into
account the fact that deviations from the dipolar struc-
ture of the large-scale magnetic field can be substantial
due to the arbitrary angles between the rotational axis,
magnetic axis, and the line of sight to the observer.
Therefore, the sinusoidal behavior of the general mag-
netic field as a function of the stellar-rotation phase
cannot be expected a priori. Finaly, the accuracy
required to carry out such measurements is several G.
Asaresult, until recently, only afew statistically signif-
icant measurements had been made [17-20]. Magnetic
fields similar to the general magnetic field of the Sun
were not detected on these stars.

On the other hand, measurements of the magnetic-
field intensity on § Boo A revealed variations in the

1063-7729/01/4506-0475%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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Table 1. Spectral lines used in the magnetic-field measurements

No. A Celhgm;?j Multiplet NN C&?{'O%U' Oest X Ori |EBooA| €Eri [61CygA
1 2 3 4 5 6 7 8 9 10 11
1 6200.313 Fel 207 2-3 SF=3F 1.510 X X X X
2 6213.430 Fel 62 1-1 5P-°D 2.000 X X X X
3 6213.866 Vi 20 9/2-9/2 5D-SF 1.470
4 6215.144 Fel 1018 2-3 -G 0.850 X X
5 6216.354 Vi 19 5/2—7/2 5D-5D 1.440
6 6219.281 Fel 62 22 5P-°D 1.660 X X X
7 6224.529 Vi 20 712—7/2 5D-SF 1.430 X
8 6226.736 Fel 981 34 3D-°F 1.350 X X
9 6229.228 Fel 342 1-1 3P—3D 0.990 X
10 6230.723 Fel 207 44 SF=3F 1.240 X X
11 6232.641 Fel 816 2-1 5P-°D 1.990 X X X
12 6233.164 Vi 20 5/2-5/2 5D-SF 1.470
13 6237.319 S| 28 1-2 SD-2F 0.750* X X X
14 6238.392 Fell 74 3/2-3/2 D-AP 1.460 X X
15 6244.466 S| 27 22 SpD-1D 1.083* X
16 6246.319 Fel 816 33 5P-°D 1.580 X X X X
17 6247.557 Fell 74 5/2-3/2 D-AP 1.030 X X
18 6251.827 Vi 19 712—7/2 5D-%D 1.570 X
19 6252.555 Fel 169 6-5 SH-3G 0.950 X X X
20 6254.258 Fel 111 2-1 Sp-sp 1.510 X
21 6256.887 Vi 19 5/2-5/2 5D-%D 1.620 X
22 6258.102 Til 104 34 -G 1.000 X X
23 6258.706 Til 104 4-5 -G 1.110 X
24 6261.098 Til 104 2-3 -G 0.830 X X
25 6265.134 Fel 62 33 5P-°D 1.580 X X X
26 6266.307 Vi 20 5/2-3/2 5D-SF 2.050 X

Lande factors taken from [25] are marked by asterisks.

field asafunction of the axial-rotation phase [21], mak-
ing it possible to begin measurements of the general
magnetic fields of solar-type stars. Such observations
are of considerable interest, even if they can be carried
out for alimited number of such stars.

The aim of the present study wasto try to detect the
general magnetic fields of starswhose levels of activity
are higher than (e.g., € Eri and x! Ori) or closeto (e.g.,
61 Cyg A) that of the Sun.

2. APPARATUS AND OBSERVATIONS

The observations were carried out using a modified
Zeeman analyzer mounted at the Coudé focus of the
2.6-m Shain telescope of the Crimean Astrophysical
Observatory. Circular polarization was recorded in the
profiles of spectral lines, providing measurements of
the longitudinal component of the magnetic field aver-
aged over the entire observable disk.

The entrance A/4 plate was rotated through 90°
before each exposure, so that spectrawith different circu-
lar polarizations were projected onto the same location on

a CCD. This method for measuring the magnetic field
enabled usto achieve a considerable increase in the mea-
surement accuracy (for more detail, see[20]).

The observations were conducted at 62006260 A.
The reciprocal dispersion was 3 A/mm, and the resolu-
tion was about 30000. The signal-to-noise ratio for
the spectra varied from 300 to 450. Preliminary reduc-
tion of the spectrawas carried out using standard meth-
ods and the SPE software developed at the Crimean
Astrophysical Observatory by S.G. Sergeev and
V.V. Rumyantsev.

For our magnetic-field estimates, we selected lines
freefrom blending and with depths exceeding 10%. For
this purpose, we calculated synthetic spectra for each
star using the MERSEN software [22, 23] and the
VALD database [24]. The characteristics of spectral
lines taken from the VALD database and used for our
magnetic-field calculations are presented in Table 1.
The columns give a line's (1) identification number,
(2) wavelength, (3) corresponding chemical element,
(4) multiplet number, (5) quantum transition, (6) con-
figuration of thistransition, and (7) Landé factor. There
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were no Landé factors for two linesin the VALD data-
base, and we adopted values from the tables of Beckers
[25] (marked by asterisksin Table 1). The crossesin the
four last columns (8-11) indicate the lines used to cal-
culate the magnetic fields of the stars x! Ori, & Boo A,
e Eri, and 61 CygA.

3. CHARACTERISTICS OF THE ACTIVITY
OF THE STUDIED STARS

Such manifestations of the magnetic fields of solar-
type stars as chromospheric and coronal activity have
been widely studied. Observations conducted at the
Mount Wilson Observatory over two decades (1976—
1995) for over 100 early F to late K dwarfs and sub-
giants showed that the character of the variable emis-
sion at the centers of theH and K linesof Call iscyclic
for some stars, and similar to the 11-year solar cycle.
The variations in the Ca ll H and K emission of other
stars are irregular, while this emission is constant for a
third group of stars [2]. The stars with irregular vari-
ability are characterized by greater chromospheric
emission in the Call H and K lines compared to stars
displaying cyclic variability or aconstant level of emis-
sion[26, 27]. Intheir analysis of the x-ray flux detected
from 0.1 to 2.4 keV by the ROSAT satellite during its
all-sky survey, Hempelmann et al. [28] found that the
average x-ray fluxes for these three groups of stars dif-
fer by an order of magnitude, with the stars with irreg-
ular variability in their Call H and K emission having
the largest x-ray fluxes.

We carried out magnetic-field measurements for
two stars with chromospheric and coronal activity lev-
els exceeding the solar level (x! Ori and & Eri) and for
one star whose activity level is close to that of the Sun
(61 CygA). We shall compare our magnetic-field mea-
surements for these stars with the characteristics of the
general magnetic field and activity level of & Boo A.

The star £ Boo A (HD 131156A, G8V) is a visua
binary system whose components have the masses 0.85
and 0.72Mg [29-31]. Its chromospheric activity is
higher than average [2] and has an irregular character
with a variability timescale of severa years (see Fig. 1
in [32]). The x-ray flux exceeds the solar value by
amost two orders of magnitude (see Table 3 below).
Studies taking into account the effects of radiative
transport indicate that about 18% of the stellar surface
is covered by magnetic fields and the field intensity in
activeregionsis 1900 G [7, 11].

On the other hand, x' Ori (HD 39587, GOV) is a
spectroscopic binary with an orbital period of 14.2 +
0.06 yr. The mass of the secondary is0.15 £ 0.01Mg,
and its brightness is less than V = 8.8 [33]. Therefore,
only the main component of the system can be detected
in the spectrum. Thisis an active and quite young star,
whose ageis 6 x 10% yr [34]. Its chromospheric activity
exceeds the average level and has an irregular charac-
ter [2]. The x-ray flux is almost two orders of magni-
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The dependence of the intensity of the generd magnetic field
of £ BooA onitsaxia-rotation phaseisdrawnin thetop pandl.
The measurements of Borra et al. [18] are marked by the
filled triangles, the single measurement of Brown and Land-
street [17] by the cross, the Stokes-meter measurements of
Hubrig et al. [19] by thefilled circles, and the measurements
of Plachinda and Tarasova [21] by the filled squares. The
hollow symbols refer to measurementsthat are not in agree-
ment with the phase curve. The plot in the bottom panel con-
tains only the measurements of Plachindaand Tarasova[21].

tude higher than the solar value [28]. Savanov and
Savel’ eva[14] estimated the magnetic flux from active
regions (i.e., the magnetic-field intensity multiplied by
the fraction of the stellar surface covered by this field)
to be fB = 3590 = 870 G.

€ Eri (HD 22049, K2V) is an active dwarf with
strong Call H and K emission. Its rotational period is
11.68 d [35]. The Call H and K emission is character-
ized by long-term chaotic variability with a weakly
expressed five-year cycle [36]. The x-ray flux exceeds
the solar value by over an order of magnitude [28].
Danks and Lambert [37] found some evidence for rota-
tional modulation of the equivalent width of the He |
D3line (5876 A), whose 11.3-d period agrees well with
the rotational period derived from variations of the
Call Hand K emission (see Table 3 below). Theintensity
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of thelocal magnetic fields on this star derived from spec-
troscopic observationsis B = 1440 G, and the fraction of
its surface covered by magnetic fieldsisf = 8.8%[12].

Finaly, 61 Cyg A (HD 201091, K5V) is one com-
ponent of a visual binary. This star possesses a lower
level of chromospheric and coronal activity than the
other stars described above. The observed variability of
the Ca ll H and K emission demonstrates a clearly
expressed activity cycle with a 7.3-yr period. During
the observations, the star was at its activity minimum
[2]. The Call H and K and x-ray fluxes are approxi-
mately equal to the solar values (see Table 3 below).
According to [38], 25-30% of thetota stellar surfaceis
covered by spots and theintensity of the magneticfields
in active regions were 2660 and 3240 G. Savanov and
Savel’ eva[39] estimated fB = 1300 + 250 G. However,
subsequent studies of the local magnetic fields taking
into account radiative transport yielded infrared filling
factors of 2-3% and magnetic-field intensities of about
2-3 kG for stars similar to 61 Cyg A [12].

We determined the radia velocities for 61 Cyg A at
seven epochs over August 1-8, 1998. The average
radial velocity was—65.32 + 0.16 km/s. A Th-Ar lamp
spectrum was used as a laboratory reference for the
wavelength scale. Reduction to the barycenter of the
solar system was carried out with accuracy better than
1m/s.

4. OBSERVATIONAL RESULTS
AND DISCUSSION

The genera magnetic-field intensities we derived
for the stars listed above and the corresponding results
of other authors are presented in Table 2. By analogy
with the Sun, we will call the measured intensity of the
longitudinal component of the magnetic field averaged
over the stellar surface the general magnetic field. The
columns of Table 2 give the (1) name of the star, (2)
observation date, (3) corresponding Julian date, (4)
intensity of the general magnetic field, (5) rmserror in
the field measurement, (6) ratio of the magnetic-field
intensity to thermserror (if thisratio =2), and (7) num-
ber of individual magnetic-field measurements for the
specified star on the specified date. Table 2 also pre-
sents the magnetic-field intensity estimates of Borra
et al. [18] and Brown and Landstreet [17].

Sincethere are no previous dataon the general mag-
netic fields of active, late-type stars, our results can be
compared only with the characteristics of the genera
magnetic fields of the Sun and of & Boo A, described by
Plachinda and Tarasova [21]. The general magnetic
field of & Boo A as a function of the phase of its axial
rotation is shown in the figure. All available measure-
ments of the magnetic field of this star are presented in
the top panel. The average errors of the magnetic-field
measurements of various authors at various epochs are
indicated by the vertical bars. Our magnetic-field mea-
surements in 1998 with their errors for each phase of
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the rotational period are presented in the bottom panel.
In both panels, thefieldin G isplotted along the vertical
axis and the phase of the rotational period along the
horizontal axis.

A period search was carried out using standard
methods and the ISDA software [40]. A method most
suitable for small numbers of observations was applied
[41]. The period of the rotational modulation of the
magnetic field found in thisway was 6.1455 + 0.0003 d
[21], quite close to the rotationa period of the star
derived from variations in the chromospheric emission
[35]. When calculating the phase, the date correspond-
ing to the maximum magnetic field was adopted as the
zero epoch. The hollow symbolsin the top panel of the
figure denote values that are not in agreement with the
assumed phase curve. We do not know the reasons for
these deviations. When constructing the phase curve,
they were treated as random outliers, probably reflect-
ing low quality of the corresponding measurements.
The figure shows that the general magnetic-field inten-
sities obtained by different authors are in quite good
agreement. The range of variationsin the general mag-
netic field of this star is from +30 G to —10 G. There-
fore, this magnetic field exceeds the solar field by over
an order of magnitude.

Only two measurements had been carried out previ-
ously for e Eri [18], neither of them statistically signif-
icant. In contrast, three of our nine measurements were
statistically significant. These measurements indicate
that the magnetic field of e Eri varies from —9.9 to
21.3 G; apparently, the magnetic field of this star is
variable. However, more measurements are needed to
confirm this. The activity of this star exceeds the solar
level and is approximately the same as the activity of
& BooA. The gatistically significant estimates of the gen-
eral magnetic field exceed the general magnetic field of
the Sun by more than an order of magnitude and are com-
parable with the general magnetic field of & Boo A.

Three previous measurements of the general mag-
netic field of x! Ori are available [18] (see Table 2),
none of them statistically significant. Despite our
higher accuracy, our five measurements were likewise
not statistically significant. Further studies are required
to detect possible variability in the magnetic field of
this star.

The magnetic field of 61 Cyg A was measured in
two previous studies—by Brown and Landstreet [17]
and Borra et al. [18] (see Table 2)—but none of these
measurements were statistically significant. We carried
out 15 measurements for this star, three of which were
dtatistically significant. Our series of magnetic-field
measurements for this star also provide some evidence
for variability in the general magnetic field. However,
as for the other stars discussed above, further measure-
ments are required before firm conclusions can be
drawn. The activity level of this star is lower than that
of ¢ Boo A and approximately the same as the solar
level. The gtatistically significant values of the general
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Table 2. Magnetic-field intensities
1 2 3 4 5 6 7 8
star date JD 2400000+ B., G 0,G BJo N author

€ Eri 09.09.98 51065.555 0.1 2.3 66
02.10.98 51088.565 29 2.3 64
25.10.98 51112.466 -6.3 21 3 60
15.11.98 51133.475 -54 2.7 2 60
27.12.98 51175.262 -1.9 4.7 38
28.12.98 51176.260 21.3 4.5 4.7 27
03.01.99 51182.215 -95 45 21 38
04.01.99 51183.198 -9.9 22 45 43
05.01.99 51184.222 -3.0 22 65

44918.486 -1.4 7.1 Borraet al. [18]

45291.507 4.7 10.8 Borraet al. [18]
x* Ori 16.11.98 51133.571 109 5.4 20 63
28.12.98 51175.351 1.6 4.2 61
03.01.99 51182.357 41 11.0 72
04.01.99 51183.378 -85 3.8 22 57
05.01.99 51184.381 45 49 54

44918.548 9.5 21.0 Borraet al. [18]

44925.589 4.7 6.6 Borraet al. [18]

45293.589 15 24.0 Borraet al. [18]
61 Cyg A 15.07.98 51010.343 -12.3 2.4 51 69
16.07.98 51011.324 -13.8 3.2 4.3 35
22.07.98 51017.482 3.8 15 25 96
26.07.98 51021.349 -16 18 76
01.08.98 51027.457 45 2.0 64
02.08.98 51028.449 0.6 16 58
03.08.98 51029.460 16 2.7 65
04.08.98 51030.462 -0.2 18 63
05.08.98 51031.449 -1.9 22 64
07.08.98 51033.462 7.0 25 2.8 65
08.08.98 51034.469 0.6 17 113
01.09.98 51058.262 -14 25 27
02.09.98 51059.500 31 17 112
08.09.98 51065.455 31 19 59
05.10.98 51092.331 -6.2 17 3.6 70

44035.889 14.0 14.0 Brown and
Landstreet [17]
45293.333 -9.0 40.0 Borraet al. [18]

magnetic field exceed the solar general magnetic field
by more than an order of magnitude and are compara
ble to the fields measured for § Boo A.

Table 3 presents the statistically significant mag-
netic-field values and some characteristics of the activ-
ity of the Sun and the studied stars. The columns give
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(1) the name of the star; (2) itsHD number; (3) its spec-
tral class; (4) its rotational period, derived from analy-
ses of time variations in the chromospheric-emission
index [35]; (5) the logarithm of the quantity R[]
equal to theratio of the flux in the Call H and K lines
to the total bolometric flux of the star [27]; (6) the log-
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Table 3. Activity and maximum values of the general magnetic field of the Sun and studied stars

Star HD Spectral class Pron d logRyk logL, [erg/s] Be i Be,, G
Sun G2V 26.09 —-4.901 26.70 -1.0,1.0
€ Eri 22049 K2V 11.68 —4.455 28.32 -99,21.3
)(1 Ori 39587 GOV 5.36 —4.426 29.08 -
& Boo A 131156 G8V 6.31 —4.363 28.94 -13.9, 28.9
61CygA 201091 K5V 35.37 —4.764 27.45 -13.8

The following sources of data were used: P, was taken from Donahue et al. [35]; logRyk from Baliunas et al. [27]; logL, from Hunsch et al.

[42]; and B, , B, , for the Sun from Khaneichuk [15].

arithm of the x-ray luminosity [42]; and (7) the maxi-
mum statistically-significant values of the magnetic-
field intensity with opposite signs measured in our
study. The absence of statistically significant measure-
ments for x! Ori isindicated by adash in thislast col-
umn.

The tabulated Ca Il H and K fluxes, x-ray fluxes,
and rotational periods suggest that 61 Cyg A can be
considered similar to the Sun; i.e., it is older and less
active than & Boo A, € Eri, and X! Ori. The local mag-
netic fields of older stars, with lower levels of chromo-
spheric and coronal emission, areweaker than thefields
of younger stars, with higher levels of emission. Thisis
associated with the fact that stars lose angular momentum
in the course of their evolution, since some of the rota-
tiond energy istransferred to the surrounding medium by
their magnetized stellar winds. The decrease in the axial-
rotation velocity reduces the efficiency of magnetic-field
generation. It has been established that the x-ray luminos-
ities of |ate-type stars decrease as their agesincrease [43].
Inaddition, observationsof the Call H and K emission of
more than 100 early F to late K main-sequence stars
have shown that stars possessing higher levels of activ-
ity and irregular variability in their emission are
younger than those possessing lower activity levels and
cyclic or constant emission [44]. The studies of Saar
[45] demonstrated that the magnetic flux from active
regions (spots, faculae) is correlated with the chromo-
spheric and coronal flux. However, as we can see in
Table 3, the statistically significant measurement of the
general magnetic field of 61 CygA iscomparableto the
values for the other two, more active, stars and exceeds
the solar value by an order of magnitude.

5. CONCLUSION

The aim of the present paper was investigation of
the general magnetic fields of solar-type stars display-
ing varioustypesof activity. Three of these stars (§ Boo A,
€ Eri, and x' Ori) are younger and more active than the
Sun. Theremaining star studied, 61 CygA, isolder, and
itslevel of activity issimilar to the solar level. We were
ableto derive statistically significant values of the gen-

eral magnetic fields of two stars—e Eri and 61 Cyg A—
for the first time.

The statistically significant values of the genera
magnetic field for the young, active star € Eri exceed the
general magnetic field of the Sun by more than an order
of magnitude and are comparableto thefields of & BooA.

Degspite its lower level of coronal and chromo-
spheric emission, similar to the solar level, the general
magnetic field of theless active and older star 61 CygA is
comparable to that of the active star § Boo A and
exceeds the general magnetic field of the Sun by more
than an order of magnitude.

The variation of the magnetic field of £ Boo A asa
function of its rotational phase (see figure) shows that
the observed magnetic field includes a dipolar compo-
nent of the large-scale magnetic field. The geometric
configuration of the rotational axis, magnetic axis, and
their orientation relative to the line of sight to the
observer enabled us to detect this component.

We have now conducted measurements of the mag-
netic field of 61 Cyg A covering all phases of the rota-
tional period. As in the case of ¢ Boo A, we observe
clearly expressed variability in the magnetic field as a
function of the rotational phase of this star. Our results
for this star are now being prepared for publication.
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Abstract—The bolometric flux deficits of the photospheres of spotted stars are derived for thefirst timein the
framework of zonal spottedness models for red dwarfs computed at the Crimean Astrophysical Observatory.
The resulting flux deficits are compared to the estimated radiative losses from the chromospheres and coronas
measured during quasi-simultaneous observations. A linear correlation isfound between the logarithms of these
guantities, with the Sun fitting these rel ations. Radiative |osses from the outer stellar atmospheresin quiescence
and during individual sporadic flares are significantly lower than the bolometric deficits of the spotted photo-
spheres of active stars. This suggeststhat the flux deficit due to spotsleadsto global reconstruction of the atmo-
spheres of red dwarfs, analogous to the local atmospheric reconstruction that occurs during solar and stellar
flares. This process may be realized viathe superposition of alarge number of weak impulsive flares and other
dynamic events, which develop on these stars and heat their coronas (i.e., in this view, microflaring is favored
asthe principal coronal heating mechanism for these stars). A brief analysis of the long-term variations in the
chromospheric and photospheric radiation of FK stars from the HK project and of the Sun suggests that such
dynamical reconstruction of the outer atmosphere by energy associated with theflux deficit of the spotted photo-

sphere occurs at times of increased surface activity in all F—M stars. © 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The problem of sunspot flux deficits is now one of
the most topical issuesin solar—terrestrial physics. Cur-
rently, there is no consensus about the answer to asim-
ple question: where doesthe energy “underradiated” by
the Sun due to the appearance of dark spots on its sur-
face go? The corresponding flux deficit per unit sunspot
area is rather large—about 40% of the photospheric
flux. Generally speaking, this missing energy could
either fail to reach the photospheric level and remain
inside the star, or spread across the surface, or be trans-
ported to the outer atmospheric layers.

Spruit [1] showed that, in the first hypothesis, the
energy trapped in subphotospheric layers should heat
the convection zone dlightly. According to his esti-
mates, this effect should produce no observable struc-
tural changesin the inner regions of the Sun. Currently
published and future helioseismological data will
enabl e clarification of whether or not the underradiated
energy in spotsis “reflected” downward.

In severd models discussed about 30 years ago, the
energy missing from the spot flows around the spot region
and heats the adjoining photospheric area. Although direct
enhancement of the superpenumbral optical flux provedto
be insufficient to compensate for the spot energy deficit,
thetotal flux of the superpenumbraand surrounding facu-
lar fields is close to the required level. Mullan [2] and
Parker [3] suggested independently that the flux deficit is
trangported upward from the spots by Alfvén waves. How-

ever, later extra-atmospheric solar observationsfailed to
support this hypothesis.

The problem becomes much more acute when we
turn from the Sun, where spots account for amere 0.5%
of the total surface, to red dwarfs with spotted regions
covering several tens of percent of their surface areas,
for which the optical-radiation deficit can run ashigh as
30-40% of the total flux. Hartmann and Rosner [4]
concluded that the observed flux deficits of spotted stel-
lar atmospheres are not compensated by wavel ength or
spatial redistribution of energy and must be associated
with slow variations of convective transfer.

Recently constructed homogeneous spottedness
models for 24 dwarfs at more than 340 epochs can be
used to compare the flux deficits of spotted stellar
photospheres to the radiative losses of their atmo-
spheres, based on a fairly extensive and homogeneous
dataset. In this paper, we perform such a comparison
using multiwavelength data obtained during only one
observing season. We have computed the bolometric
photospheric flux deficits AL, for the first time, based
on the V-band flux deficits derived for the spottedness
models. The resulting AL,,; values exceed substantially
the radiative losses from all outer layers in the atmo-
spheres of the most active stars. We suggest that this
deficit goes into a global reconstruction of the stellar
atmosphere, analogous to the local atmospheric recon-
struction that occurs during solar flares. We discuss
problems connected with the bolometric flux deficitsin
spotted stellar atmospheres covering a wide range of
spectral types and different activity levels.

1063-7729/01/4506-0482%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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2. THE FLUX DEFICIT
IN SPOTTED PHOTOSPHERES AND RADIATIVE
LOSSES FROM THE CHROMOSPHERES
AND CORONAS OF RED DWARFS

2.1. Bolometric Flux Deficit in Spotted Photospheres

The bolometric flux deficit of the photosphere due
to spots AL, is determined by the relation

ALpy = (1—Bpo)Skpa (D

where 3, istheratio of the integrated brightness of the
spot to the brightness of the quiescent photosphere (the
so-called bolometric spot contrast), Sis the fraction of
the stellar area covered by spots, and L, is the bolom-
etric luminosity of the star. We derived these quantities
from the results of a systematic analysis of red dwarfs
in the framework of the zonal spottedness model devel-
oped by Alekseev and Gershberg [5, 6]. This model
enabl es estimation of the total spot area and the V-band
spot-to-photosphere surface brightness ratio from mul-
ticolor photoelectric observations and suggests a pic-
ture of stellar spottedness that is qualitatively similar to
that observed on the Sun, with numerous spots at mid-
dle and low latitudes.

In a blackbody approximation, the spot-to-photo-
sphere contrast at wavelength A is

B)\ = B}\(Tspot)/B)\(Tphot)f (2)

where B, (T) is the Planck function. We therefore have
for the V band

T e = 26200/ In(1 + (€Xp(26 200/ T ) — 1)/By). (3)

The spot-to-quiescent-photosphere bolometric bright-
ness ratio in the same approximation is

Bbol = (Tspot/Tphot)4' (4)

We derived T, from the V-Rand V-I color indices
using available calibrations, e.g., that of Johnson [7].
We estimated the bolometric luminosity L, from the
absolute magnitude M,,, color indices, and bolometric
correction when the star was at its brightest during the
entire observing period. As in the spottedness model-
ing, we assumed that this brightest state represents a
spot-free star.

Table 1 gives the following parameters for 24 red
dwarfs and the Sun: photometric variability parame-
ters, including the maximum amplitudes of rotational
modulation AV and the amplitudes of seasonal varia
tions of the mean brightness ALV [] the photospheric
temperature T, the maximum spot coverage S the
contrast By; the temperature difference between the
photosphere and SpotsAT = T, — T aNd themaximum
ratios AL, /L,, computed using formulas (1)—(4). It is
evident that, in most cases, the flux deficit of the spotted
photospheres is about ten percent of the total bolometric
luminosity of the star and can reach 30% for the most
heavily spotted stars. The absolute bolometric flux defi-
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cits AL, range from 3.2 x 10* to 5.0 x 10°? erg/s for
this sample of stars.

2.2 Radiation of the Outer Atmospheres
of Red Dwarfs

We used the equival ent width of pureH, emission as
the principal parameter used to characterize the chro-
mospheric emission. We followed the approach of
Young et al. [8], who determine this quantity asthe dif-
ference between the equivalent widths of the observed
emission-line profiles and those of the corresponding
absorption lines measured in the spectra of quiescent
stars of the same spectral type. In most cases, the
absorption equivalent widths can be estimated from the
color index of the star [9]:

EW(Hg) 4 = 0.62(R-1)-1.19 A. 5)

For VY Ari, LQ Hya, and MS Ser, we use the results of
Alekseev and Kozlova [10, 11], who subtracted syn-
thetic absorption-line profiles computed using model
atmospheres [12-14] from the observed H, profiles.
The absorption-line equivalent widths determined in
this way agree well with the estimates given by (5).

Table 1 lists all published measurements of the

equivalent widths of pure H, emission for our program
stars. In our subsequent analysis, we used only datafor
epochs with spottedness estimates. Based on the abso-
lute magnitudes of the program stars and their color
indices at the observation epoch, we transformed the
equivalent widths of pure H, emission into absolute
luminosities using the well-known calibration and the
response curve of the Johnson R band [7]:
L(H,) = 21x 10" " EW(H,) ergls,  (6)
where Mg = My — (V-R). The total radiative lossesfrom
the stellar chromosphere L, can be estimated from the
relation

I-chr = L(Ha)/klv (7)

where K is the ratio of the H, line flux to the total
Balmer flux and | istheratio of the Balmer emissiontothe
total radiative losses. According to [15], H, emits about
53% of the total chromospheric Bamer line emission of
AD Leo. The Balmer decrements of flare sars vary little
over a wide range of absolute magnitudes [16], and we
accordingly takek = 0.53to betypicd of dl theflare sars.
Further [17], the contribution of the Bamer lines to the
total radiative losses from the chromaosphere depends on
the spectrd type and ranges from 13% for the Sun (dG2)
to 77% for UV Cet (dM6€). We accordingly assigned a
value for | to each of the program stars based on its
spectral type. The resulting radiative losses L, are
summarized in Table 1.

Our main coronal emission indicator was the soft
x-ray luminosities of the program starsin their quiescent
states. We derived these luminosities from EINSTEIN,
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Table 1. Parameters of Zonal Spottedness Models

ALEKSEEV ¢t al.

No. | Star S | g | g | | 8% | By | AT (Mgl EVH 00|00
1 |EK Dra GOVe 0.12 | 0.10 | 5870 | 27 0.07 | 2200 | 22.8 29.5-30.1
2 |BECet dG2e 0.04 | 0.02 | 5800 | 3.3 | 0.24 | 1400 22 0.023 29.3 28.7-29.1
3 |VYAr dG9%e 0.31 | 0.27 | 4860 | 41 0.13 {1300 | 289 0.5-1.6 | 30.2-30.6 | 30.2-31.1
4 |V775Her |dKOe 0.15 | 0.43 | 4950 | 42 0.30 | 900 | 233 0.4-1.2 | 29.9-30.3 | 28.8-30.1
5 |LQHya dK0-2e 0.19 | 0.09 | 4800 | 27 046 | 600 | 11.0 0.5-1.2 | 29.7-30.1 | 29.1-29.9
6 |V838Cen |dKO-1p 0.10 | 0.11 | 4700 | 26 0.23 | 1000 | 16.3 0.9 30.3 29.9
7 |AGDor dK2e 0.10 | 0.26 | 4800 | 18 0.12 1300 | 133 29.8
8 |MSSer dK2e 0.15 | 0.18 | 4800 | 14 0.08 | 1500 | 10.9 0.5 29.9 29.5-30.7
9 |OU Gem dK3e 0.09 | 0.09 | 4700 | 12 0.07 | 1500 9.3 0.2-0.7 | 29.2-29.7 | 29.1-29.5
10 |Vv833Tau |dK5e 0.08 | 0.31 | 4450 | 48 0.22 | 900 | 288 0.7-1.3 | 29.5-29.6 | 29.6-29.9
11 |[EQVir dK5(7)e 0.15 | 0.15 | 4250 | 14 0.10 | 1160 9.3 0.6-1.7| 29.4-29.7 | 29.1-29.6
12 |BY Dra dK6e(MOe)| 0.20 | 0.38 | 4000 | 37 0.05 1250 | 29.0 0.8-1.5|29.6-30.1 | 29.4-29.8
13 |CCEri dK7e 0.33 | 0.14 | 4000 | 33 0.06 | 1100 | 24.0 2.54.5|29.6-29.8 | 29.2-29.8
14 |DK Leo dMOe 0.13 | 0.20 | 4100 | 15 0.03 | 1500 | 12.7 1517 29.9 29.1-29.2
15 |V1005O0ri |dMO0.5e 0.14 | 0.16 | 3580 | 11 0.07 | 930 8.0 14-4.7|29.2-29.3 | 28.9-29.6
16 |BFCVn dM1.5e 0.10 | 0.16 | 3500 | 15 0.03 {1100 | 114 1.6-3.1|29.1-29.5|28.7-29.4
17 |DT Vir dM1.5e 0.07 | 0.14 | 3550 | 26 0.06 | 1000 | 18.8 1.8-3.7|29.0-29.4 | 29.0-29.4
18 |AU Mic dM2e 0.32 | 0.25 | 3730 | 17 0.07 | 1000 | 119 2.04.4129.1-29.2 | 29.3-29.9
19 |FK Aqr dM2e 0.10 | 0.214 | 3600 | 17 0.08 | 900 | 113 1.2-2529.1-29.2 | 29.1-29.8
20 |V139 Cyg |dM3e 0.10 | 0.11 | 3400 | 27 038 | 380 | 10.2 1.7-3.9|28.9-29.0 | 28.5-29.3
21 |ADLeo dM3.5e 0.04 | 0.04 | 3450 | 11 0.23 | 560 57 2.5-8.9|28.6-28.8| 28.6-29.0
22 |GT Peg dM3.5e 0.13 | 0.14 | 3350 | 12 0.20 | 570 6.4 3.8-9.3|28.9-29.3| 28.8-29.7
23 |YZCMi dM4.5e 0.16 | 0.13 | 3300 | 21 032 | 420 8.7 4.4-14 | 28.3-28.6 | 28.2-28.6
24 |EV Lac dM4.5e 0.14 | 0.25 | 3300 | 27 0.50 | 250 7.2 2.8-7.2|28.3-28.6 | 28.5-29.4

Sun G2Ve 5785 | 0.01] 0.04 | 2085 0.01 | 0.005 284 27.0-27.3

A full version of the table with references to H, emission and x-ray data can be found on the Internet at the address http://www.

crao.crimea.ua"ilya.

ROSAT, EXOSAT, and ASCA data after reducing them
to a single ROSAT PSPC system (see, e.g., [18, 19]).
The nonflare x-ray luminosities based on all published
dataarelisted in Table 1.

2.3. Comparison of Radiative Losses
with Flux Deficit of Spotted Photospheres

Figures 1 and 2 compare the total radiative losses
from the stellar chromospheres and coronasto the bolo-
metric flux deficit AL, of the spotted photospheres for
similar epochs. These figures show that thereisacorre-
lation between these quantities over three orders of
magnitude in AL, for AL, = 29.5-32.7. Our compu-
tations yield the correlations

logLy, = (0.70% 0.03)logAL,, + (7.6+0.9) (8)

with the linear correlation coefficient r(logLg,,

logAL,,,) =0.86 £ 0.07 and
logLy = (0.78 £0.05)logALy, +(49+1.0) (9)

with r(logLy, logAL,,) = 0.78 = 0.17. The equivalent
relations

7.6+0.9 —-0.30+£0.03
107°*%°A L0 ,

49+10 —-0.22+0.05
10*°* 08 L0

I—chr/ALboI
Ly/ALyy =

(10)

show that the ratios of chromospheric and coronal radi-
ativelossesto the flux deficit of the spotted photosphere
decrease with the flux deficit and range from 6 to 0.6%
and 5 to 0.5% for the chromospheric losses and x-ray
coronal radiation, respectively, over the entire AL, inter-
val considered. Finaly, according to Shakhovskaya [21],
the optical radiative losses dueto stellar flares are close

ASTRONOMY REPORTS  Vol. 45

No. 6 2001



THE FLUX

log Ly, [erg/s]

DEFICITS IN STAR SPOTS

485

31r
O,/o
. R ’,%’ s
DD@BDQDD @. ,’
301 & A&:f,é !
i o
%8
. T oewy
// ‘?
.’.-,,,;v gvv v
291 l' °
A ,ill
© g
281
O BE Cet ¢ EQ Vir v FKAqr
o VY Ari &  BY Dra V1396 Cyg
+ V775 Her e CCEri 4 ADLeo
o LQHya A DK Leo ¢  GT Peg
= V838 Cen v V1005 Ori 2 YZCMi
o MS Ser = BFCVn ® EVLac
v OU Gem o= DT Vir
* V833 Tau v AU Mic
28 30 32 34

logALy,, [erg/s]

Fig. 1. Chromospheric radiation as a function of the bolometric flux deficit for spotted stellar atmospheres.

to one-quarter of the quiescent coronal radiation. Thus,
the steady-state radiation of the outer atmospheres and
radiative energy of sporadic flaresin active starsfall far
short of the flux deficit of their spotted photospheres.

The contributions of different layers of the outer
atmospheres of red dwarfs to the radiative flux are
known to vary appreciably with the overall activity
level. The most general manifestations of this are non-
linear relations between the radiative losses of different
layers of the stellar atmosphere [22-24]. For example,
whereasthe Sun, whichisastar with fairly low activity,
hasR;,: R,: R, =1:0.4:0.03 and total R=0.003%
(here, R are the radiative losses from different atmo-
spheric layers normalized to the bolometric luminos-
ity), AU Mic, one of the most active stars, has
R Ry iRy =1:0.6:0.7and R= 1% [20]. In other
words, the contribution of the coronal radiation
increases rapidly with the total radiative losses. This
aso follows directly from a statistical analysis of the
ratios of the H, to soft x-ray luminosities for chromo-
spherically active M dwarfs: Young et al. [8] found the
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average ratio for about three dozen such stars to be
L(Hy)/Lx = 0.22. Repeating the above conversion of H,
luminosity into the total chromospheric luminosity
yieldstheratio [, /Lx[~1 for (dMe)[= 0.50, which
is substantially below the corresponding ratio for the
Sun but close to that for AU Mic. [A smilar chromo-
spheric-to-coronal luminosity ratio can aso be inferred,
abeit with much higher errors due to the large uncertain-
tiesin the coefficients, from relations (8) and (9).]

Thus, as the level of stellar activity increases, the
radiation fluxes from different layers of the outer atmo-
spheres of active red dwarfs become comparable.
Clearly, such major changes in the radiation properties
must be the result of substantial structural changes in
the outer atmospheres. We believe that this reconstruc-
tion of the stellar atmosphere with increasing activity is
due to the development of dynamical processes associ-
ated with the emergence and evolution of magnetic
fields with complex configurations.
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Fig. 2. X-ray radiation of stellar coronas as afunction of the bolometric flux deficit for stellar photospheres.

3. SPOTS AND DYNAMICAL PROCESSES
ON THE SURFACES OF RED DWARFS

In the next two sections, we propose the new idea
that the spot flux deficit is redistributed over adjacent
photospheric regions (forming bright facular grainsand
strengthening the chromospheric network) and the
uncompensated part of the energy flux goesinto global
reconstruction of the outer atmosphere of the active
star. In other words, the emergence of alarge number of
spots triggers an entire set of dynamical processes,
resulting in a redistribution of the density throughout
the outer atmosphere, the formation of high-tempera-
ture coronal loops, and an enhancement of motions in
all layers, including coronal plasma outflows (the stel-
lar wind). In the case of some heavily spotted dwarfs,

this reduces to the hypothesis that the flux deficits of
their spotted photospheres go into a global reconstruc-
tion of their outer atmospheres, analogous to the local
reconstructions that occur during flares. In this section,
we present a number of arguments supporting this
hypothesis as applied to red dwarfs.

First and foremost, we should recal a number of
recent results of solar-atmospheric studies. The emer-
gence of local magnetic fields on the solar surface is
known to give rise to an entire series of events that
transform the quiescent outer atmosphere into an active
state, characterized by increased chromospheric den-
sity and the development of coronal condensations, i.e.,
concentrations of loops filled with dense and some-
times hot plasma. Flares interrupt the smooth evolution
of local magnetic fields.
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Continuous soft x-ray monitoring of the Sun with a
spatia resolution of 2.5" reveaed, in addition to the
usual flares detected in the signal for the entire Sun,
numerous dynamical events, mostly x-ray jets[25]. The
corresponding processes are characterized by a wide
range of powers, sizes, and durations for individual
events, the most powerful of which are detected by the
Solar Service as subflares. Most of these processes
develop inside or very near active regions, although a
considerable number of weak events develop in more
guiescent regions, such as adjacent to or inside coronal
holes (bright x-ray points, ephemera active regions).
The occurrence rate of these events, including events
such as flashes, appreciably exceeds the rate of com-
mon subflares [26].

Here, we indicate two possible mechanisms that
could be responsible for the devel opment of numerous
solar subflares. Thefirst is associated with variations of
the magnetic field of a spot, which occur, for example,
during itsformation or disruption. An appreciable num-
ber of subflares [27] and many Ellerman bombs [28]
are observed even in the penumbrae of stationary spots.
The second mechanism operates when a neutral line of
the longitudinal magnetic field crossesthe active region
in a very complex manner, especialy in the case of a
d-configuration magnetic field with umbrae of opposite
polarities located within a common penumbra. This
leads to numerous brightenings of low corona loops
(subflares) in theimmediate vicinity of the neutral line;
after several hours or even days, this dynamic activity
often ends in one or several large flares, resulting in a
simplification of the magnetic-field configuration.
A number of such episodes were observed on the Sun
in August 1972, June 1991, and at other times. The
events observed in June 2000 have a similar nature.
Thus, the development of the most powerful spot
groups—activity complexes—is accompanied by both
the most powerful flares and a substantial increase in
the occurrence rate of weak dynamical phenomena.
This is in agreement with the result of Kasinsky and
Sotnikova [29], who found a well-defined correlation
between the spectral index of solar x-ray flares and the
Wolf number: during periods of minimum activity, the
spectral indices are appreciably less than unity, so that
rare and powerful flares dominate, while, during peri-
ods of maximum activity, they are close to unity, indi-
cating an increased contribution of numerous weak
flares (here and below, we use the “integrated” spectral
index 3; i.e., we consider the total number of flares per
unit time with energies exceeding a given level).

Can this solar situation be extrapolated to active red
dwarfs? Since the spot coverage for such stars can
exceed the corresponding solar values by factors of sev-
eral tens or several hundred, the mechanisms described
above should operate in a continuous rather than dis-
crete fashion. Of course, in many dwarfs, this is mani-
fest asan increase of the flare rate over that for the Sun.
However, athough the term “dynamical sun” is often
used in the post-Yohkoh era, the level of development
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of weak, nonstationary phenomena on red dwarfs
should be appreciably higher. As aresult, the exponent
of the power-law dependence of the energies of nonsta-
tionary phenomena on their occurrence rates might dif-
fer substantially from the exponents for usual flares at
energies corresponding to weak events. In addition,
according to [30], the theory of current sheets predicts
a power-law spectrum with the index =0.75, as is
observed for flares, while the spectrum should become
softer at lower energies; i.e., the contribution of
microflares should be higher than estimated using the
spectral index found from individual detections of
flares.

Usually, the atmospheric state of an active red dwarf
is described using quasi-stationary models. However,
in this case, there are two observational facts, probably
associated with weak dynamical processes, that lead to
changes in the relative contributions of the radiation
fluxes from the chromosphere, transition region, and
corona. The first implication of the models of [31] is
that the dense coronas of active red dwarfs begin at low
altitudes, at large Lagrangian coordinates m, defined as
the column density of gas integrated from the outer
coronal layers down to the coronal base. The typical

value of mfor flare starsis logm = -3, in contrast to the

value logm = —6 for solar-type stars. The chromo-
spheres of active red dwarfs develop a so-called “tem-
perature plateau” [32]. The typical electron densitiesin
the chromospheres of active dwarfs are an order of
magnitude higher than in the solar chromosphere and
close to the densities of solar flares[33].

The second implication is associated with the fact
that active stars have a persistent, hot, coronal-plasma
component whose temperature ranges from 6 to 15 MK,
which, in the case of the Sun, is detected only during
flares. This was first established by EXOSAT observa-
tions and has been confirmed in multiple studies since
then [34].

Note also that active stars are sources of quasi-sta-
tionary radio emission generated by relativistic elec-
trons moving in magnetic fields. The short lifetimes of
these particles in the stellar atmospheres require the
action of virtually continuous flare processes accel erat-
ing these particles[35].

These considerations lead us to conclude that the
structure of the outer atmosphere of ared dwarf should
change substantially when its activity increases, evenin
the absence of well-defined flares. This reconstruction
of the outer atmosphere is most likely associated with
the collective effect of a large number of very weak
flares. The corresponding transformation of the outer
atmosphere by impulsive flares is aready fairly well
understood.

Changes of the atmospheric structure due to impul-
sive thermal fluxes or accelerated particles are referred to
as the standard response to heating (see, e.g., [36, 37]).
Very rapid heating of the outer chromosphere generates
two disturbances propagating upward and downward,
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Fig. 3. Radiative lossesfor theH, Call H, and optical con-
tinuum emission as functions of the heating due to x-ray
absorption in thelow-temperature condensation that wasthe
source of the optical radiation of the impulsive flare of
AD Leo. The horizontal axis plots the Lagrangian mass
coordinates (logm). A 20-km thick source is located at a
height of 250 km above the photosphere [41].

away from the resulting region of high pressure. The
temperature jump then slowly drifts downward, and a
shock developsin front of it. The gas behind the down-
ward-propagating shock front filled with radiation is
compressed by factors of severa tens, and a geometri-
caly thin, low-temperature condensation forms
between the fronts of the shock and therma wave; this
condensation is the source of optical radiation in rapid
flares. Hot gas flows upward from the region of thetem-
perature jump, filling a coronal loop with dense plasma
heated to temperatures above 10 MK. This lowering of
the coronaduring flaresis supported by empirical mod-
els, in which the flaring chromosphere is dense and
geometrically thick [38], so that the corona descends to
low altitudes.

The corresponding numerical simulations have been
used many timesin the interpretation of data on impul-
sive solar and stellar flares, and the main conclusions
have been confirmed by observations (see, e.g., review
[39]). However, usual flare computations apply to heat
flows exceeding 10!! erg cm? s°!. In anumber of cases,
weak heat flows of the order of 10'° erg cm™ s! also
result in the development of a low-temperature chro-
mospheric condensation and the efficient evaporation
of hot gas [40]. Thus, overall, the changes in the outer
atmosphere of ared dwarf asits activity level increases
are similar to those occurring during flare processes.

In gas-dynamical computations, the total energy of
a flare does not consist only of its radiative energy.
Moreover, if an impulsive flare is accompanied by the
emergence of an optical continuum—asis true of most
stellar flares with medium and high powers—the energy
emitted by the flare continues to make up only a small
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fraction of the total energy of the process, despite the
abrupt increase in radiative losses. Thisisillustrated by
the results of gas-dynamical modeling [37] of an ele-
mentary impulsive event and its associated radiation
[41]. Figure 3 shows the energy losses in the optical
continuum, the Balmer lines, and the H and K lines of
Calll four seconds after the onset of the flare. The dis-
tribution isshown only for the height interval inthe red-
dwarf atmosphere corresponding to the source of the
optical flareemission [41]. Thisfigure characterizesthe
relative contributions of the continuum and line emis-
sion. The energy released as a result of the absorption
of soft flare x-rays is aso shown. This absorption
occurs not at the bases of magnetic loops, but in a
“halo” whose area exceeds that of the main source of
the optical continuum—the low-temperature condensa-
tion. Experience with these computations showsthat, if
some nonstationary process is accompanied by the
appearance of an optical continuum, the power of the
entire event should be a factor of 5-10 higher than the
power of the radiation of the condensation and “halo.”

Perhaps the best evidence for thisis provided by the
following estimate. In the case of rapid flares, multi-
channel photometry or the spectral energy distribution
in the optical continuum can be used to determine the
temperature of the emission region on the star, which,
in turn, provides the best estimate of the flare area. We
have applied this procedure carefully in [42] and a
number of later papers. The areas of white-light emis-
sioninrapid events are of the order of (3-5) x 10! cm?.
The areas of optical emission for the most powerful
flares can be an order of magnitude higher (see, e.g., the
resultsfor EV Lac reported in [43]).

Gas-dynamical modeling of the flare process
enables derivation of the energy flux injected into the
chromosphere, which, given an estimate of the flare
area, yields the power of the entire process. For exam-
ple, our recent gas-dynamical simulations of aflare on
UV Cet (similar to those in [37]) with a duration of
2.5 minin the B filter are in agreement with the obser-
vations of [44] if the electron flux entering the chromo-
sphereis3 x 10! erg cm 2 s!. This flare was somewhat
hotter than usual, and its area was estimated to be
3 x 10'7 cm?, implying that the power of the accelerated
electrons, which is close that of the entire process,
should be about 10 erg/s; the power of the optical
emission of thisflarewas?2 x 10?8 erg/s. It follows that,
in the case of rapid events, the energy of the entire pro-
cess is a factor a few higher than that of the optical
emission. This coincides with the assertion made
above, and this can now be used as a test of the results
of gas-dynamical simulations of impulsive flares and
their optical emission.

Returning to the problem featured in the title of this
paper, a paralel growth of the flux deficits of spotted
photospheres and of the degree of excitation in their
upper atmospheres could come about due to a redistri-
bution of the energy associated with the flux deficit to
No. 6
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the outer atmosphere, either directly or via some inter-
mediate process associated with stellar spots. The first
possibility returns us to the idea of Mullan [2] men-
tioned above. This model could be feasible due to the
higher densities of the outer atmospheres of active stars
and the possible development of resonance and nonlin-
ear effects [45-47]. However, thus far thereis no direct
observational evidence indicating that such models are
applicable to the Sun or red dwarfs.

The second hypothesis supposes a connection
between powerful flare activity and heavy spotting. The
energies of flares on red dwarfs are known to be four
orders of magnitude higher than those of solar flares
[47]. Nevertheless, as noted above, the flare energy is
insufficient to channel the entireradiative energy deficit
of the spotted photosphere. However, this statement can
now be placed in doubt.

Beginning with Butler and Rodono [48], a number
of researchers have discussed the possible role of
microflares in the heating of stellar coronas and it has
even been suggested that the observed coronal emission
could be a superposition of such microflares. On the
other hand, detailed analyses of EXOSAT x-ray data by
Colluraet al. [49] and then Pdllavicini et al. [50] failed to
confirm the dominant contribution of microflares. This
problem remains unsolved due to the limited information
provided by subsequent data, including those obtained
with the ROSAT satellite.

Here, again, we note that extrapolations of power-
law flare energy spectra to hypothetical microflares
with similar exponents as those derived from individu-
aly detected optical or x-ray events (0.7-0.9) imply
that microflares make a small contribution to the total
flare emission. However, as noted above, even in the
solar case, there is observational and theoretical evi-
dence that the spectra of microflares are softer than
those of more powerful events. Therefore, even on the
Sun, the contribution of microflares should be higher
than implied by a power-law spectrum with a constant
index extrapolated over the entire range of flare ener-
gies. Finaly, recent data suggest that microflares are
instrumental in active processes on late-type stars.
According to EUVE data for 28 flares of the active
solar analogs 47 Casand EK Dra, =1.2 £ 0.2 in the
energy interval 3 x 10*-6 x 10**erg [51]. A more
detailed analysis of EUVE datafor M type stars led
Audard et al. [52] to conclude that 3 > 1 for flares with
E > 10%2 erg for F—G dwarfs, whereas it is most likely
that B < 1 for K-M stars.

Taken together, these considerations make the
hypothesis of global reconstruction of the upper atmo-
spheres of active red dwarfs powered by the flux deficit
of their spotted atmospheres appear very plausible.
Microflaring seemsto be the most likely mechanism for
such reconstruction in the case of flare stars.
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4. THE LONG-TERM PHOTOSPHERIC AND
CHROMOSPHERIC VARIATIONS
OF ACTIVE FK STARS

In the previous section, we proposed that the entire
energy of the flux deficit attributable to spots goesinto
globa reconstruction of the outer atmosphere. This
hypothesis applies to heavily spotted red dwarfs. The
guestion now naturally arises of how this problem can
be solved for red dwarfs with lower spot coverages and
active F—K stars. Approaching the issue from a some-
what broader perspective, we can formulate this ques-
tion as follows: how genera is this hypothesis, and
what is the most likely mechanism for converting the
flux deficit into other energy forms on active G stars?

A preliminary analysis of this problem is possible
even with the observational data already available. In
addition to solar data, these include the results of the
HK project of Wilson on 11 FK stars whose chromo-
spheric emission has been monitored since the middle
of the 1960s, as well as high-accuracy, photometric
optical continuum monitoring carried out during the
last decade. Here, we use the data reported by Radick
et al. [53], who also give a number of referencesto ear-
lier studies. Fortunately, this program had two starsin
common with the sample considered in the previous
section; anumber of other common starswere analyzed
by Alekseev [54].

We will use the well-known fact that, within a cer-
tain interval of spectral types, the activity of starsis
determined by the velocities of their axia rotation. The
rotational velocities of single stars depend on their age,
whereas the axial rotation of active components in
binaries is determined as well by the interaction
between the orbital and axial angular momenta. Active
late-type stars tend to group around two chromo-
spheric-activity levels. Thisphenomenon wasfirst noticed
by Vaughan and Preston [55] back in 1980 and has since
been confirmed repeatedly [56, 57].

This dichotomy in levels of chromospheric activity
can aready be seen in [53], which presents an analysis
of Strémgren b and y photometry with accuracy 0.001™
obtained over the last ten years together with chromo-
spheric emission data. These data allowed Radick et al.
[53] to investigate long-term variations of the photo-
spheric and chromospheric emission. High levels of
chromospheric emission are found mainly in rapidly
rotating, young stars, whereas low chromospheric
emission is found in more slowly rotating, older stars,
including the Sun. Note that the best-defined depen-
dence of the spectrum of the coronal emission on ageis
shown in the results of Gldel et al. [58] for G stars.

We now discuss, first and foremost, the long-term
variations of the photospheric and chromospheric emis-
sion of the Sun and FK gars of the HK project. Figure 4
shows variations of the solar chromospheric and photo-
spheric emission during the past two 11-year cycles
[59, 60]. We can see that the solar luminosity increases
by 0.2% during the activity maximum and that the solar
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constant varies synchronously with the chromospheric
emission on time scales of one year and longer. The
chromospheric emission varies synchronously with the
area of chromospheric faculae—flocculi observed in
H,, the Call H and K lines, and others. An analysis
indicates that the long-term variations of the solar con-
stant are physically due to variations of the photo-
spheric facular area. Only during rare periods—espe-
cially in the declining phase of the activity cycle, when
giant spot groups appear on the solar disk—does the
solar constant decrease by 0.1-0.3%. While variations
of the solar constant within the activity cycle are corre-
|ated with those of facular area, in most active K stars,
periods of heavy spottedness bring about a decrease in
the total stellar flux.

Radick et al. [53] performed a formal statistical
analysis of all available observations of the HK-project
stars collected over a single ten-year period when the
stars were monitored in spectral lines and the contin-
uum. They focused on differencesin thelevels of chromo-
spheric activity, paying much less attention to the shapes
of the corresponding continuum and Ca ll-line flux
curves. Intheir Fig. 8a, Radick et al. [53] indicate for each
sar error bars for the corresponding correlation coeffi-
cients p. The signs of p indicate that most stars with low
chromospheric activity, including the Sun, exhibit corre-
lated A(b + y)/2 and ASvariations, where Sis proportional
to the equivalent widths of the Call H and K lines; in con-
trast, variations of these quantities are anticorrelated in
stars with strong activity (see Fig. 5, which illustrates
these two types of long-term behavior). However, this
approach depends strongly on the influence of rota-
tional modulation in the white light and spectral lines.
Therefore, we repeated the correlation analysis using
the mean light curves shown in Fig. 3 in [53] for all
34 stars. Our analysis yielded the same signs of p in
cases where Radick et al. [53] had found strong corre-
lations, whereas the results were very discrepant in cases
of weak correlation. This enabled a more correct division
of the star sample studied in [53] into two groups: objects
in which the long-term variations of their photospheric
and chromospheric emission are similar to those observed
on the Sun and objectsin which they are opposite. Table 2
lists stars for which our anayss yielded trustworthy
results. Only onestar in Table 2 (61 Cyg =HD 201091)
fell in adifferent group than that assigned by Radick et al.
[53]. The cases of low correlation are distributed more
or less equally among the two groups, and no analysis
could be performed for three of the 34 stars.

The last column of Table 2 gives the type of long-
term variability based on the extent to which the cycle
is clearly defined (Excellent, Good, Fair, Poor) and the
period in years according to [61]. We use the notation
“Var” (Variable) to indicate cases where long-term vari-
ability was present in the Ca Il lines in the absence of
cyclicity and “Long” if the variability time scal e exceeded
20 years. “Flat” indicates the absence of long-term varia-
tions. Table 2 also gives data on two HK -project stars (EP
Eri and DX Leo) notincluded in [53].

ALEKSEEV ¢t al.

In stars in the second group, which show stronger
chromospheric activity, the long-term variations of
photospheric emission are due to spots, whereas, in
stars in the first group, these variations are associated
with the compensation of the flux deficit and the domi-
nant contribution of photospheric faculae. Active red
dwarfs represent an extension of the second group, taking
into account specific features dueto thelater spectral types
of some of these stars. Howevey, if a particular red dwarf
exhibits very low activity, and especidly if there are no
Bamer lines in its spectrum, it can easily end up in the
group of less active objects.

In this sense, it is of interest to analyze two stars
with very different activity levels that are common to
both the HK project and our Table 1—HD 1835 =
BE Cet and HD 129333 = EK Dra. EK Dra (GO V),
with a rotation period of P,, = 2.7 days, is the most
chromospherically active object in the sample. Its spot
coverage is 27%; the amplitude of long-term variations

EK DraisAV=0"10, whereasthat of BE Cet is0702.
The long-term variations in the chromospheric activity
of EK Draareirregular and chaotic, which is probably
the origin of the fact that the anticorrelation discussed
above, although present, is not well-defined.

BE Cet is a more quiescent star (G2 V), with only
3.3% of its surface covered by spots. Accordingly, only
2.2% of its bolometric luminosity in spots L, emerges
in the form of photospheric emission. The star rotates
more slowly than EK Dra (P,,, = 7.65 days); however,
the long-term variations in its photospheric and chro-
mospheric brightness are still anticorrelated (Fig. 5).
Cyclic variations in the Call lines are poorly defined,
especialy during the years 1965-1985, although they
become more conspicuous in the years 1985-1995
(Fig. 4). According to [61], in the years 1965-1995, the
star exhibited weakly cyclic long-term variations with
aperiod of 9.1 + 0.3 years. EK Draand BE Cet proved
to be at the two extreme ends of the group of F7V-G3V
stars showing nonsolar (i.e., spot-dominated) long-
term variations.

In addition to these two objects, the group of
BY Dravariables and candidate objects include a num-
ber of other HK-project stars. Some of the correspond-
ing data are also given in Table 2. Five stars exhibiting
relatively strong chromospheric activity belong to the
group of stars with nonsolar long-term variations.
V 2292 Oph shows the highest anticorrelation among
al the stars considered. The variations in & Boo and
V 2133 Oph are also anticorrelated, but weakly. Note
that & Boo and V 2133 Oph have ratios of A(b + y)/2 to
AS equal to —0.22 and —0.45, respectively, asis aso char-
acterigtic of thisgroup (seedso Fig. 9in[53]). With their
fairly strong chromospheric activity and rapid rotation,
EPEri and DX Leo can aso be assigned to this group,
athough no direct comparisons of their long-term chro-
mospheric and photospheric emisson variations have
been made. Note that the amplitude of the brightness
variations in these stars is lower than in V 2133 and
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V 2292 Oph, which have similar spectral types and
show well-defined anticorrelations.

Thus, stars belonging to the two groups differ in two
aspects. First, it isevident that starsin the second group
rotate more rapidly than those in thefirst group. It goes
without saying that this appliesfor starsof similar spec-
tral types. For example, G stars in the group with anti-
correlated chromospheric and photospheric variations
have rotational periods ranging from two to four days;
as noted above, the rotational period of BE Cet (G2 V)
isP,, = 7.65 days and the periods of starsin the group
with correlated variations range from 25 to 40 days. It
is obvious that this difference in period is directly
related to the higher level s of surface activity inthe sec-
ond group of stars.

The second difference turned out to be far from triv-
ial. The overwhelming majority of stars in the first
group, including the Sun, exhibit well-defined activity
cycles, asisevident from Table 2. Moreover, many stars
in the first group have cycles classified “Excellent”
according to [61]. Thereistheimpression that, asa star
becomes older, not only does its strong and often irreg-
ular activity pattern evolve into cyclic behavior, but
also its flux deficit begins to be nearly compensated;
i.e., the star moves from the second to the first activity
group. There are exceptions to this pattern: for exam-
ple, the second group includes HD 152391, which
shows well-defined activity cycles, and HD 149661,
which has periodic chromospheric variations (although
with atime-dependent period). The Sun has the highest
chromospheric activity among stars in the first group
(i.e., those with cyclic behavior), in spite of its weak
x-ray flux. These problems are worthy of further inves-
tigation.

One of the most important recent results is the reli-
able determination of variations in the solar constant
over the past two 11-year activity cycles[59, 60] (Fig. 4),
which are very small. Variations in the total solar flux
range from several tenths of a percent to several percent
in the ultraviolet from 2000—4000 A and are only 0.1%
inthe optical and near infrared (see, e.g., Fig. 7in[62]).
In other words, an important feature of solar radiation
is that the optical radiation of dark regions (spots) is
amost without exception compensated rather accu-
rately by that of brighter regions (photospheric facu-
lag). Three extra-atmospheric missions—ACRIM,
ERB, and VIRGO (SoHO)—not only detected varia-
tionsin the solar constant on various time intervals, but
also reveal ed connections between these variations and
activity processes. Accurate models of these relations
include three sources of variations. bright points of
photospheric faculae; the bright photospheric network,
enhanced in regions of activity, and dark spots. We will
combine the two sources of bright el ements under the
name “ photospheric faculag’; i.e., we use the contrast
of an “average” facula rather than that of the bright
spotsin afacula. Thisissometimesreferred to asatwo-
component (faculae + spots) model.
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Schatten [63] suggested that the relatively small
variations of the solar constant are due to the fact that
an observer on Earth views the Sun virtually along its
equator; i.e., the angle between the solar rotational axis
and the line of sight is very close to 90°. If this angle
differed from 90°, the amplitude of the variations of the
solar constant would increase by afactor of four tofive,
according to [63]. However, this strong effect turned
out to be due to the unrealistic ratio of the total flux of
the faculae to that of the spots adopted in [63], and
Unruh et al. [64] showed the actual effect of the view-
ing angle to be rather weak. It isimportant for our sub-
sequent analysis that the effect of spots on the total
solar radiation varies by approximately afactor of three
as the angle between the line of sight and the rotational
axis changes from 90° to 0°.

Our view concerning the origin of the observed vir-
tually complete mutual compensation of spots and fac-
ulae that is the underlying cause of the low amplitude
of variations in the solar constant is the following. In
the simplest model, these variations are due to chance
combinations of the contrasts and rel ative areas of spots
and faculae. However, it is more likely that bright and
dark photospheric formations are associated in such a
way that the energy of the flux deficit of aspotisredis-
tributed throughout the active region. If the photo-
spheric facular contrast is limited for some reason,
compensation of the flux deficit in spotsis possible as
long as the spot coverage of the active region remains
low enough.

If we consider the Sun as a late-type star with low
activity, we see that only arelatively small fraction of
the energy of nuclear reactions produced near the solar
center is processed into magnetic-field energy in deep
layers of the convection zone. During the maximum of
the activity cycle, the corresponding magnetic-field
tubes are efficiently buoyed upward, carrying some
excess energy with them into the photosphere. This cor-
responds to a small increase in the total optical emis-
sion of an entire single active region; the excess of the
flux of faculae over that of spotsin this region accounts
for only asmall fraction of theintegrated flux. Accurate
determinations of the solar constant itself indicate that
the primary energy indeed accumulates in the form of
magnetic energy and is carried to the surface. If nor-
malized to a single active region, this energy is about
2 x 10~ of the solar bolometric luminosity. Although it
isfairly high, this energy is within the limits typical of
the dynamical phenomena observed in the outer atmo-
spheres of late-type stars. We therefore believe that the
hypothesis that the optical flux deficit of spotsis redis-
tributed throughout adjacent facular fields can be rea-
sonably applied not only to the Sun but also to other
solar-type stars displaying low levels of activity.

In stars in the low-activity group identified above,
the photospheric emission varies in phase with the
chromospheric emission on time scales from severa
years to several decades. As on the Sun, faculae and
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Fig. 4. Variations of solar x-ray emission according to GOES data (1-8 A), chromospheric-activity index Sbased onCall and Mg Il
lines, and the solar constant from 1976 through 1997. Data provided by J. Lean [60].

spots balance each other and uncompensated weak
variations of the total flux are due to faculae. In this
case, the spot flux deficit isredistributed throughout the
entire area of the active region. Only asmall fraction of

this deficit is used to change the physical conditionsin
the chromospheres, transition regions, and coronas of
the Sun and solar-type stars of this group. Note that all
this occurs on stars with low spot coverages.
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The second group of stars, showing strong activity,
consists of relatively young F and G stars and active K
and M dwarfs. The surfaces of these objects are heavily
spotted, and their long-term flux variations are due to
the spots. These stars have their chromospheric emis-
sion peak during periods of high spottedness and, con-
sequently, of decreased optical flux. Theserelative vari-
ations in the bolometric luminosity become important
in active red dwarfs.

The inferred values of the stellar spot flux deficit
and total energies emitted by the chromosphere and
corona have led us to put forward the general hypothe-
sis that the flux deficit goes into dynamical processes
that bring about substantial reconstruction of the outer
stellar atmospheres. It is relatively straightforward to
identify the origin of the overall levels of surface activ-
ity in some active G stars. Here, age is an important
factor. At the same time, the specific mechanism con-
verting the photospheric flux deficit into energy power-
ing dynamical processes in the outer atmosphere
remains unclear. It is, however, evident that the forma:
tion of hot plasma clouds with temperatures above
10 MK, detected in the coronas of young stars, requires
energies appreciably exceeding the x-ray energy of
these stars. There is some circumstantial evidence—
prolonged soft x-ray flares and the presence of radio
emission—suggesting possible large-scale dynamical
events in the coronas of young F-G stars. Such events
could develop inthe global or large-scalefields of these
stars.

Thus, numerous nonstationary phenomena on red
dwarfs are capable of bringing about important struc-
tural changes in the outer atmospheres. In addition to
the arguments discussed above, radio data indicate that
the coronas of these stars contain particles accelerated
to high energies. Evidence for this is provided by the
centimeter-wavelength spectrum, which is radiated by
subrelativistic electrons moving in the coronal mag-
netic fields. In other words, the spot bolometric flux
deficitslisted in Table 1 are consistent with the hypoth-
esis that microflaring is the mechanism that transports
energy from spots to the outer atmospheres in flare
stars. It isnot currently possible to identify any specific
mechanism for this reconstruction of the outer atmo-
spheres of active G stars. We have only some hints
suggesting that it must be linked in some way to the
ages of these objects, the lower fraction of their sur-
faces covered by active regions, compared to flare stars,
and, possibly, some specific features of the develop-
ment of their dynamo processes.

This general ideaisjust beginning to be worked on,
and it would be useful to directly simulate the long-
term photometric variations taking into account the rel-
ative areas of bright and dark photospheric elements
and their contrasts, as has been done for variations in
the solar constant. Such simulations must also take into
account the different inclinationsi of the stellar rotation
axeswith respect to theline of sight. Thisangleisclose
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to 90° for many of thered dwarfs considered; i.e., these
stars are, like the Sun, viewed almost along their equa-
tors. However, the amplitudes of variations on time
scales of several days (the period of axial rotation) and
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Table 2
No. HD Name Sp B-V logRy« P days | Cycle, type, years
Group 1: Stars with correlated long-term variations of chromospheric and photospheric emission
1 10476 107 Psc K1V 0.84 -4.912 35 Exc. 9.6
2 18256 p3 Ari F5Vv 0.43 —4.722 3 Fair —
3 103095 Gmb 1830 Gavi 0.75 —4.896 31 Exc.
4 157856 F5V 0.46 —4.674 (4) Fair —
5 160346 K3V 0.96 —4.795 37 Exc., 7
6 161239 84 Her GeV 0.65 -5.164 (29 Cycle
7 185144 o Dra KoV 0.80 —-4.832 27 Exc., =7
8 201091 61 Cyg A K5V 117 —4.764 35 Exc., 7.3
Group 2: Stars with anticorrelated long-term variations of chromospheric and photospheric emission
1 1835 BE Cet G2.5vV 0.66 -4.433 8 Long
2 39587 X! Ori Gov 0.59 —4.426 5 Var
3 75332 Frv 0.49 —4.464 4 Var
4 82885 11 LMi G8vV-V 0.77 —-4.638 18 Fair/Poor
5 114710 3 Com Fo.5v 0.57 —4.745 12 Good/Fair
6 115383 59 Vir Gov 0.58 —4.443 3 Var
7 124570 14 Boo FelV 0.54 -5.156 26 Flat
8 129333 EK Dra Gov 0.61 -4.157 3 Var
9 131156A EBoo A Gsv 0.76 —-4.363 6 Var
10 149661 V2133 Oph K2V 0.82 —4.583 21 Good (Cycle?)
11 152391 V2292 Oph Grv 0.76 —4.448 11 Exc., 10.9
12 158614 Galv-v 0.72 -5.028 (34 Flat
13 176095 F5IV 0.46 —4.671 (4) Long
14 203387 G8v 0.90 —4.42
15 17925 EP Eri K1v 0.87 -4.311 6.5 Long
16 82443 DX Leo KoV 0.77 -4.211 5.40 Poor

severa years (the period of activity cycles) decreasein
the case of lower inclinations, especialy if the star is
viewed pole-on. This effect is manifest in five stars
from Table 1 and is especially clear in the case of
V 833 Tau and AD Leo, which have inclinations of
i = 20° and 38°, respectively. Note also that, in order for
the effect of the inclination on AV and ALVto be
brought in better agreement with observations, the opti-
cal emission should be computed with allowance for
both spots and faculae.

5. CONCLUSIONS

We have used BVRI photometric observations and
zonal spottedness modelsfor 24 red dwarfs constructed
at the Crimea Astrophysical Observatory covering a
total of 342 epochs to compute for the first time the
bolometric flux deficits of stellar spots. The absolute
energy deficits are fairly high and range from 3 x 10%°
to5 x 10%? erg/s.

Our estimates indicate that, for the most active stars,
the total radiative losses from their upper atmospheres
and powerful sporadic flares are lower than these val-
ues, i.e., these losses cannot serve as outlets for the
photospheric flux deficit. We therefore proposed that
the missing energy of spotted photospheres goes into the
formation of active upper atmospheres with dense, geo-
metrically thin chromaospheres and dense coronas contain-
ing high-temperature spots. Such outer atmospheres are
similar to the structures that form during flares.

In the most active K—M stars, flare activity seemsto
bethemost likely channel for thetransport of energy asso-
ciated with the photospheric flux deficit into upper atmo-
spheric layers. This activity includes the nonradiative
energy of individual sporadic flares, which, according to
our computations, substantialy exceeds their radiative
energy, together with numerous microflareswhose rate of
occurrence must decrease with energy much more
slowly than is true of strong detectable events.

The situation is quite different in the case of the Sun
and other less active stars: here, the outlet of the photo-
ASTRONOMY REPORTS  Vol. 45
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spheric flux deficit can be the spreading of the energy
in the vicinity of spots at nearly photospheric heights
and the formation of facular fields and the associated
chromospheric flocculi. Measurements of the solar
constant have demonstrated that the Sun’s photospheric
flux deficit is compensated to a considerable extent by
additiona atmospheric radiation. These measurements
showed that the solar constant decreased whenever alarge
group of spots crossed the solar disk; however, during the
solar-activity maximum, when the number of spotswas at
its maximum, the solar constant actually increased due
to the large number of active regions.

Our picture of the photospheric flux deficits of spot-
ted F-M starsis based on these two extreme situations.
The principal parameter of our pictureisthe stellar spot
coverage, which varies both in the course of evolution
of a particular star, due to secular deceleration of itsrotar
tion and decay of its magnetic activity, and as a result of
systematic changesin the structure of the convection zone
along the main sequence. Cruddly speaking, on the Sun,
with its mere fraction of a percent spot coverage, the
photospheric flux deficit can be spread over large active
regions surrounding the spots, whereas the most active
starswith spot coverages reaching several tens of percent
have no area left for large active regions, so that the
energy associated with the photospheric flux deficit is
channeled toward the upper atmosphere. The mecha-
nism for the reconstruction of the outer atmospheres of
active G gtars may differ from the microflare mecha
nism typical of red dwarfs and possibly involves dynami-
ca phenomenaon alarger scale.

Our picture is supported by our combined analysis of
the results of the HK project of O. Wilson and the long-
term high-accuracy photometry of Radick et al. [53]. We
have found further evidence suggesting that the total
fluxes of the most active stars decrease during epochs of
maximum chromospheric activity—that is, the variations
are determined by large spotted regions with low temper-
atures, whereas less active stars become brighter during
gpochs of maximum chromospheric activity—in these
objects, the additional facular radiation dominatesover the
flux deficit dueto spots.
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