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Abstract—The active galactic nucleus BL Lac was observed with the GT-48 atmospheric Cherenkov detector
of the Crimean Astrophysical Observatory from July 23—-September 1, 1998, in order to search for ultrahigh-
energy gammarray (>1 TeV) emission. The object was in the field of view of the detector for more than
24 hours. The source was detected with a high level of confidence (7.2 6), with aflux equal to (2.1 + 0.4) x
107! photons cm™ s™'. © 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Interest in active galactic nuclel (AGN) among cos-
mic-ray specialists rose sharply after the Compton
Gamma-Ray Observatory (CGRO) demonstrated that a
large fraction of sources of high-energy gamma-rays
(>100 MeV) were identified with AGN [1]. These gal-
axies were subsequently observed with ground-based
instruments designed to detect gammarrays with ener-
gies of 10''-10'? eV. Two AGN were found to be
sources of ultrahigh-energy gammarrays using the 10-m
ground Cherenkov detector of theWhipple Observatory in
the United States. the Makarian galaxies Mrk 421 and
Mrk 501 [2]. At the Crimean Astrophysical Observa-
tory (CrAQ), high-energy gamma-rayswere a so detected
from the blazar 3C 66A [3], and classified, like Mrk 421
and Mrk 501, asaBL Lac object; BL Lac isthe proto-
type of thisrelatively small group of AGN.

Oneof themain properties of BL Lac objectsisvari-
ability intheir brightness, which can reach 4™5Min the
optical (corresponding to luminosity variations by fac-
tors of 100). These objects all have appreciable radio
emission, which is aso, as a rule, variable. BL Lac
objects are also characterized by featureless or nearly
featureless optical continua, without strong emission
lines. The power-law nature of their spectra and the
strong polarization of their radiation, which reaches
30-40%, testify that we are observing synchrotron radia
tion. The characterigtic variability timescales—weeks to
months—indicate that the dimensions of theradiating vol-
umes in BL Lac objects are typically of the order of
10'6 cm. The nature of the processestaking placein these
galactic nuclel suggest that acceleration of highly ener-
getic particles should occur there, which could be accom-
panied by the radiation of ultrahigh-energy (UHE;
E > 10'! V) gammarays. Theredshift of BL Lacitsdf is
0.07, corresponding to a distance of 280 Mpc.

The galaxy BL Lac has been observed using the
ground-based UHE gamma-ray detectors of the Whip-
ple Observatory in the 1970s [4] and at the CrAO [5].

Stepanian et al. [5] obtained an upper limit for the flux
F < 1.1 x 107'9 photons cm s°! for an energy threshold
2.2 x 10'? eV. The 1971 observations of the American
group [4] yielded an upper limit of F < 1.2 x 107! pho-
tonscm= s’ for energiesE>2.5 x 10! eV. BL Lacwas
again observed by the Whipple Observatory in Octo-
ber—November 1994, for atotal time of 162 min. These
observations yielded an upper limit on the flux of 1.4 x
10" photonscm= s [6].

During this time, BL Lac was observed by the
CGRO. Observations before January 1995 indicated a
flux of 1.4 x 107 photonscm2 s [7], corresponding to
a 2.4 o detection. However, in January—February 1995,
the flux rose to (4.0 + 1.2) x 107 photons cm2 s™!, pro-
viding evidence for variability in the gammarray emis-
sionfrom BL Lac. Studiesof BL Lac at the CrAO were
renewed in 1998 using the second-generation GT-48
gamma-ray telescope[3, 8].

2. BRIEF DESCRIPTION OF THE GT-48
GAMMA-RAY TELESCOPE

Gammarayswith ultrahigh energies (~10'' eV) can-
not reach the surface of the Earth. They interact with
the nuclei of atoms in the atmosphere, forming so-
called broad air showers (BASs) consisting of high-
energy electrons and positrons. The charged particles
of BASs emit Cherenkov radiation at optical wave-
lengths at small angles (0.5°-1°) to the direction of
motion of the original gammaray, making it possibleto
not only detect the presence of the gamma ray but also
determine the direction toward its source. However,
charged cosmic-ray particles also give rise to Cheren-
kov flares in the Earth’'s atmosphere. These are very
similar to flares due to gammarray sources, leading to
the main difficulty in detecting and studying these
sources. Nevertheless, differences between these two
types of flares do exist, and multielement light-collect-
ing chambers that reconstruct images of Cherenkov
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Fig. 1. Graphical depiction of flare parameters. The segment
OS corresponds to the parameter DIST.

flares can be used to €iminate the overwhel ming majority
of events resulting from charged cosmic-ray particles.

The GT-48 telescope equipped with multichannel
imaging chambers began to operate at the CrAO in
1989. The instrument consists of two atitude—azimuth
mounts (sections)—northern and southern—separated
by 20 m and located at a height of 600 m above sea
level. Six parallel telescopes are mounted on each sec-
tion. The optics for each telescope include four 1.2-m
mirrors with a common focus. The mirrors of the four
telescopes have afocal length of 5 m. Chambers with
37 photomultipliers are placed at each focus. These are
used to reconstruct the images of Cherenkov flares at
visible wavelengths (300-600 nm). There is a conical
light guide at the entrance to each photomultiplier. The
mean diameter of the light guide entry window is 0.4°.
Thefield of view of the entirelight-collecting apparatus
is 2.6°. The signals from the cells of the four light
receivers are linearly summed, and arrive at a ampli-
tude-code converter via the 37 channels. In this way, a
discrete image of the Cherenkov flare is obtained,
which can be stored on acomputer. Flares are recorded
only if the amplitudes of signals coincident in time
exceed a specified threshold in any two of the 37 cells.
Thetime resolution for evaluating coincidenceis 15 ns.

Two other telescopeswith afocal length of 3.2 mare
intended for observations at ultraviolet wavelengths,
from 200 to 300 nm. Although the fluxes from BASs
are weak in this part of the spectrum, detecting this
radiation can aid in distinguishing showers due to cos-
mic gamma-ray sources against the background of
showers due to charged cosmic-ray particles. In this
sense, the GT-48 telescope is unique. We will discuss
the use of ultraviolet emission to distinguish showers
due to gammarray sources in more detail below. The
total area of both mirrorsis 54 m?. The effective detec-
tion threshold energy of gammaraysis 1.0 TeV. More
detailed descriptions of the GT-48 telescope can be
found, for example, in[3, §].
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3. OBSERVATIONS AND DATA ANALYSIS

Observations of the object BL Lac (a = 22"02m435,
0 =42°16'40") were carried out in July—August 1998
using the two parallel sections in a coincidence regime
with atime resolution of 100 ns; i.e., we recorded only
events that were observed simultaneously on both sec-
tions to within this time resolution. Each section
tracked the source and also made observations of the
background, with the time between these observations
equal to 40 min. The background recordings were per-
formed at the same azimuths and zenith angles as those
for the source, and preceded the source observations. In
all, there were 63 sessions, with the duration of the
source observations in each being 35 min. The zenith
angle did not exceed 30°. We did not include sessions
carried out under poor weather conditionsin the reduc-
tion. As criteria for the selection of sessions, we used
the dispersion of the count rate per minute during the
session and the mean count rate. We excluded sessions
in which the dispersion of the count rate differed from
the theoretical value by more than two o or the count
rate was lower than half the maximum value for agiven
zenith angle. After this selection, 42 sessions remained,
corresponding to 24 hours and 30 minutes of observa-
tionsof BL Lac. Further, we excluded events for which
amaximum of the amplitude-code transformation was
reached in at least one of the channdls, and also events
for which the maximum amplitude was detected in one
of the outer channels of the light receiver. After thispre-
liminary selection, 30340 source events and 29489
background events remained for further analysis. The
difference in the numbers of flares recorded for source
and background observationsis N, = 851 + 245, where

245 isthe atistical error 0 = ,/Ns+ N,,, and N, isthe
number of Cherenkov flares from gammarays.

The resulting data were subject to further reduction,
to analyzethe digitized flareimages using formal math-
ematical methods. We computed the first and second
moments of the brightness distributions, from which
we derived the parameters of the Cherenkov flares: the
coordinates of the center of the brightness distribution
X. and Y., the effective length A, the effective width B,
and angle ¢ characterizing the direction of maximum
extension of theflareimage, i.e., itsorientation (Fig. 1).
These moments were computed for cells with signals
greater than somethreshold value[9]. The parametersof a
flare (event) recorded simultaneoudly on each section
were determined independently using the data acquired
for each section, so that each event hastwo valuesfor each
parameter, which we denote “1” and “2” for the north-
ern and southern sections, respectively.

It is known that electrons from proton and nuclear
showers (p showers, BASs) of agiven energy, on average,
penetrate to appreciably larger depthsin the Earth’s atmo-
sphere than do electrons from gamma-ray showers of the
same energy. This means that Cherenkov flares from p
showers contain a relatively larger fraction of ultraviolet

ASTRONOMY REPORTS  Vol. 45

No. 4 2001



BL LAC: A NEW ULTRAHIGH-ENERGY GAMMA-RAY SOURCE

Table 1. Number of recorded and selected events
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Number of events| Number of events Signal-to-noise,
Selection method inthesource |inthebackground| Difference standard
direction direction deviations
Without selection 30340 29489 851 35
Selection in coordinate-independent parameters 1166 881 285 6.3
Selection in coordinate-dependent parameters 259 119 140 7.2

radiation compared to flaresformed by gammarays. As
aparameter characterizing the relative content of ultra-
violet radiation, we use the logarithm of the ratio of the
flare amplitude in the ultraviolet and the tota flare
amplitude in the visible: UV.

Flares from charged particles have larger angular
sizes. In addition, they are distributed isotropically,
while images of flares formed by gamma rays are
extended in the direction toward the source. The angle
between the direction toward the source from the flare
center and the major axis of the image dlipse—the
parameter ALPHA—can also be used to distinguish
gamma-ray events. Using these differences between
images of Cherenkov flares associated with cosmic-ray
particles and gamma rays, it is possible to eliminate
99% of background events while leaving an apprecia-
ble fraction of gamma-ray events.

Events whose parameter values did not fall in a speci-
fied range were excluded from consideration. We sel ected
those parameter values for which the effect in terms of
standard deviations—that is, Ny— N,/./Ng + N, (the sig-
nal-to-noise ratio)—was maximum. Here, Ny and N,
are the number of selected eventsfor the source and the
background, respectively. In the selection, first and
foremost, we considered the total amplitude of flare V.
Flares with small amplitudes were excluded from fur-
ther consideration, since their parameters had large
errors. It isalso known that images of flares associated
with proton showers have complex shapes, and can
have severa maxima or be fragmented, while flares
from gamma-ray showers are compact. The parameter
used to characterize the shapes of the flares is denoted
IPR, and it is assigned the value O for compact images.
We used the effective length A and width B of the flare
images as parameters to distinguish gamma-ray show-
ersagainst the background of charged-particle showers.

In thisway, we excluded eventsfrom further consid-
eration if at least one of the following conditions was
satisfied: V(1) < 100, V(2) < 100, IPR(1) #0, IPR(2) 0,
A(1)> 0230, A(2) >0°30; B(1) > 09175, B(2) >0°175,
UVv(1) > 1.1, UV(2) > 0.8. The parametersV, IPR, A, B,
and UV do not depend on the position of the sourcerel-
aive to the flare; i.e., they are coordinate-independent.
The application of these parameters made it possible to
increase the signal-to-noise ratio to 6.3 a. Our results
are presented in Table 1.
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It is possible to refine or even accurately determine
the direction of a gammarray source using coordinate-
dependent parameters, such as ALPHA—the orienta-
tion of the flare image relative to the direction of apro-
posed (trial) gamma-ray source—and DIST, which is
numerically equal to the angular distance between the
center of the flare brightness distribution and the direc-
tion toward the trial source (see Fig. 1). In this case,
among Cherenkov flares selected based on coordinate-
independent parameters, we identified gamma-ray-like
events for which ALPHA(L) < 30°, ALPHA(2) < 30°,
0°25 < DIST(1) < 0295, and 0°25 < DIST(2) < 0295.
The last column of Table 1 presents the results of this
selection (selection based on coordinate-dependent
parameters).

4. RESULTS

Thus, as a result of the sdlection procedure described
above, we have been able to separate out reliable detec-
tions of gammaray fluxes. The count rate for the
recorded gamma rays was 0.095 £ 0.013 photons/min.
In order to determine the corresponding flux, we must
take into account the effective area of the detector and
determine what fraction of the gamma rays remained
after the selection procedure. This can be done viathe-
oretical Monte-Carlo studies of the gamma-ray show-
ers. This method was used to numerically model the
development of broad atmospheric showers and their
detection by the GT-48 telescope [10].

This task was carried out in two stages. We first
obtained all of the parameters needed to model the
detection of gamma rays by the GT-48 telescope by
comparing the results of our simulations of the record-
ing of the cosmic-ray background with the observa-
tional data Further, we simulated the recording of
gamma rays and computed the corresponding fluxes.
The simulations were carried out using code written by
A.V. Plyasheshnikov (see [11]). Given atype of initial
particle and the angle for its entry into the atmosphere,
the code computes the number of Cherenkov photons
from aBAS at the height of the detector.

To modé recording of the background, we used the
results of computations of showers due to protons and
helium nuclei. These form the vast majority of cosmic
raysat ultrahigh energies. The differential energy spec-
tral indices for protons and helium are 2.75 and 2.62,
respectively [12]. In al, we modeled 133 610 proton and
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Fig. 2. Stereoimage of a“map” of the distribution of arrival
directions of gamma rays. The center of the “map” coin-
cides with the coordinates of BL Lac; Ad is the deviation
from the source in declination and Aa the deviation in right
ascension (in degrees).
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Fig. 3. Isophotes of the distribution of gamma-ray arrival
directions. The notation is the same as in Fig. 2. The iso-
phote step is ten events. The first value is 70 events. The
black circle at the center shows the optical position of
BL Lac.

56 670 helium events at energies from 0.4—70 TeV. The
energy distribution of the events was chosen to mini-
mize the statistical error in al energy ranges. There-
fore, for each event, we computed a weight taking into
account the differential flux and spectral index [12].
Further, we modeled the recording of background
events by the gamma-ray telescope. The radio-techno-
logical threshold in the model was chosen to provide a
count rate for background eventsequal to 72 min'; i.e.,
the value obtained in the observations.

The last required model parameter is the coefficient
for the conversion of photo-electrons into a discrete
digital shape. We derived this coefficient by requiring
that the number of events for which at least one of the
channels was saturated (a maximum in the anal og-code
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transformation) be ~10% of the number of recorded
events. Thisratio waslikewise obtained from the obser-
vational data. Thus, using model parameters derived by
comparing modeling results with observations of back-
ground cosmic rays, we were able to model the process
of recording gamma-ray events. In all, we modeled
5519 gamma events at energies 0.4-20 TeV with a dif-
ferential energy spectral index of 2.4. The effective energy
threshold for recording the gamma rays was 1.0 TeV. All
events were parametrized in the same way as the obser-
vations. We selected model gamma events using the
same criteriaasin our analysis of the data for BL Lac.
After this selection, 21.6% of the gamma events
remained. This indicates that, since the count rate for
the selected observed gamma events was 0.095 min!,
theinitia rate should be 0.44 min~!. This count rate corre-
sponds to a flux of gamma rays with energies >1.0 TeV
equal to (2.1 £ 0.4) x 10! photonscm=2 s,

We applied a trial-source method to determine the
direction of the gamma-ray flux [13-15]. This method
is based on the fact that the images of Cherenkov flares
from gammarays are oriented toward the source in the
focal plane of the telescope, while the major axes of the
image ellipsesfor p showers are, to first approximation,
oriented uniformly in al directions. Therefore, if we
select flares, adopting asthe direction toward the source
an arbitrary point in the focal plane with coordinates
(XY;), and then make a selection according to coordi-
nate-dependent parameters, the number of selected p
showers will not depend on the position of the trial
source, while the number of selected gamma events
will have a maximum when the trial source coincides
with the actual source. If we now subtract from the
number of flares obtained toward a trial source the
number of background flares obtained for those same
coordinates, we obtain the distribution of gamma rays
over the field of view of the light receiver asafunction
of the position of the trial source N(XY); i.e., a“map”
(two-dimensional histogram) of gammalike events N,.
In this way, we can find the position of the true source
of gamma rays. Figure 2 presents a two-dimensional
histogram obtained using the coordinate-dependent cri-
teria ALPHA and DIST.

Figure 3 shows isophotes of N,. The first isophote
correspondsto 50% of the maximum value of N,, which
isequal to (140 £ 19.4) events (7.2 o) and corresponds
to the point with coordinates X =-0.1, Y =0.0. During
the observations, the center of the chambers were
pointed at BL Lac. It isclear from Fig. 3 that the coor-
dinates of the UHE gamma-ray source coincide well
with the optical coordinates for BL Lac.

5. TEMPORAL VARIATIONS

Optical observations of BL Lac have been con-
ducted for many years. BL Lac wasfirst discovered as
a stellar object in 1929. Observations over long times-
cales demonstrated that variations in its brightness
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Table 2. Powers of several BL Lac objects
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) ) logL, [erg/s]/reference
Object Distance, Mpc . . .
optical high energy ultrahigh energy
BL Lac (1998) 280 44.8 [17] (1995) 44.9 [20] 44.5 [this paper]
Mrk 501 160 44.4[19] - 44.5[22]
3C 66A 1800 46.4[19] 46.2 [20] 46.3 [23]
Crab 0.002 36.5[24] 35.3[20] 34.0[21]

reach 5™ (corresponding to luminosity variations of a
factor of 100) [16]. Quasi-periodic fluctuations with
periods of 0.8 and 0.6 yrs have been detected, aswell as
more rapid brightness variations.

During the period for our observations (July—
August 1998), the visual brightness of BL Lac varied
from 14.6™Mto 13.5™[17]. Rapid variations with ampli-
tude 0.5™ were noted. Unfortunately, the detailed tem-
poral variationsin the visual luminosity of BL Lac pre-
sented in [17] do not coincide in time with our observa-
tions.

Figure 4 presents the mean gammarray count rate
per minute over an observing night. We conclude from
thisfigure that the UHE gamma-ray flux istime variable.
During the optical observations (July—August 1998),
the total optical energy flux varied from 3.8 x 10* to
1.0 x 10% erg/s. During thistime, the mean total energy
flux in UHE gammarayswas 3.2 x 10* erg/s.

It isinteresting to compare the power emitted by BL
Lac objects in various energy ranges. We composed
Table 2 from data available in the literature, assuming
that the radiation at all energies is isotropic. For com-
parison, we also present in Table 2 the power of the
Crab Nebula. We can see that, for the gammarray source

N
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Fig. 4. Time behavior of the gammarray flux (mean for an
observing night). The errors shown are statistical.
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BL Lac, aswell asthe objects Mrk 501 and 3C 66A, the
total powers in the optical, at high energies, and at
ultrahigh energies are quite comparable. Unfortunately,
EGRET did not conduct any observations of BL Lac dur-
ing the period under consderation, and we therefore
present measurements for 1995 in the table. Note that the
flux of gamma rays with energies >100 MeV greatly
increased during the optical flare of July 19, 1997 [18].
At maximum light, the brightness of BL Lac reached
almost 12™ (a luminosity of 5 - 10*® erg s 1), while
the gamma-ray flux at energies >100 MeV reached
5-10° phot. cm™? s? (5 - 10* erg s%). The energy
spectrum of the photons in July 1997 was appreciably
harder than in more quiescent periods: the spectra
index was 1.7 £ 0.1, asopposed to 2.3 + 0.3. If we sup-
pose that the spectral slope during the July 1997 flare
was preserved to 10'? eV, the power in UHE gamma
rays should have been no lower than 5 x 10% erg/s, and
should have exceeded the power in the optical (Table 2)
by a order of magnitude.

6. CONCLUSION

Thus, we conclude that BL Lac is a source of UHE
gammarays. Itislikely that the flux of ultrahigh-energy
gamma rays is variable. We expect that this flux rises
sharply in periods of enhanced optical brightness. The
spectraof BL Lac, Mrk 501, and 3C 66A are similar. It
would be very desirable to observe BL Lac simulta-
neously in a number of different wavebands across the
electromagnetic spectrum: from radio to UHE gamma
energies.
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Light-Curve Synthesisfor Close Binaries: An Extended Shock
asan Analog of a Hot Spot in Cataclysmic Variables
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Abstract—An algorithm is presented for the synthesis of the light curve of a close binary system consisting of
ared dwarf that fills its Roche |obe and a spherical white dwarf. The spherical component is surrounded by an
elliptical, geometrically thick accretion disk. The code models an extended shock located along the edge of the
stream near the outer boundary of the disk. The observational manifestations of the shock show that it can be
considered as an analog of ahot spot at the edge of the disk. Synthetic light curves for the SU UMa system OY
Car at various phases of its activity indicate that the model can describe both typical and peculiar light curves
for this cataclysmic variable reasonably well. © 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Studies of the light curves of close binary systems
(CBSs) at late stages of their evolution provide rich
information about the structure of gas streams, flows,
disks, and other formations associated with the flow of
matter onto the relativistic object. Simple intuitive con-
cepts about the matter-flow pattern in CBSs are often
unableto fully explain the observed light curves, which
sometimes display very complicated shapes. This is
true both of cataclysmic binary systems (eruptive vari-
ables), with a red dwarf that fills its Roche lobe and
overflows onto its companion through the inner
Lagrangian point, and of white dwarfs surrounded by
optically bright and geometrically thick accretion disks.
The orbital light curves of cataclysmic variables often dis-
play “humps’—recurrent increases of the brightness by
up to ~1M, usualy at orbital phases ~0.7-0.9 (phase 0.0
corresponds to upper conjunction of the white dwarf).
In addition to such humps in their light curves, some
eclipsing cataclysmic variables (Z Cha, OY Car, V2051
Oph, HT Cas, IP Peg) display eclipses of the central
white dwarf by the red star's body and of a hot area
adjacent to the disk. A detailed description of cataclys-
mic variables and their basic parameters can be found,
for example, in[1].

To describe various features of their light curves, the
widely accepted classical model of cataclysmic vari-
ables hypothesizes the presence of a“hot spot,” formed
as a result of shock interaction of the gas stream with
matter at the outer boundary of the accretion disk. This
model provides an adequate qualitative description of
the typical light curves of eruptive variables in their
inactive phase, in particular for small orbital inclina-
tions, and yields reasonable values for model parame-
ters, including those for the hot spot (size, luminosity,
position angle). However, as we accumulate observa
tional data for more and more cataclysmic variables,

difficulties emerge when synthesizing their light curves
in the framework of the classical model.

For example, light curvesfor several variables occa-
sionally show a second hump in addition to their regu-
lar maxima (OY Car). Other stars (RX Tri, UX UMa)
display an eclipse on the ascending rather than the
descending (as is required in the classica model)
branch of the hump. As a conseguence, the hot spot
must be located at position anglesthat contradict phys-
ical laws, sincethe position of the spot is determined by
the deflection (due to the Coriolis force) of the gas
stream from the line connecting the component centers.
For the same reasons, the position of the hump in the
light curve should be constant, while in reality it is
time-dependent in some systems.

Numerica simulations of the flow of matter in semi-
detached CBSs without magnetic fields have indicated
[2-5] that, in asteady-state flow regime, the presence of
an inter-component envel ope results in the absence of a
shock interaction between the stream flowing from the
inner Lagrangian point L, and the gas of the forming
disk. The jet is deflected under the action of the gas
from the inter-component envelope, approaches the
disk tangentially, and does not give rise to any shock
perturbation (hot spot) at the edge of the disk. Evenif a
newly formed stream collides with apreviously formed
disk at theinitial time, the gas-flow morphology will be
rearranged after several orbital periods, so that the
interaction between the stream and disk will become
shockless. At the same time, an extended shock wave,
whose observational manifestations are equivalent to
those of ahot spot on the disk, will be formed along the
edge of the stream. This concept was favored in 1999
by Matsuda et al. [6, 7], who introduced the term *hot
line” to contrast with “hot spot.”

Over the last decade, we have developed more and
more detailed methods to synthesize model light curves

1063-7729/01/4504-0255%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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for both massive and low-mass X-ray binary systems
[8, 9], aswell asfor cataclysmic variables [10, 11]. In
[10], we considered light-curve synthesis for cataclys-
mic variablesin aclassical model with ahot spot at the
lateral surface of a circular disk and in a model with a
bulge (prominence) at the edge of the disk. The bulge
was treated as aregion of energy release shaped like an
outgrowth on the lateral part of the disk, oriented along
the radius vector from the center of the circular disk to
itsedge. For several cataclysmic variables[5], eventhis
rough model madeit possible to substantially improve
upon the description of the light curves provided by
the classical model—in particular, for variables with
anomalous light curves and those with “double eclipses”
(systemswith orbital inclination 80°-90°). For such sys-
tems, the presence of a radiating structure beyond the
accretion disk appreciably distortsthelight curve, so that
it cannot be described adequately by classical hot-spot
models. The bulge model was also able to describe well
the observed light curvesfor SS Cyg—awell known sys-
tem without eclipses of the white dwarf [12].

Here, we synthesi ze the light curves of CBSstaking
into account the presence of a shock wave along the gas
stream extended in the direction of the inner
Lagrangian point. The model was made to resemble as
much as possible the gas-dynamical pattern for matter
flows in close binary systems described in [2-5]. In
Sections 24, we describe the CBS model used for the
light-curve synthesis and techniques for calculating the
radiation flux from the shock area and the mutual
eclipsing of the system components. We consider the
influence of the hot line in the system on the light curve
in Section 5. Section 6 presents the results of applying
our synthesis code to derive parameters for the cata-
clysmic variable OY Car via anayzing light curves
obtained both during a super-flare and in quiescence.

2. THE MODEL OF THE SYSTEM

We will use the standard model to describe the
shape of the stellar surfaces in a close binary system.
We assume aCBS consists of astar of late spectral type
(secondary) that fillsits Roche lobe and a spherical star
of modest size (for example, awhite dwarf with radius
R,) surrounded by a geometrically thick, elliptical
accretion disk [11]. The spherical star is traditionally
considered the primary, and is located at one focus of
the elliptical disk. The disk is represented by the figure
that results when an ellipsoid with semi-axes a, b, and
C intersects two paraboloids determined by the param-
eter A,. This parameter depends on the angle  of rota-
tion of the radius vector R, about an axis perpendicular
to the orbital plane. The ellipsoid determines the shape
of the disk on its outer (lateral) surface. The parabo-
loids determine the shape of the inner (upper and
lower) surfaces of the elliptical accretion disk. All
lengths are given in units of the component separation
a,, inthiscase, a, = 1.
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Under certain conditions, mass transfer from the
secondary to the primary can result in periodic varia-
tions of the elliptical disk’s orientation relative to the
line connecting the centers of mass of the components
(the horizontal axis of the system). We will describe the
disk orientation using the angle o, between the radius
vector connecting the center of the white dwarf and the
disk periastron P, and the horizontal axis of the system
[11]. In a non-steady-state regime, o, can vary from O
to 21t Conventionally, we will take the angle a. to
increase in the direction of orbital motion of the com-
ponents.

In the steady-state regime, the interaction between
the stream and inter-component envelope forms an
extended shock wave along the edge of the stream [2-4].
We will assume that the shock can radiate energy at the
surface of the stream, both from the side of the inflow-
ing matter and from the opposite side, depending on the
physical parameters of the interacting flows (velocity,
density, etc.). To model the shape of this optically thick
region of energy release (the hot line), we assume that
it can be represented as a part of an ellipsoid extended
toward the inner Lagrangian point L,. The ellipsoid

center is located at point O, which is in the orbital
plane, inside the elliptical disk at some distance from
its edge. For definiteness, we will call this ellipsoid the
“spindle,” to distinguish it from the ellipsoid describing
the lateral surface of the disk. To construct the figures
of the spindle, disk, and CBS components, we intro-
duce the following coordinate frames (Fig. 1).

(1) OXYZ, fixed to the center of the spindle. The
point O isthe spindle center. Theaxes OX and OY lie
in the orhital plane, with OV directed toward the inner
Lagrangian point, OX perpendicular to it, and motion

from OY to OX being counterclockwise. The OZ axis
is perpendicular to the orbital plane.

(2) OXYZ, fixed to the paraboloidal part of the
disk. Point O coincides with the center of mass of the
spherical star. The OX and OY axes lie in the orbital

plane, with OX passing through the disk periastron P
and making an angle a, with the horizontal axis of the

binary system OO. The OY axis is perpendicular to
00, and the direction of motion from OY to OX is

counterclockwise. The OZ axisis perpendicular to the
orbital plane.

(3) OXYZ, fixed to the lateral surface of the ellipti-
cal disk. Point O islocated at the center of the ellipsoid
describing the lateral surface of the disk; the directions
of OX and OY coincidewith thosefor the OXYZ sys-
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tem. The transformation from OXYZ to OXYZ is
given by the formulas (see formulas (4) in [11]):

X

X+ ea,
=Y, ey
= 2’

N <

where eisthe eccentricity of theelliptical disk and aits
semi-magjor axis. The semi-axis b can be determined

from therelation b = a./1 — €.

(4) The basic coordinate frame OXYZ isfixed to the
center of mass of the secondary. The OX and OY axes
lieintheorbital plane, OX isdirected toward the center
of mass of the spherical component, QY is perpendicu-
lar toit, and the motion from OY to OX is counterclock-
wise. In this frame, the coordinates of the center of the
spherical star are

[
©c e r

Xw
yw -
z, =

The transformation from OXYZ to OXYZ is given by
the formulas[11]

2)

X = 1—Xcosa,—ysind,,
y = XSino,— ycosd,, 3)

Z= L7

3. MODELING THE HOT LINE

Let us construct the figure of the spindle. We will
take the semi-axes of the ellipsoid describing the region
of shock radiation to be a,, b,, ¢, (Fig. 1). Let aray
drawnintheorbita planefrom theinner Lagrangian point
L, toward thedlipticd disk betangent toitslateral surface

~ o~~~

at a point M with coordinates OXYZ (X, Yy ) in the

~ o~~~

OXYZ system. Thelength of the radius vector R, from
the center of the spherical star O to point M can be
determined from the two relations

Ry, = a—eXy, 4)
and using the value of the angle i, between the radius
vector R, and the OX axis:

a(l—¢€)

Y " 1+ ecosy,,’ )

Hence, it is straightforward to derive the coordinate Xy,
of the point of tangency M:

~ _ a(cosyy +e)

M7 1+ecosyy, ©
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Fig. 1. Coordinate frames used for spindle figure construc-
tion.

The second coordinate y,, is determined by substitut-
ing X,, into the equation for the €llipse describing the

~2 ~2
lateral disk surfacefor z =0, X—2 + E)LZ —1=0, whence
a
. bsinpyJ1-¢€° o
M™ 1+ecosyy

We now substitute the coordinates of M into the
equation for the tangent to the disk in the orbital plane

Xm XL + YmYL
2 2
a b

=1, ®)

where,
X, = &cosa, +ea,
y. = &sina,

are the coordinates of the inner Lagrangian point in the

OXYZ frame, and & is the distance between the
Lagrangian point and the center of the white dwarf.
Given the ratio of the primary and secondary masses
g = M,/M,, we can calculate & in accordance with [13].
We can now determine angle ), made by the radius

©))
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vector R, drawn to the point of tangency M and the OX
axis:

cos(0lg—Yy) = g(l—ez)—ecosae, (10)
and also the radius vector Ry, itself, in accordance with

(5). Note that, for some orientations of the disk (a, O
270°-370°), relation (10) can be negative: cos(0lg — Yyy) <

0. Denoting U = Jl— COSz(C(e—l]JM) , We abtain Y, =
0, — arcsinU for cos(d, — ) > 0 and Y, =0, —
arcsinU + 1tfor cos(a.— Py) < 0.

L et us now move along the radius vector R, from M

toward the center of primary O adistancer, (Fig. 1). Let
us suppose that the center of the spindle (and the center

of the OXYZ frame) is located here. The semi-major
axisb, of the spindle ellipsoid is oriented along theline

connecting point L, and center O . The semi-minor axis
a, isperpendicular to b, and liesin the orbital plane. In
general, the orientation of a, does not coincide with the
direction of the radius vector R;. The semi-axis c, is
perpendicular to the orbital plane.

The lengths of the spindle semi-axes a,, b,, and ¢,
are parameters of the problem. The semi-axisc, islim-
ited by the maximum height of the disk edge z, (see
formula (26) in [11]). The value of a, is determined
below in terms of parameter r,. From qualitative rea-
soning, r, cannot exceed ~0.5R,,, where R; isthe radius
of thedisk at its periastron and R,= a(1 — e). The semi-
axisb, isrestricted by the distance p between the inner
Lagrangian point and the center of the spindle. Thedis-

tance p between L, and the spindle center O can easily
be determined from the coordinates of the Lagrangian
point (§cosa,, &sind,) and the spindle center (X, =
(Ry— ro)cosWy, Yo = (R, —ro)sinPy) in the OXYZ
frame:

p = JE = 28(R, —ro)cos(ae— ) + (R, —To)2 (1)

Similarly, the distance d between L, and the point of
tangency M is

d = JE2— 28R, cos(a.— ) + R2. (12)
Parameters p and d are necessary to determine the
semi-minor axis of the spindle ellipsoid a,, since a, =
ptanf3,, where 3, is the angle between the semi-major
axis of spindle b, and the tangent ML, to the disk from
point L,. The angle & between the corresponding axes
of the OXYZ and OXYZ coordinate frames (Fig. 1) is
calculated using the relation

O = 05m—a,—VY,+ B, (13)
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where [3, and the angle y, between tangent ML, and the
horizontal axis of the system are determined from ele-
mentary trigonometric relations:

. Ry .
siny, = —fsin(ae— W), (14)

sinp, = %’snm—wmae). (15)

Angle d ismeasured from the OX axistoward the OX
axis. Thus, the point on the spindle surface with coor-
dinates (X, ¥, ) inthe spindle frame hasthefollowing

coordinates in the disk frame OXYZ:

X = Xcosd + ysind + (R, —rg)cosPy,

(16)

<

= ycosd—Xsind + (R, —rq)sSinyy,

zZ=2

The inverse transformation can be made using the for-
mulas

0
|

= Xc0sd —ysind — (R —rg)cos(Yy + 93),
ycosd + xsind —(Ry —rg)sin(Py +9), (17)
z=2z

<
1

When constructing the figure of the spindle, we will
conventionally assume that its surface is limited to the
region of non-negative § coordinates. When the spin-
dle surface is being formed, some of the points describ-
ing it will fall inthe disk area. In this case, we will take
these points to not belong to the spindle. To test
whether this condition is met, we substitute the coordi-

nates of a spindle surface element (X, , y,, z,) inthe

coordinate frame OXYZ into the equation of the ellip-
soid describing the lateral disk surface in the same

frame:
© 2 2P
U:(xv+2ea) +Y_\;+Z_\;_1=o_ (18)
a b® ¢

If U < 0, the spindle surface element belongs to the
body of the disk. Similarly we can check whether some
elements of thedisk’slateral surface areinside the spin-

die. The coordinates (X4, ¥4, Z4) of apoint on the disk
are substituted into the equation for the spindle ellip-

soid inthe OXYZ frame:
(19)

When U' <0, the disk surface element is covered by the
body of the spindle. The normals n to the surface of the
ASTRONOMY REPORTS  Vol. 45
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0% § 20
A= e =~ -0 (20)
a,H b,H c,HO
where
o2 a2 a2
H= |5+L+Z. 1)
a'V v CV

Accordingly, the components of the normal to the spin-

dle surface in the OXYZ and OXYZ frames will be
calculated using the formulas

x = Ny = N,cosd +N,sing,

= n, = N,cosd-n,sing, (22)

n, =n, =0,

It is more convenient to calculate the area of a spin-
dle surface element in spherical coordinates. We denote
@ to be the angle between the projection of the radius
vector from center O to apoint (X, §, 2) inthe OXZ
plane and the OX axis. This angle ranges from 0to 21t
We denote fj to be the angle between the OY axis and

the radius vector drawn from O to the center of the
considered surface element on the spindle; this angle

ranges from O to 0.5, i.e., over the positive OY axis.
Due to the very elongated shape of the spindle dllip-

soid, thegridin fj must be inhomogeneous: finer at the

spindle vertex and coarser near the OXZ plane. We can
obtain this type of gridding for angle f}, for example,
as follows. We will divide the semi-axis b, of the spin-
dleinto n, equal sections and calculate their §; coordi-

nates. For each pointinthe OYZ planewith coordinate
V., there exists a corresponding z coordinate z =
c,/1—97/b%, and angle fj; determined from the rela-
tion f; = arctan(z/y;) .

Substituting the components of the radius vector (X,
y.2)

~

% = fsinfjcosQ,
§ = fcosn, (23)
7 = fsinAsing,

into (19), we obtain the radius vector 7 in spherical
coordinates:

. 1
f = . 24)
A 2~ 2 A . 2. . 2~
sinfjcos @ cos i, SNfsSn’g
a, b, c
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The area of the spindle surface element is dS=
H?*sinf df d@ (for a detailed derivation of this for-
mula, see[9, 10]).

When specifying the temperature of the spindle sur-
face elements, we should bear in mind that the position
of the region of shock energy release depends on
numerous factors, in particular the velocity of the gas
flow in the stream, the density, etc. Therefore, for the
sake of simplicity, we will specify the maximum tem-
perature of the spindle both on the side of the inflowing
matter (i.e., for X <0) and on the oppositeside (X = 0).
The distributions of the surface-element temperatures
on both sides of the spindle will be matched to these
T...x Values. We can use the following relations to cal-
culate the temperature of a surface element of the spin-
die elipsoid. Let T, be the maximum temperature of
the spindle surface on the side of the inflowing matter,
reached at distance ¥,,.. The temperatures of sur-

face elements along the OY axis can be one of the
following:
(1) constant,

Ti = Thax = CONSL;
(2) distributed normally,

T, = Ty €XP(=0.5A%7), where Ay, = ¥-:—y:m3 (25)
yO - ymax
(3) distributed as a cosine function,
Tl(y) = Tmin + TmaxCOS(O-ST[Ayi)- (26)

In this last case, the temperature increment reaches its
maximum at the point with coordinate ¥,,,., while the
temperature increment equals zero at the point with
coordinate ¥y, Ti(¥) = T, The minimum temperature
for a spindle surface element can be taken to be equal,
for example, to the temperature that the disk matter
would have due to reprocessing of the gravitational
energy of the gasinto heat during the motion of the gas
toward the gravitating object [14]:

3/4
W O

Tmin =T (27)

where R, and T,, are the radius and surface temperature

of the primary component and r is the distance from
the spindle pole to the center of the primary in the disk
coordinate frame. The temperatures of spindle surface
elements on the side opposite to the inflowing matter
are calculated analogously. Figure 2 presents three tem-
perature distributions along the spindle corresponding
to the three relations above, assuming that the mini-
mum temperature is reached at the spindle pole. By
varying the positions of the temperature maximum and
minimum on the spindle surface, the temperature val-
ues themselves on both sides of the spindle, and the
temperature distributions, we can describe the radiation
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Fig. 2. Variation of the temperature along the “hot line” on
the side of the inflowing matter as a function of distance to

the center of the spindle ellipsoid § = f /a,, for the follow-
ing 1aWS: Tiing(¥) = Trnin + Tiax€0S(O0.5TF7 ) (1), Tiinel §) =
Tonax = CONSt (2), Tiine(9) = Trnaxexp(—0.5A97) (3), where

= (seetext).
I Yo~ Ymax

from a given structure with adequate accuracy. Unfor-
tunately, this considerably increases the number of
unknowns in the problem. Therefore, it is sensible to
apply the procedure for determining the observed
parameters of the shock region to CBSs whose basic
parameters(q, i, T,, T, Ry, Ry) have already been deter-
mined reliably from other data.

4. VERIFICATION OF ECLIPSE CONDITIONS

The verification of the visibility of surface elements
for al components of the system isbased on thefollowing
genera principle. Knowing the coordinates for the center
of asurface lement inthe OXYZ frame, (%, i, ), and the
direction cosines for the line of sight,

0, = cosd,sini,

0, = sind,sini, (28)
0, = cosi,

where i is the orbital inclination and ¢, the observer’'s

azimuth, we can determine the angle y between the nor-
mal n to the surface element and the line of sight:

n o

cosy = ——
Y= [l

(29)
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(the relation between the orbital phase ¢ and the
observer's azimuth ¢, is specified by the expression
d,=¢ + 11 i.€, at the lower conjunction of the second-
ary, the orbital phase is ¢ = 0 and the observer’'s azi-
muth ¢, = 7). The condition for visibility of the surface
elementiscosy> 0. If thisconditionisfulfilled, we ver-
ify the possibility of eclipse of the surface element by
other components of the system. For this purpose, we
draw in parametric form a straight line through the cen-
ter of the surface element parallel to the line of sight:

X = X +to,,
Y =y, +to,, (30)
Z = z+to,,

and elucidate whether it intersects the surfaces of other
components in the interval between the observer and
the test surface element. For this, the system of equa-
tions (30) and the equation describing the shape of the
considered component of the CBS in the OXYZ frame
must be solved simultaneously in terms of the parame-
ter t, taking into account any additional conditions. The
absence of a solution indicates that the line of sight
does not intersect the body of the component consid-
ered. If there is an intersection, but it is beyond the
region satisfying some additional conditions (for exam-
ple, it occursin the area above the disk edge, Z > z,) or
beyond the boundaries of the interval between the
observer and the test surface element, the surface ele-
ment islikewise not eclipsed, and its contribution to the
total flux from the system must be taken into account in
accordance with its calculated temperature, size, and
viewing angle y. The eclipse verification procedure for
the primary and secondary components of the CBS and
the elliptical disk is described in detail in [9-11].

A surface element on the spindle can be eclipsed by
the body of the spindleitself, the body of the secondary
component, the body of the spherical star, and the lat-
eral surface of the elliptical disk. If on,, +on, +
o,n,, <0, wheren, isthe normal to the spindle surface
element in the OXYZ frame, the given surface element
isnot visible at that orbital phase ¢.

Thered dwarf can eclipse the spindle only at orbital
phases ¢ > 2.51tand ¢ < 1.511, when the star is near its
lower conjunction. Eclipse verification for a spindle
surface element is similar to that for adisk surface ele-
ment [10, 11].

Verification of eclipse of a spindle surface element
(X,, Vv, z,) by the primary is smilar to that for an
eclipse of a disk surface element by the spherica star,
presented in [11]. The white dwarf does not eclipse a
test surface element if D = (B/A)? — C/A <0, where

A = (0,0080,—0,8nd,)’

. 2 2

+(0,sina, + 0,€0s0,)" + 0,
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B = Xx,(o.cosa,—o,sina,) (31)

+Yy,(0,sina, + 0yc080,) —Z,0,,

o2 - 52
C= Xv+y§+zv_

Finally, we verify the eclipse of the center of aspin-
dle surface element by the lateral (ellipsoidal) surface
of the elliptical disk. If D = (B/A4)? - C/A <0, where

A = (0,0080,—0,8Nnd,)’

, (o,sinac+ oyCOSO(e) e .2
1-¢° " en%
B = (0,C0S0,—0,SiN0,)(X, + ea) (32)
, (0,8ina +0,c080)y, DiDZO 5
1-¢° el
Yo, o
= (%, +ea)’+ 2 -
= (%, +ea)’ T EbDZ a’,

a straight line parallel to the line of sight will never
intersect the disk ellipsoid surface, and the spindle sur-
face element will not be eclipsed. Otherwise thereisan
intersection. However, we will take the spindle surface
element to be uneclipsed if the z coordinate of the lower
point of intersection exceeds the z coordinate of the

upper edge of the disk (Z= 2, + 0(B/A - /D) < z,).

The spindle itself can aso eclipse other compo-
nents: the secondary (within a small interval of orbital
phases) and the lateral disk surface. Eclipse of the sec-

ondary by the spindle can occur at orbital phases0.25 <
¢ <0.75. A surface element on the red dwarf with coor-

dinates(X,, y,, z, ) inthe OXYZ framewill be eclipsed
by the spindlewhen o,[B/A+ «/(B/A)* - C/A]>0. Here,

C=%x Dl+yrD2+—z2

_2D3)_(ryr - 2D4)_(r + 2DSYr + D61
2
_ _ av_
B = FD,X, +GD,y, —0,~2, (33)
v

- D3(Fyr + G)_(r) - D4F + D5G,
2

A = F?D, +G°D,—2D,FG + 2”
Cy

where F = 0,cos0¢ — 0ysin0e, G = 0,sin0, + 0ycosq,
and coefficients D; are calculated in accordance with
therelations
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2
2 a, . 2
cos &+ —sin’9,

v

D,

D, = sn 8+ L cos S,

2
a,
2
v

0 2
D, = cos3Sind[l - 4[]

v

D, = (Ry—ro)

2
x [cosécos(é F,,) + %sinésin(é + UJM)}, (34)

v

Ds = (Ry—ro)

2
x {sinécos(é + ) —%COS(SS‘"](6 + llJm)}:

v

Ds = (Ry —ro)2

2
x [cosz(é FPy) + %sinz(é ¥ LUM)} _a.

The verification of the eclipse of a lateral disk sur-
face element with coordinates (X4, ¥4, Z4) by the spin-
dieissimilar to the procedure abovefor ared dwarf sur-
face element; in the calculations for coefficients A, B, C
(33), the coordinates (X, , ¥, , z ) must be replaced by

()_(d’ Yd» 2d)

5. MODEL CALCULATIONS

Let us elucidate how variation of the parameters of
a hot line oriented toward the inner Lagrangian point
affects the light curve of a CBS. We chose a CBS with
g=3.0°andi =80° (i.e, an eclipsing system) for test
calculations. The disk eccentricity is e = 0.3 and its
maximum radius (at apastron) is0.5¢ (¢ isthe distance
between the center of mass of the spherical star and the
inner Lagrangian point, and equals& = 0.611a, when
g = 3.0, where g, is the distance between the centers of
mass of the system components); thus, R, (apastron) =
0.235a,. The height of the outer edge of the disk above
the orbital plane, specified by the parameter A, = 4, is
Z, = 0.0145a,. The parameters of the primary are taken
to be equal to those of the white dwarf: temperature
T, =25000 K and radius R, = 0.011& = 0.0067a,. The
effective temperature of the secondary in the absence of
heating from the primary is T, = 3500 K. The parameters
of the spindle, in particular, its semi-axis a,,, depend on
the azimuth of the spindle center, since we specify a, in
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Fig. 3. Hot-line thickness as a function of the rotation angle a,, of the disk relative to the horizontal axis of the system, for fixed
ro=0.2Ry, b, =0.6p, and ¢, = Z,, where pisthe distance from L to the center of the spindle and z, isthe height of the upper edge
of the disk above the orbital plane. The values for the angle o, are indicated. The system is depicted for i = 5°.

terms of the intermediate parameter r, in thelight-curve
synthesis code. Figure 3 shows how the hot line’ s thick-
ness varies as a function of the rotation angle o, of the
disk periastron relative to the horizontal axis of the sys-
tem for fixed r, = 0.2R,, (we take the semi-axes of the
spindleto be b, = 0.6p, ¢, = Z,, where p—the distance
from L, to the spindle center—also depends on a.).
When a, = 30°, a, = 0.036a,, and b, = 0.37a,; when
0.=90°a,=0.033a,and b, =0.35a,;, when a, = 150°,
a, = 0.043a, and b, = 0.31a,, when a,= 210° a, =
0.059a, and b, = 0.30a,; when o = 270°, a, = 0.0593,
and b, = 0.34a,; when a. = 330°, a, =0.047a,and b, =
0.38a,. The system is depicted for the anglei = 5°.

The test calculations also showed that, with fixed
spindle semi-axes a, and b,, the contribution of the
spindle’s radiation to the total brightness of the system
can decrease by up to ~40% of its maximum, depend-
ing on the orientation of the disk; however, the orbital
phases at which the contribution of the spindle reaches
its maximum or minimum remain constant.

Figure 4 displays the effect on the shape of the light
curve of varying the spindle length from 0.25p to 0.9p.
We adopted the cosine law (26) for the temperature dis-
tribution along the spindle; the maximum temperature
on the side of theinflowing matter wastakento be T;; =
3000 K, and that on the opposite side to be Ty, = 9000 K.
According to (27), the matter flow has its minimum tem-

perature at the distance y, = b,. When b, = 0.25p,

when the spindle only slightly pushes out the outer sur-
face boundary of the disk (Fig. 4c, left), the synthesized
curveisidentical to those obtained in classical hot-spot
models (Fig. 4b, curve 4-T). A longer spindle substan-
tially increasesits contribution to the total flux fromthe
system, and also leads to certain variations of the light-
curve shape. Figure 4b presents the contribution of the
radiation of a spindle with b, = 0.9p in arbitrary units F,
in the V filter as a function of orbital phase (curve 4-1V,

dashed curve). We can use the relation f, = Fa5 x

107'2 erg/s cn?’ to trand ate the flux into commonly used
units, where a, is the distance between the starsin cm
and F, isthe flux in the figure in arbitrary units. Apart
from the main maximum of the radiation at phases
¢ ~ 0.6-0.9, there is an additional flux increase near
phase ¢ ~ 0.1. Here, the line of sight intersects the part
of the spindle located on the side of the inflowing
matter.

Depending on the density of the matter, the velocity
of its motion in the gas flow, and other conditions, the
temperature of the hot line on the side of the inflowing
matter can be rather high. This results in a supplemen-
tary anomalous hump in the light curve of the system
near orbital phases ¢ ~ 0.1-0.3, which cannot be
explained using classical hot-spot models. Figure 5a
presents an example of such a light curve. The solid
curve (1) shows the light curve calculated for the same
parameters as those in Fig. 4a (b, = 0.6p); the dotted
curve (1) showsthe light curve for the maximum spindle
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AV Fy, 10! arb. units

Fig. 4. (a) Relation between the shape of a CBSlight curve (with g =0.3,1=380°, T, = 3500 K, A, =4, a=0.235ay, e=0.3, Ry =
0.0067ay, T,, = 25000 K, ¢, = 0.01453, &, = 0.0368), Y, = 0.4p, and §, = p) and spindle length for b, = 0.25p (1), 0.4p (II),
0.6p (111), and 0.9p (IV). (b) Contribution to the total radiation flux from the spindle for b, = 0.25p (4-I) and 0.9p (4-1V), the white
dwarf (1), the red dwarf (2), and the elliptical disk (3). () View of the system from above (i = 5°) for spindle lengths b, = 0.25p
(left) and by, = 0.9p (right).
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2.0 B _:"-_
2m 5 ; 3 41
¥ b f
15
3.0F
-,
3.5¢
SRR L VRGP
4.0
1 1 1 _0'5 1 1 1
0 0.5 1.0 b 0 0.5 1.0

Fig. 5. (@) Light curve of acataclysmic variable for various maximum temperatures on the spindle surface, T = 3000 K and Tgp, =
9000 K (1), and for the opposite relation, Ty = 9000 K and Tgp, = 3000 K (11). (b) Contribution to the total radiation flux from the
spindlein cases| (curve4-I) and Il (curve 4-II), the white dwarf (1), the red dwarf (2) and the elliptical disk (3).
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temperature T = 9000 K, T,,, = 3000 K. Figure Sb
shows the contributions of the system components in
both cases. With this temperature distribution in the
shock region, the peculiar light curves of cataclysmic
variables in which the eclipses are located on the
ascending branch of the hump (for example, RW Tri,
UX UMa|[15, 16]) can be explained in a natural way.

At larger orbital inclinations (i > 75°), the effect of
the compactness of the region of shock energy radiation
becomesvery significant. The compactness of the* hot”
area is specified by parameters §, and V.. If these
two values are close to each other, shock deexcitation
occurs within amodest region similar to a classical hot
spot, but located on the spindle body rather than on the
disk, while the remainder of its surface is cool com-
pared to the lateral disk surface (its temperature does
not exceed 1500-2000 K). At orbital phases ¢ ~ 0.8—
0.9, cool regions of the spindle can eclipse hotter por-
tions of the disk, introducing additional distortions in
the light curve. At modest orbital inclinations, the
observational effect of the shock compactness is less
appreciable. Evidence for compactness of the energy
release area is provided by the calculations of [5],
which indicate that one characteristic of the shock is
variability of its radiation along its length; note that the
bulk of the energy release occurs in the part of the
shock located near the accretion disk.

6. APPLICATION OF THE HOT-LINE MODEL
TO OY CAR

We applied the above procedure for CBSlight-curve
synthesis using a hot-line model to several well studied
SU UMa stars. This is a subclass of cataclysmic vari-
ables displaying super-flares of up to 1.5-2™. The best
known characteristic of such super-flares is a super-
hump in the light curve, which recurs with a period that
slightly exceeds the orbital period. According to the
theoretical studies of Hirose and Osaki [17], during a
super-flare, the accretion disk increasesin sizeto acrit-
ical radius and becomes elliptical due to the develop-
ment of tidal instability called forth by its gravitational
interaction with the secondary. In the egress from a
flare, the disk decreases in size and becomes circular.
The observationa verification of this theoretical model
is rather complicated, since the details of the elliptical
disk structure and its orientation rel ative to the horizon-
tal axis of the system are time-dependent. Definite
progress in the study of the structures of disks and cir-
cum-disk formations during flares can be made for sys-
temsin which eclipses of the accretion disk by the sec-
ondary are observed.

OY Car is one of several SU UMa dwarf novae in
which thered dwarf eclipsesthe white dwarf, the accre-
tion disk around it, and the region of energy release
near the outer edge of the disk. Verification of theories
for accretion-disk structure is based on precisely this
type of system. During super-flares, a secondary hump
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of lower amplitude appears episodically near orbital
phase ¢ ~ 0.5. In the hot-line model, this can be
explained in a natural way as a consequence of varia-
tionsin the contributions of the radiation from the spin-
dleand theelliptical disk inthe course of its precession.

To determine the parameters of OY Car, we used the
V-band observations of Bruch et al. [18] obtained dur-
ing a super-flare on April 19 and 20, 1992, and the
B-band light curve for this system in its quiescent state
obtained by Wood et al. [19]. By minimizing the fit-
residual functional described in detail in [10-12], we
derived parameters of the theoretical curves that
matched the synthesized curvesto the observations (see
the table). During the minimization, we fixed the fol-
lowing system parameters, which have been reliably
determined by Wood et al. [19] in their study of the
eclipse shape: g=M,,/M, = 10.0, i = 82°, and the red-
dwarf temperature without taking into account heating
of its surface by the white dwarf’sradiation T, = 3030 K.
We restricted variations for the white-dwarf radius to
theinterval R, /a, = 0.018-0.020. The average radius of
the secondary is determined by the mass ratio of the
components, and is R,/a, = 0.213.

Figure 6 (upper) presents the light curve of OY Car
synthesized using this model. The observations are
given by the pointswith their corresponding errors, and
the theoretical light curves (constructed using the
parameters from the table) are shown by the solid
curve. The lower panel of Fig. 6 presents the contribu-
tions of the components (the white and red dwarf, ellip-
tical disk, and spindle) as functions of orbital phase for
both the active and quiescent states of the system. The
resulting parameters of the OY Car system lead to the
following conclusions.

(1) The temperature of the white dwarf in the active
stage reaches T,, ~ 35000-40000 K, and decreases to
~25000 K in the inactive stage. This temperature
increase could be due to thermonuclear burning of mat-
ter near the surface of the star, thrown there due to
instability of the disk.

(2) Due to heating of the secondary surface by the
white-dwarf radiation, the average surface tempera-
ture of the red dwarf during the super-flare reaches
T, ~ 3600-3700 K; it decreasesto T, ~ 3300 K in the
inactive stage. The contribution from the secondary to
the total V flux in the active stage is 7-10%, and
decreases to <6% in the inactive stage.

(3) During a super-flare, the disk assumes an ellipti-
cal shape, with its eccentricity reaching e ~ 0.3-0.7.
The maximum eccentricity of the disk is acquired on
the date of the maximum of the super-flare in the light
curve (April 20, 1992). The disk eccentricity in the
inactive state is nearly zero, and the disk shape differs
little from circular (e ~ 0.02).

(4) Thesize of thedisk islarger in the activethan in
the inactive stage; a/a, ~ 0.4-0.45 during the super-
flare and ~0.3 in quiescence. The relative half-thick-
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OY Car parametersin various phases of activity
Classical hot-spot model (1) “Hot-line” model (1)
Commonly
Parameter accepted values A A Q A A Q
[1,18,19] (Apr.19, | (Apr. 20, [19] (Apr. 19, (Apr. 20, [19]
1992) 1992) 1992) 1992)

g=M,/M, 9.1-10.1 9.8 9.8 9.8 10.0 10.0 10.0
i, deg 79-84 82.0 82.0 82.0 82.0 82.0 82.0
R/ag 0.018-0.020 0.0187 0.0195 0.0182 0.0193 0.0193 0.0194
Ro/ag 0.205-0.213 0.213 0.213 0.213 0.213 0.213 0.213
T K (Q) 10000-15000 21789 25135
T K (A) ~25000  |40287 50531 40357 34942
T,, K (without hesting) ~3000 3030 3030 3030 3030 3030 3030
T,, K (with hesting) 3736 3469 3169 3765 3660 3288
Disk
alay 0.313-0.355 0.466 0.538 0.277 0.424 0.386 0.315
e - - - - 0.321 0.699 0.026
zla 0.020-0.036 0.022 0.059 0.014 0.037 0.033 0.026
Oe - - - - 219° 323° 251°
Model |
Spot azimuth 34°-54° 27°4 5477 48° 2
Ry/ao 0.027-0.104 0.070 0.156 0.100
Teo K 8600-10000 | 7690 7174 9928
Model 1
a,lag 0.053 0.125 0.101
b, /ay 0.363 0.569 0.334
c,/ag 0.016 0.010 0.004
il (Tha) s K 9769 (16480)|10547 (18827)| 3856 (4197)
Moppll (Tma)s K 6585 (9739) | 9514 (14740)|15130(20073)
NG 230 1164 368 112 464 251

A—super-flare stage, Q—inactive stage. Observations during the super-flare were obtained in the V filter, and those during the quiescent

stage in the B filter.

ness of the disk isz,,/a ~ 0.04 in the active and ~0.025
in the inactive stage.

(5) The average azimuth of the disk periastron for
theApril 19, 1992 OY Car light curve, which combines
three successive orbital curves, was o, = 219°. The
average April 20, 1992 OY Car light curve aso com-
binesthree successive orbital curves, and hasa, = 323°.
Consequently, our analysis for the OY Car light curve
during this super-flare suggests precession of the disk.

Due to the precession of the disk periastron over 0995
(thetimeinterval between the averaged April 19 and 20
light curves), the disk rotated by 104°. The correspond-

ing precessional period is Py, = 3°289. According to
[17], the period of the motion of super-humps in SU
UMa systems is equal to the period of the beating
between the orbital and precessional periods of the sys-
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tem; i.e., 1/Pg, = 1/Pyp, — 1/Ppe. INthis case, the super-

hump period turns out to be Py, = 0906436. This value
for Py, is consistent with the observed period of the

super-hump in OY Car, P, = 090644 + 090002 [18].

(6) The parameters for the region of energy release
obtained from the light-curve analysis correspond to
those for an ellipsoid with T >1 radiating in accordance
with a Planck distribution. The surfaces of the spindle
on the side of theinflowing matter and the opposite side
radiate with different equilibrium temperatures (see
Fig. 7, which presents the temperature distribution over
the spindle surface). Only the part of the spindle adja-
cent to the disk is heated to high temperatures; the areas
near the spindle pole have the same temperature that
would be displayed by the lateral disk surface at the
same distance. During a super-flare, both the average
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Fig. 6. Upper: observed OY Car light curves during the super-flare on April (a) 19 and (b) 20, 1992 from the V-band observations of
Bruch et al. [18], and (c) in the inactive state according to the B-band observations of [19] (points with corresponding errors). Solid
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Fig. 7. Temperature distribution of the spindle surface elements (T = T({) on the side of the inflowing matter (1) and the opposite
side (2), used to derive theoretical light curves describing the observations of OY Car during the super-flare on April (8) 19 and
(b) 20, 1992 and (c) intheinactive state. “D” denotes points of tangency between the spindle and disk surface, “P” denotes the spin-
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curves: synthesized light curves with parameters presented in the table. Lower: contribution to thetotal radiation flux from the white
dwarf (1), thered dwarf (2), the elliptical disk (3), and the spindle (4) as afunction of orbital phase, used to derive theoretical light

curves describing the observations of OY Car during the super-flare on April (8) 19 and (b) 20, 1992, and (c) in the inactive state.
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Fig. 8. Computer modeling of the components of OY Car during the super-flare on April (a) 19 and (b) 20, 1992 and (c) in the inac-

tive state. View from above.

and maximum equilibrium temperatures of the spindle
surface on the side of the inflowing matter are 10-30%
higher than those on the opposite side. During the
development of the process, the temperature on the
opposite side of the spindle rises. In the inactive state,
the situation is reversed: the average equilibrium tem-
perature of the spindle on the side of the inflowing mat-
ter is formally equal to only one-third of the tempera-
ture on the opposite side. However, the visibility condi-
tions for the radiating surface of the spindle on the side
2001
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of theinflowing matter are poor, so that the real temper-
ature could be higher.
(7) The brightness of the OY Car system in magni-

tudes is 171 higher in the active than in the inactive
stage. Thisis somewhat smaller than the observed AV ~

17s.
(8) When the same OY Car light curves are

described using a classical hot-spot model, the agree-
ment between the observed and theoretical light curves
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is generally poorer (see table); details of the light
curves out of eclipse are especially poorly represented.

Figure 8 depicts the components of OY Car in vari-
ous phases of activity, seen at an anglei = 0° (along the
system'’s pole). Variation in the size, shape, and orien-
tation of the disk and the size of the spindle in the
course of the super-flare, and also their difference from
the parameters for the disk and circum-disk structurein
the inactive stage of the system, are clearly demon-
strated.

6. CONCLUSIONS

Our model describes an extended region of energy
release along the gas stream flowing around the ellipti-
cal disk around the white dwarf. The model can repro-
duce the observed variety of the light curves of cata-
clysmic variablesin more detail than the usual classica
model and its various modifications. In our model,
anomalous light curves and details of “ double eclipses’
in systems with high orbital inclinations can be under-
stood, especialy in cases when the radiation from cir-
cum-disk structures substantially contributes to the
total brightness of the system (as, for example, in OY
Car). The consistency of our model with the gas
dynamical flow patternsin semi-detached CBSs makes
it possible to use it as a basis for interpreting the light
curves of cataclysmic variables.
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Velocity Field of the Stellar Wind of the Wolf—Rayet Star
in theV 444 Cyg Binary System: A Parametric Model
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Abstract—An analysis of the A4244 A continuum light curve of the eclipsing variable V444 Cyg is used to
reconstruct the velocity law v(r) of the stellar wind of the WR star in terms of Lamers parametric and power-
law models. Both models are inconsistent with the observed light curve, and can be rejected at the < 2% signif-
icancelevel. Departures of the Lamers parametric relation from the empirical v(r) law reconstructed in previous
papers from the same A 4244 A light curve on sets of concave and convexo-concave functions are statistically
significant. The stellar wind of the WNS5 star continues to accelerate at a considerable distance from the star’'s
center. This corresponds to an acceleration parameter 3 > 1 in terms of a coarse Lamers-law approximation for
the empirical v(r) field. © 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Modern models for the extended atmospheres of
Wolf—Rayet (WR) stars for computing emitted spectra
include a parametric velocity law v(r) for the radia
mass outflow asafunction of distancer from the center.
No full, self-consistent stellar-wind models for WR
stars that incorporate gas-dynamical computations and
solutions of thetransfer equation are available. Thisisdue
both to technical difficulties with implementing such
modds and the fundamental problem of the mechanism
for the acceleration of the stellar wind (seg, eg., [1]). The
generally accepted form of the velacity field v(r) was
first proposed by Lamers[2]:

B
v(r) = vm%L—r?‘H . (1)

Here, v, istheterminal velocity at infinity, r. the hydro-
gatic radius of the WR gtar, and 3 a parameter character-
izing the degree of accderation (small and large [3 corre-
spond to fast and dow acceleration, respectively).

The value B = 1 is usually adopted for the stellar
winds of hot stars [2]. However, recent evidence points
toward rather low (3 > 1) acceleration in the winds of
WR stars [3-6]. Furthermore, the very applicability of
the parametric law (1) for the stellar winds of WR stars
has become a subject of debate (see, e.g., [6, 7]). There-
fore, interpretations of observationsthat allow indepen-
dent restrictions to be imposed on v(r) have a specia
importance.

Earlier [6, 8], wederived an empirica v(r) law by ana
lyzing an atmospheric eclipse in V444 Cyg (WNS5 + O6,

P = 4‘.12); this empirical v(r) law differed from the
parametric law (1). Unfortunately, the technique used

in those papers makes estimating the statistical signifi-
cance of the inferred departures rather difficult. There-
fore, the aim of the current paper isto test the statistical
significance of differences between the empirical law
v(r) and parametric law (1) for the WN5 star in the
V444 Cyqg system.

2. FORMULATION OF THE PROBLEM

The radial mass-velocity profile in the photosphere
of the WN5 component can be derived from the pri-
mary minimum (WNS5 eclipses O6) of the binary light
curve. The brightness decrease at the phases of the pri-
mary minimum is due to the absorption of light from the
06 component as it passes through the semi-transparent
photosphere of the WN5 component. The absorption coef-
ficient adistancer from the center of the WNS5 gtar is pro-
portiond to the eectron density of the photosphere,
which, in turn, isrelated to v(r) through the continuity
equation. These relations can be written

R,

a

1-1,(8) = IKl(z,A,roe)lo(l—e‘m)dz. @)
0

Here, 6 isthe orbital phase angle; 1 —1,(6) the loss of
light; K, (&, A, roe) afunction describing the occultation
geometry of the disks of the stellar components (formu-
lasfor K, canbefound, e.g.,in[9]); R, quantity exceed-
ing the total radius of the eclipsing extended atmo-
sphere of the WN5 component; A? = cos?i + sin?isin’0
(in this formula, the component separation is taken to
be unity); i the orbital inclination; |, the flux density at
the center of the disk of the O6 star; and r, the radius
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of the O6 star. Theline-of-sight optical depth t(&) of the
WNS5 star photosphereis given by the formula

a(r)rdr

) e

where a(r) is the absorptlon coefficient a distance r
from the center of the WR star. Obviousdly, optical pho-
tometry cannot penetrate beyond the 1(§) ~ 1 layers of
the WNS5 star photosphere. Let the distance from this
point to the center of the disk of the WN5 component
be r, and the corresponding absorption coefficient be
0,. Theabsorption inthe optical continuum is due prima-
rily to scattering by free electrons, so that the absorption
coefficient should be proportiona to the density of the
materia (for afixed ionization state). Then, in view of the
continuity eguation, we can write

T(€) = ZI 3)

2

a(r) = ag 3y S0 @

where v, =v(r,) and v(r) is a function describing the
dependence of the velocity on distance from the center
of the WN5 star. The parameter s(r) in (4) takes into
account the ionization state. We assume that the stellar
winds of WR stars consist exclusively of helium. In the
innermost stellar-wind regions, helium is fully ionized,
whereas, at large distances from the WR star, it can
become only singly ionized. Since the number of elec-
trons per helium nucleus depends on the ionization
state, the formula should include a correction factor:
s(r) =1 and s(r) = 2 in the He 1l and He Ill regions,
respectively.

Thus, by solving successively theinverse problems (2)
and (3), we can determine a(r) and then derive v(r)
from (4). However, in the general case, we must solve
not only (2) for the primary minimum of the light
curve, but also an analogous equation for the secondary
minimum, taking into account the normalization (the
so-called “depth equation”) relating the two solutions.
Thisisdueto the fact that the only way to derivel, and
reliable estimates of the geometrical parameters affect-
ing the solution (the orbital inclination i and the radius
of the O6 star) isto analyze the light curve as awhole.

Equations (2) and (3) belong to the class of so-called
ill-posed problems—arbitrarily small variations in the
input function can trandate into arbitrarily large varia-
tionsin the solution. Such problems can only be solved
by imposing some a priori restrictions on the unknown
functions. A well known example of such arestriction
is approximating an unknown function using a para-
metric model. For example, the classical theory for
interpreting the light curves of eclipsing binaries uses a
parametric limb-darkening law for stars with optically
thin atmospheres, reducing interpretation of the light
curve to the determination of afinite number of parame-
ters (see, eg., [10]). Since parametric functions always
form acompact set, finding afinite number of parameters
is aways awell-posed inverse problem [11].

ANTOKHIN, CHEREPASHCHUK

There is no satisfactory theory for extended stellar
atmospheres, and it istherefore impossibleto identify a
parametric set of functions that can adequately fit the
brightness distribution and absorption properties across
the disk of a peculiar star. Cherepashchuk [12, 13]
showed that the geometric parameters r, and i could
be derived from the light curve of V444 Cyg without
adopting any parametric relationsfor the functions|4(§)
(the brightness distribution across the disk of the WR
star reconstructed from the secondary minimum of the
light curve) and 1 — e™®: one can infer the entire set of
unknown quantities ro, i, 14€), and 1 — e™® smply by
solving the integral equations for the light decrease in the
primary and secondary minima. Solving this problem can
be made much easier by independently deriving the com-
ponent luminosity ratio from spectrophotometric data
[14]. In this case, the ill-posed nature of the inverse prob-
lem can be overcome by choosing a compact set of func-
tions, which need not be parametric, that depends only
dightly on the particular physical model for the extended
atmosphere and takesinto account as much as possiblethe
specific festures of the WR dtar.

Antokhin et al. [6, 8] and Cherepashchuk [13] inter-
preted the A4244 A continuum light curve of V444 Cyg
using the following a priori information about the solu-
tion, which alowsidentification of an appropriate com-
pact set of functions.

(1) The desired functions (&) and 1 — e™® are non-
negative, monotonic, and nonincreasing [13].

(2) The function 1,(&) is nonnegative and nonin-
creasing, whereas the function 1 — e'® is concave,

nonnegative, monotonic, and nonincreasing, and is
bounded from above by a constant equal to unity [6].

(3) The functions 1(§) and 1 — '@ are both con-
vexo-concave, monotonic, nonincreasing, and nonneg-
ative [7, 8]. The convex and concave parts of these func-
tions correspond to the opaque “core” and the extended
atmosphere of the WR star, respectively.

The use of a priori information about the concave
and convexo-concave properties of the unknown func-
tions enabled reconstruction of the spatial structure of
the extended atmosphere of the WNS5 star and determi-
nation of theempirical law v(r) viaanalysis of an atmo-
spheric eclipse. We emphasize that using all three types
of a priori information yields virtually the same geo-
metrical parameters r, and i. In this formulation, two
solutions are obtained from the same light curve:

(1) The solution corresponding to the absolute min-
imum of the residual n: roq = 025, i = 7820, and
Lwns/(Lwns + Log) = 0.20, withn,,;, = 0.0036%. Note that

obs

)
L We define the residual asn = /\/Z' L , where /™

Zi =1V
and °* are the theoretical and intensity-mean observed light
curves, respectively, w; isthe weight of the ith normal data point,
and n is the number of normal points.
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the rms error per normal data point in the light curveis
0.004.

(2) The solution corresponding to the minimum
residual n for a fixed relative luminosity of the WN5
star Lyns/(Lwns + Log) = 0.38, derived independently
from spectrophotometric observations [14]: rs = 0.20,

i =78°4, with n,,;, = 0.0042. Since the relative lumi-
nosity of the WN5 component is an independently
determined observable [14], this second solution should
be preferred, in spite of the fact that its residua is 17%
higher than in the first case. It is noteworthy that the two
solutionslead to the same fundamental qualitative conclu-
sions about the radius of the WR star “ core,” itstemper-
ature, and the velocity field v(r) in the stellar wind.

We can, thus, consider the geometrical parameters
of the V444 Cyg binary system to be reliably deter-
mined and stable to the use of various types of a priori
information and to the light-curve rectification proce-
dure[6].

At the same time, the most interesting information
about the velocity field in the wind of the WR component
was obtained by successively solving two ill-posed prob-
lems. In view of the adopted a priori assumptions about
the solutions, this makes it rather difficult to assess the
statistical significance of the conclusions. For this rea-
son, we have approximated the v(r) profile by a para-
metric function.

By finding alarge number of solutions to the direct
problem, we can determine the best-fit model parameters
and verify their statistical significance. If we adopt (1) as
aparametric law v(r), we can assess the statistical sig-
nificance of the earlier conclusion of [6, 8] that the
empirical law v(r) deviated from relation (1). Failure of
relation (1) to adequately fit the observed light curve
would imply that the departures of the empirical law
v(r) from (1) found in [6, 8] are statistically significant
and require physical interpretation.

Our initial data were the same rectified A4244 A
continuum light curve as that used in [6, 8]. To addi-
tionally verify theresults, we a so analyzed the rectified
narrow-band A4789 A continuum light curve.

3. THE MODEL

We considered two parametric laws for v(r): for-
mula (1) and the power-law relation

v(r) = VO%L(E' (%)

We use (4) to compute a(r) only at distancesr > r,,.
Our model assumes infinite optical depth when € < r,.
The quantity a, in (4) is not an independent parameter,
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and can be derived from the normalization condition
1(ry) = 1. It can easily be seen that

R, -1
O O
O, = DZrSvOJ'LE .

0 rv(r)Jri—ré

(6)
l'o
In the general case, the parameters of the problem
include the
(2) orbital inclinationi;
(2) radius of the O6 star rog;

(3) hydrostatic coreradius of the WN5 star r, (which
isobvioudly lessthanr);

(4) distance r, from the center of the disk of the
WN5 star where the total optical depth along theline of
sightist(ry) = 1;

(5) exponent 3 of the Lamerslaw and exponent n of
the power-law velocity relation;

(6) radiation intensity at the center of the disk of the
O6 star 1,

(7) radius of the He l11 region;
(8) linear limb-darkening coefficient x of the O6 dar.

Note that neither v, in the Lamerslaw nor v, in the
power law can be considered model parameters, as is
readily apparent from (6). In fact, R, is likewise not a
free parameter. The radius of the absorbing photo-
sphere of the WN5 star can be assumed to be equal to
the separation of the binary components. Here and
below, we express al distances in units of this separa-
tion (~38R). Inthiscase, R, = 1.

Most of the above parameters can be fixed at values
inferred from observations or previous analyses. As
noted above, our previous analysisyielded reliable geo-
metrical parametersfor the model—i and r 5. We there-
fore adopted these values and the parameter |, from[8]:
i = 78243, ros = 0.20, 1, = 5.499 (model 1) and i = 7820,
ros = 0.25, I, = 4.509 (model 2). The first solution cor-
responds to the observed estimate of the relative lumi-
nosity of the WNS5 star Lyys/(Lwas + Log) = 0.38, and
the second to the parameters i and r, resulting in an
absolute minimum of the residual of the theoretical fit
to the observed light curve in both minima (the corre-
sponding relative luminosity of the WN5 star is
Lwns/(Lwxs + Loe) = 0.20).

Main-segquence stars are known to obey rather accu-
rately a linear limb-darkening law, whose coefficient
for O6 starsisx=0.3[15].

The problem proved to be insensitive to our choice
of the He Ill-ionization radius, due to the adopted opti-
cal-depth normalization adistancer, from the center of
the WN5S star. Let the radius of the He |1l ionization
region (r(He III) be less than the component separation.
This would decrease the electron density ng(r) at the
point r = r(He III) by a factor of two. However, the q,
vaue computed from (6) increases due to the normaliza
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Fig. 1. Residual surfacefor model 1 (i = 78°43, rge = 0.20,

Lwns/(Lwns + Log) = 0.38) with the Lamerslaw. The upper

panel shows contours of equal residual. For ease of viewing,
a rarefied grid is shown on the three-dimensional plots,
though agrid afactor of afew denser was used in the actual
computations: drawing such agrid herewould fully blacken
theplot.

tion 1(ry) = 1. Asaresult, the decrease of a(r > r(He III))
given by (4) is not afactor of two (in proportion to the
electron density), but much smaller. This quantity
decreased by ~30% in our estimative computations.
As aresult, the effect of this decrease on the function
1-e"®—abreak at r = r(He IlI)—isbarely noticeable.
We therefore performed al the main computations
assuming that the entire atmosphere of the WN5 star
consists of the He l11 ionization state.

It is evident from the above formulas that parame-
ter r. affects the model only when the Lamers v(r) law
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Fig. 2. Same as Fig. 1 for model 1 with the power law.

is used. We show below that this parameter correlates
strongly with B. We therefore fixed r, a 0.05 (~2Ry),
which is a reasonable estimate for the hydrostatic core
radius of aWNS5 star with amass of ~ 9.3M, [16]. Thus,
the free parameters of the model are 3 (or n) and r,,

In the general case, the expressions in (3) and (6)
cannot be integrated analytically, because the function
v(r) can, strictly speaking, have an arbitrary form. In
particular, analytical integration is impossible in the
cases of a Lamers law and power-law relations with
irrational exponents n. Then, the integral must be com-
puted numerically. Since theintegrand hasasingularity
at the integration limit, we used the Hermitian integra-
tion formula[17]. We performed our computations iter-
atively until we reached the required precision.

2001
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Fig. 3. Same as Fig. 1 for model 2 (i = 78°0, rgg = 0.25,
LWNS/(LWNS + LOG) =0.20) with the Lamers law.

After the parametric problem is solved, we can esti-
mate the absolute value of the WR star’s mass-loss rate
using the relations

nan) = &1,

where o = 7 x 1072 cm? is the Thomson scattering
cross section, and

p(r) = 2myng(r),

where m, =1.7 x 10> g is the proton mass (as noted
above, we assume that the medium consists exclusively
of fully ionized helium):

Mwr = 41r’v (r)p(r).
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Fig. 4. Same as Fig. 1 for model 2 with the power law.

Here, ny(r) and p(r) are the radia electron and total
density profiles, respectively, and Mwr is the absolute
value of the mass-loss rate of the WR star. The mass-loss

rate Mwsr can be computed using any distancer and the
corresponding expansion velocity, eg., r, and v,

4. RESULTS AND DISCUSSION
4.1. Rectified \A4244 A Light Curve

Figures 1 and 2 show the residual surfacesfor model 1
for the Lamers and power-law outflow velocity profiles
v(r), respectively. Figures 3 and 4 show the corre-
sponding surfaces for model 2.

The minimum-residual solutions are summarized in
the table. The fifth column gives the reduced x> for the
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Fig. 5. Thefunctions 1 — e'® and model light curvesfor the best-fit parameters for model 1: (a) Lamerslaw and (b) power law. For
comparison, the dashed curves show the best-fit light curves for f = 1 and n = 0. Here and in al subsequent figures, the points rep-

resent the observational data.

given model and the sixth column the corresponding
significance level in percent. The table also gives the
estimated mass-loss rate for the WN5 component. To
compute this, we must know the absolute velocity at a
given point in the stellar wind (e.g., at a distance r).
The velocities V,, for the Lamers models were com-
puted for the adopted V,, = 1800 km/s. For the power-
law models, V,, cannot be inferred from the model
itself, and we therefore fixed it a 200 km/s, which
approximately corresponds to the case of the Lamers
model. Figures 5 and 6 show the corresponding model
light curves (and functions 1 — e™®).

It is evident from Figs. 5 and 6 and the table that
none of the new solutions can compare with the earlier

solution of [6, 8] in terms of the residual (n ~ 0.004).
The obviousreason for thisisthat the parametric model
we have used here is less flexible than that adopted in
[6, 8]. However, the solutionsfor the power-law models
have x> values that are acceptable at the 1-2% signifi-
cance levels. It is important to identify the origins of
systematic discrepancies of the new model light curves
from those obtained in [6, 8]. To this end, we show in
Fig. 7 the solution for the samelight curve of V444 Cyg
from [8] obtained using model 1 on the class of con-
vexo-concave functions.

The origin of the higher residual for the current
model becomes evident from a comparison of Figs. 5a,
6a and Fig. 7: when & > 0.8, absorption is virtually
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Fig. 6. Same as Fig. 5 for model 2.

absent inthe models of [6, 8], whereasit issignificantly
different from zero in our current model. Therefore, in
the current model, there is considerable absorption
even at orbital phasesfar from the eclipse center, result-
inginanincreased loss of light at these phases (Figs. 5a
and 6a) and, consequently, in a higher residua. Thus,
thisresult shows that the Lamers|aw is not avery good
approximation to the rea velocity field in the stellar
wind of the WR star.

Hamann and Schwarz [18] performed a joint analy-
sis of the light curves and optical spectra of V444 Cyg
in the framework of a so-called “standard” WR model
atmosphere. They asserted that the observed light curve
could be described by various combinations of model
parameters. They used aLamerslaw with 3 = 1. Setting
aside other discrepancies between this model and the

ASTRONOMY REPORTS  Vol. 45
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observational data for the binary system (see, eg.,
[19]), we note that Hamann and Schwarz [18] com-
pared only the widths and depths of the minima of the
model and observed light curves. The quality of the fit
was estimated visually without applying objective sta-
tistical criteria. It can easily be seen from a comparison
of Fig. 13in[18] and our Figs. 5 and 6 that the model
suggested in [18] would be rejected as having a x? that
has a very low significance level.

The best-fit parameter values derived using our cur-
rent models require a separate discussion. For example,
the so-called “standard” model for the wind of an WR
dar (seg, eg., [20]) isbased on aLamerslaw with 3 = 1.
How could we derive a higher 3 for our Lamers-law
models? An analysis of model light curves for various
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Fig. 7. Solution for model 1 on the class of convexo-concave functions [8] assuming that the relative luminosity of the WN5 com-
ponent is equal to 0.38. The solid curve corresponds to | (§)—the brightness distribution across the disk of the WNS5 star derived
from analysis of the secondary minimum—and the dashed curve to the solution obtained in this paper for model 1 with the Lamers

law.

combinations of parametersr, and 3 leads usto the fol-
lowing conclusions.

(1) Itisobviousthat the depth of the primary min-
imum depends on both |, and the behavior of the func-

tion 1 — e™® [see (2)]. Since |, was derived from the
ratio of the depths of the minima and is fixed in this

v(r)

T R T T J ey S S

Fig. 8. The Lamers law for various f3.

paper, r,—the radius of the opague core of the WN5
star—becomes the main factor determining the depth
of the minimum. If exponent [ isfixed, small and large
ro, valuesyield model light curvesin which the depth of
the minimum is either too small or too large, respec-
tively, increasing the residual (Figs. 1 and 3).

(2) The value of B primarily affects the steepness
and extent of the function 1 —e™® at & > r,, and, conse-
quently, the shape of the primary minimum. Figure 8
shows the functions v(r) for the Lamers-law models
with various 3. It is evident from thisfigure and (4) that
a(r)—and, consequently, 1 — e™® as well—decrease
faster the higher B is, sincethe“drop” in v(r) at agiven
distance interval increases with (3. At small 3, v(r) var-
ies only dlightly in the interval r, — o, so that the a(r)
fall-off is determined primarily by the r=2 factor. More-
over, the line-of-sight absorption exhibits an apprecia-
ble “tail” at large distances from the center of the WR
star, which increases the loss of light in the wings of the
modd light curve and, consequently, increases the resid-
ud. If B isvery high, the WN5 star photosphere becomes
amogt transparent (because a(r) falls off steeply due to

ASTRONOMY REPORTS  Vol. 45

No. 4 2001



VELOCITY FIELD OF THE STELLAR WIND

v(r) /vy

12

10

277

0.6 0.8

Fig. 9. Reconstructed vel ocity distribution v(r) (dotted) and its approximation by the Lamerslaw (solid) and the power law (dashed)
from [8] (solution on the class of concavo-convex functions, relative luminosity of the WNS5 star equal to 0.38).

the large change in v(r) in the interval r, — ), and the
model light-curve minimum becomes too narrow, fur-
ther increasing the residual (see Figs. 1 and 3). The
residual takes its minimum at an intermediate [3 some-
what exceeding unity.

Thus, asmall residual cannot be achieved when 3 < 1.
in this case, there is aways an appreciable “tail” of the
function 1 — e™®, |eading to an increase in the residual
in the wings of the light-curve minimum. However, the
“tails’ are present even for the best-fit 3 values we have
obtained, suggesting that this model has a low signifi-
cance level and should be rejected.

The above results lead us to a very important con-
clusion about the significance of the “peculiar” behav-
ior of v(r) discovered in [6, 8]: the acceleration in the
WNS5 star photosphere does not decrease with distance
from the star, asit should for aLamerslaw, and remains
nearly constant or even increases somewhat with distance
(Fig. 9). Weinitialy treated this result with caution, since
it was obtained by solving two ill-posed problemsin suc-
cession. However, our current analysis proves that this
result is significant. Small values 3 ~ 1 (implying rapid
decrease in the acceleration) are rejected smply because
they yield modd eclipses that are substantially broader
than those observed. Since this solution is essentidly
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based only on the width of the primary minimum, it can
considered to have afirm basis.

The fact that power-law models fit the observed light
curve better further supports this result. The power-law
models yield stronger acceleration at large distances
from the center of the WN5 star compared to the Lam-
ers law. It is noteworthy that the exponents n derived
here for the power-law v(r) models are close to those
obtained in [6, 8] for a power-law approximation of the
reconstructed v(r) field.

Other studies (see, e.g., [3-5]) have also reported
evidence suggesting that the stellar wind of the WR star
might be accelerated more uniformly (with higher )
than in the standard model. This conclusion has great
importance for our understanding of the acceleration
mechanism in the stellar winds of WR stars.

4.2. Sability of the Solution
to the Rectification Procedure and Choice
of the Hydrostatic Core Radius of the WN5 Sar

It is important to test whether rectification of the
light curve (i.e., correction for component ellipticity
and mutual heating) affects the solution of the inverse
parametric problem. To this end, we repeated our
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Best-fit model parameters

Model o Born Error n, X0 POXC>X0), %| Vo, kmis M, 10
(Ma/yn)
1. Lamerslaw 0.155 54 0.0065 3.08 0.02 220 55
2. Lamerslaw 0.130 4.6 0.0063 2.89 0.05 193 4.2
1. Power law 0.148 11 0.0054 213 12 200 41
2. Power law 0.120 1.0 0.0053 2.05 17 200 32

Remarks: correspondsto (1) i = 782 43, rog = 0.20, LWNSI(LWNS + LOG) =0.38and (2) toi =78°0, o= 0.25, LWN5/(LWN5 + Los) =0.20.
V for the Lamers models corresponds to the adopted V,,, = 1800 km/s. V; for the power-law modelsis equal to the adopted value.

computations for model 1 with the Lamers law using  responding theoretical and observed light curves are
the nonrectified A4244 A light curve. These computa-  compared in Fig. 10a. It is evident that our previous

tionsyielded the model parametersr, = 0.155, B=4.3,  result for the rectified light curve is insensitive to the
N =0.0059, X5 =2.56, and P(x2> X5) = 0.2%. Thecor-  adopted rectification procedure.
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Fig. 10. Functions 1 — e'® and model light curves for the best-fit parameters for model 1 with aLamerslaw: (a) nonrectified A4244 A
light curve (for comparison, the dashed curves and crosses show the best-fit solution for the rectified light curve from Fig. 5 and the
observed rectified light curve, respectively) and (b) rectified A4789 A light curve. See text for solution parameters.

ASTRONOMY REPORTS Vol. 45 No.4 2001



VELOCITY FIELD OF THE STELLAR WIND

As noted in Section 3, r. correlates strongly with 3
if aLamerslaw isused. Thisfollows directly from the
above discussion (see also Fig. 8). For instance,
decreasing r (with fixed r, and [3) reduces the range of
v(r) for r > r,, and the same effect can be achieved by
fixing r. and r, and decreasing (3. Thus, to compensate
for adecreaseinr., we must increase 3, and vice versa.
Of course, asfollowsfrom (1), this compensation is not
absolute. To illustrate the nature of the correlation, we
repeated the computations for model 1 using the Lam-
erslaw and fixed r, = 0.02 and r, = 0.15 (recall that, in
our main series of computations, we adopted r. = 0.05
or ~2Ry). The best-fit model parameters for r, = 0.02
(~0.8Ry) arery,=0.150 and 3 = 13.6, with n = 0.0066,

X5 = 3.18, and P(X> > X5) = 0.015%. For r, = 0.15
(~5.7Ry), we have r, = 0.165 and 3 = 0.95, with n =

0.0072, X5 = 3.78, and P(x2 > X5) = 0.0009%. It is
clear from this analyss that the residual depends only
weskly on the adopted value of r.. Note that these models
use extremely low and highr... If moreredistic intermedi-
ate values were adopted, it would be impossible to distin-
guish between various combinations of r. and 3. We there-
fore consider it judtified to fix r. at avaue consistent with
modern concepts about the hydrostatic radii of WR stars.

It follows from this discussion that the best-fit 3
decreases with r.. However, it would be a mistake to say
that the acceleration in the stellar winds of WR stars could
be described by smdl B values if we adopt sufficiently
large hydrostatic stellar radii. The last computed model
has a much higher residua than the basic models, and can
be regjected as having alow significance level.

4.3. The A4789 A Light Curve

We also verified the stability of our results to
changesin the observed light curve. Solving theinverse
problem (i.e., interpreting the rectified A4789 A contin-
uum light curve) in terms of model 1 using a Lamers
parametric law and r, = 0.05 yielded results that were
very similar to thosefor the previousanaysis. r,=0.145,

B=42,n=0.0101, X2 = 1.79, P(\> > X3) = 2.6% (in

the vicinity of the primary minimum, the A4789 A light
curveis accurate to about 0.008 in intensity units), V, =

298 km/s, and M = 6.6 x 10-°M/yr. The correspond-
ing observed and theoretical light curves are shown in
Fig. 10b.

5. CONCLUSIONS

Let us now discuss the technique we used to solve
the inverse problem of interpreting the continuum light
curve of V444 Cyg. Because of theill-posed nature of this
inverse problem, some physicaly justified a priori infor-
mation about the unknown functions 1(&) and 1 — e™®
must be used to identify an appropriate compact set of
functions. In our previous papers [6, 8, 13], we solved
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thisinverse problem using the following types of a pri-
ori information:

(D 14&) and 1 — &™® are monotonic and nonnega-
tive;

(2) 1(&) ismonotonic and 1 — e™® is concave, both
functions are nonnegative;

(3) 1«&) and 1 — @ are convexo-concave and non-
negative.

Moving from (1) to (3) is equivalent to gradually
reducing the compact set of functions by invoking
increasingly specific a priori information about the
nature of the WR dtar. It is noteworthy that the resulting
geometric parametersrq, andi arevirtualy thesameinaall
cases: with the observed relative luminosity of the WN5
star fixed at Lyns/(Lwns + Log) = 0.38, we always have
ros = 0.20 and i = 78.4, whereas the sol ution correspond-
ing to the absolute minimum of the residual aways
yields ro = 0.25, 1 = 78.0, and Lyys = 0.20. The dis-
crepancy between the solutions corresponding to fixed
observed luminosity and minimum residual is due
either to systematic departures of our light curve from
that for an ideal binary system (collisions of the stellar
winds of the two component stars, etc.) or to errorsin
the spectrophotometrically estimated component lumi-
nosity ratio in V444 Cyg.

We emphasize, however, that a spherical model for
the WN5 gellar wind emitting and absorbing light in the
continuum has found a sound basisin recent spectropola-
rimetric observations of the V444 Cyg system [21]. Note
also that the model s based on a priori information (1)—(3)
areindl casescons stent with the observations: they fitthe
observed light curve within the observationd errors.

In the current paper, we further reduced the compact
set of functions by using a two-parametric approxima-
tion for the velocity field v(r) in the stellar wind of the
WN5 star. Since the geometric parametersr,, and i had
been determined earlier using various types of a priori
information (1)—(3), we solved the parametric problem
with these parameters fixed at their best-fit values. The
results show the parametric mode to be inconsistent with
the observed light curve: the Lamers-law model law can
be regjected at a significance level of 0.02-0.05%, and the
power-law model can beregjected at asignificancelevel of
1.2-1.7% (see table). Varying the hydrostatic core
radius of the WNS5 star, substituting the nonrectified for
the rectified A4244 A light curve, and solving the
inverse problem for the A4789 A light curve demon-
strated that the significance level for the rejection of the
parametric models changed only dlightly, and remained
very low. This means that rejecting the parametric
model is very unlikely to represent an error of the first
kind, i.e., rejecting the correct model.

Thisstrongly suggeststhat the departures of the empir-
ica v(r) law reconstructed in [6, 8] from aLamerslaw are
real, and not due to errors introduced by solving two ill-
posed problems in succession. This leads us to conclude
that the stellar wind of the WN5 star continues to acceler-
ate a rather large distances from the star’s core. In terms
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of aLamerslaw (rejected by our model but still widely
used de facto), this meansthat 3 > 1.

Recently, Hillier and Miller [22] and Lépine et al. [23]
suggested an dternative model to describe variaions in
the velocity of matter in the atmospheres of WR stars:

V(1) = Vot (Vo — Ve — Vo) (1—1o/r)™

+ Voo (1—r )™

This combination of two Lamers laws make it pos-
sible for the wind acceleration to differ at large dis-
tancesfrom the star. The parameter V,,, controlstherel-
ative importance of the 3, and 3, terms. When V,,, is
small, acceleration occurs mainly in the vicinity of the
WR-star core, whereas it occurs at greater distances
whenV,,, islarge. Lépine et al. [23] adopted 3, = 1 and
B, = 10 for the WR135 star (HD 192103, WC8) and
obtained the best-fit value V.,, = 900 km/s for r, = 2R,
(V. = 1400 km/sfor this star).

We did not try to apply this law to our model,
because it would increase the number of free parame-
ters to five (assuming that V,, is known and adopting a
fixedry). It isevident that this new form of the v(r) law
is constructed so asto increase the acceleration at large
distances from the WR star, as suggested by our current
analysis. In this case, the model is likely to fit the
observed light curve satisfactorily; however, this can by
no means beinterpreted as proof of its correctness. The
aim of our current work wasto see whether the standard
Lamers law could satisfactorily describe the observed
light curves, and the answer turned out to be negative.
In our opinion, the best solution to the v(r) problem
will include construction of a self-consistent gas-
dynamical model for mass motionsin the stellar wind.

We note in conclusion that the mass-lossrates M of
the WN5 star that we determined independently from
the A4244 A light curve (see table) are close to the

value M =7 x 10°M/yr derived from theincreasein
the orbital period of V444 Cyg [24-26] and from polar-

ization variations [27]. The somewhat lower M values
we have obtained here could be due to the fact that the
parametric laws we adopted for v(r) do not adequately
describe the observed light curve of V444 Cyg.

ACKNOWLEDGMENTS

Thiswork was supported by the Russian Foundation
for Basic Research (project code 99-02-17589) and the
Council for the Support of Leading Science Schoolsin
Russia (grant 00-15-96553).

REFERENCES

1. K. G. Gayley, S. P. Owocki, and S. R. Cranmer, Astro-
phys. J. 442, 296 (1995).

2. H.J. G.L. M. Lamers and J. P. Cassinelli, Introduction
to Sellar Winds (Cambridge Univ. Press, Cambridge,
1999), p. 9.

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.
24,

25,
26.

27.

ANTOKHIN, CHEREPASHCHUK

G. Koenigsberger, Astron. Astrophys. 235, 282 (1990).
A. F. J. Moffat, in Proceedings of the 33rd Liege Inter-
national Astrophysical Colloquium on Wolf—Rayet Sars
in the Framework of Sellar Evolution, Ed. by J.-M. Vreux
et al. (Liége, 1996), p. 199.

S. Lepine and A. F. J. Moffat, Astrophys. J. 514, 909
(1999).

I. 1. Antokhin, A. M. Cherepashchuk, and A. G. Yagola,
Astrophys. Space Sci. 254, 111 (1997).

A. M. Cherepashchuk, in Thermal and lonization Aspects
of FlowsfromHot Sars: Observations and Theory, Ed. by
H.J. G.L. M. Lamersand A. Sapar (Astronomical Soci-
ety of the Pacific, San Francisco, 2000); Astron. Soc.
Pac. Conf. Ser. 204, 249 (2000).

I. 1. Antokhin and A. M. Cherepashchuk, Astron. Zh.
78(5) (2001).

A.V. Goncharskii, A. M. Cherepashchuk, and A. G. Yagola,
Numerical Methods for Solution of Inverse Problems in
Astrophysics[in Russian] (Nauka, Moscow, 1978), p. 186.
A. V. Goncharskii, S. Yu. Romanov, and A. M. Cherepa-
shchuk, Finite-Parameter Inverse Problems in Astrophys-
ics[in Russan] (Mosk. Gos. Univ., Moscow, 1991), p. 3.
A. N. Tikhonov, Dokl. Akad. Nauk SSSR 39, 195
(1943).

A. M. Cherepashchuk, Astron. Zh. 43, 517 (1966) [ Sov.
Astron. 10, 411 (1966)].

A. M. Cherepashchuk, Sov. Astron. 9, 725 (1975).

A. M. Cherepashchuk, G. Koenigsberger, S. V. Mar-
chenko, and A. F. J. Moffat, Astron. Astrophys. 293, 142
(1995).

A. A. Rubashevskii, Astron. Zh. 67, 860 (1990) [Sov.
Astron. 34, 433 (1990)].

N. Langer, Astron. Astrophys. 252, 669 (1991).

N. N. Kalitkin, Numerical Methods[in Russian] (Nauka,
Moscow, 1978), p. 107.

W.-R. Hamann and E. Schwarz, Astron. Astrophys. 261,
523 (1992).

A. M. Cherepashchuk, Astrophys. Space Sci. 221, 227
(1994).

W.-R. Hamann, Wblf—Rayet Sars: Binaries, Colliding
Winds, Evolution (IAU Symposium 163), Ed. by
K. A. van der Hucht and P. M. Williams (Kluwer, Dor-
drecht, 1996), p. 105.

T. J. Harries, D. J. Hillier, and I. D. Howarth, Mon. Not.
R. Astron. Soc. 296, 1072 (1998).

D. J. Hillier and D. L. Miller, Astrophys. J. 519, 354
(1999).

S. Lépineet al., Astrophys. J. (2000) accepted.

A. M. Cherepashchuk, Wolf—Rayet Sars: Binaries, Col-
liding Winds, Evolution (IAU Symposium 163), Ed. by
K. A. van der Hucht and P. M. Williams (Kluwer, Dor-
drecht, 1996), p. 262.

Kh. F. Khaliullin, Astron. Zh. 57, 195 (1974).

I. 1. Antokhin, S. V. Marchenko, and A. F. J. Moffat, in
Wblf-Rayet Sars. Binaries, Colliding Winds, Evolution
(AU Symposium 163), Ed. by K. A. van der Hucht and
P. M. Williams (Kluwer, Dordrecht, 1994), p. 520.

N. St-Louis, A. F. J. Moffat, L. Lapointe, et al., Astro-
phys. J. 410, 342 (1993).

Trandated by A. Dambis

ASTRONOMY REPORTS Vol. 45 No.4 2001



Astronomy Reports, Vol. 45, No. 4, 2001, pp. 281-286. Translated from Astronomicheskii Zhurnal, \Vol. 78, No. 4, 2001, pp. 327—-332.

Original Russian Text Copyright © 2001 by Aleksandrova, Bychkov.

Dust Formation in Binarieswith OB and WR Components

in a Two-Phase Stellar-Wind M odel

0. V. Aleksandrova and K. V. Bychkov

Sernberg Astronomical Institute, Universitetskir pr. 13, Moscow, 119899 Russia
Received April 24, 2000

Abstract—We describe the formation of carbon dust in binary systems with hot components as aresult of the
collisions of cloudsin atwo-phase stellar-wind model. Calculations are made for the well studied system WR
140. The collisions lead to the formation of composite clouds and shock waves, with the temperature at the
shock front equal to about 3 x 108 K along both sides of the interface boundary. During isobaric deexcitation
to (0.5-0.7) x 10* K, the cloud density increases by a factor of several thousand; its thickness in the direction
of the shock decreases by the same factor. After deexcitation, the hydrogen inside the composite cloud isinits
atomic state, while the carbon remains ionized. The deexcitation is followed by expansion of the cloud, which
moves away from both stars. During thefirst 10° s, its thickness remains relatively small, so that the expansion
is one-dimensional. The radiation field inside the cloud decays, resulting in the recombination of the carbon.
Further expansion of the cloud leads to adiabatic cooling, and the formation of dust particles becomes possible.
After the dimensions of the cloud have become roughly the samein all directions, its expansion isisotropic, so
that it becomes transparent within approximately 10° s, and the dust is heated to (1.0-1.4) x 10° K, observed as
an IR “flare.” Thetime required for the cloud to move from the exciting star and heat the dust is comparable to
the observed delay in theincreased IR emission relative to the time of periastron. © 2001 MAIK “ Nauka/Inter-

periodica” .

1. INTRODUCTION

Severa binaries with OB and WC components emit
IR radiation [1-7], which is usually associated with
dust grains of amorphous carbon [5-11]. The estimated
size of the particlesis approximately several tenths of a
micron [5, 12, 13], and their temperature is about 1000 K
[10-12, 14]. The formation of dust is related to the
wind from the WC component. Essentially all investi-
gators have concluded that the condensation of dust
particles occurs in arelatively dense, low-temperature
gas, with the carbon in its atomic state. This conclusion
leads to the main difficulty connected with dust forma-
tion. Due to the high temperatures in stellar atmo-
spheres and the large velocity of stellar winds (of the
order of 3000 km/s), these conditions cannot occur in
winds from hot stars. In collisions of gas flows in the
binaries considered here, the temperatures behind the
shock front reach hundreds of millions of degrees. In
addition, the gas in the wind is ionized and efficiently
heated by the radiation from both stars. Consequently,
efficient mechanisms for cooling the wind and protect-
ing it from external radiation must be found.

It isusually thought that the temperature behind the
shock front is decreased via deexcitation of the gas.
However, in wide systems like WR 140 and WR 137,
deexcitation does not occur in most of the wind, since
the radiative-cooling timescal e appreciably exceedsthe
dynamical timescale. At the same time, Usov [15] has
pointed out that the gas outflow is decelerated in the
vicinity of the frontal point. He suggested that aregion

formswhere the dynamical timescale increases consid-
erably, radiative energy losses become appreciable, and
the gas can be cooled to temperatures of the order of
10* K. Neither cooling to 1000 K, which isrequired for
dust formation, nor the problem of carbon recombina-
tion was taken into consideration in [15].

Based on data for the Wolf-Rayet-type carbon star
WC 9, Cherchneff and Tielens [8] calculated chemical
reactions leading to dust formation and concluded that
the presence of dust cannot be understood in models
with spherically symmetrical, homogeneous flows.
They suggested that the wind from the WC star hastwo
components: oneis rather dense and consists of neutral
matter concentrated in a plane (which they call an equa-
torial disk), while the other is spherical, has low den-
sity, and consists of ionized matter. Assuming that the
mechanismsfor dust formation are well understood and
the rates of the corresponding reactions are known,
Cherchneff and Tielens [8] concluded that the forma-
tion of dust requires densities three to four orders of
magnitude higher than that of the rarified wind compo-
nent.

Even earlier, Hackwell et al. [12] estimated the
required density contrast to be ~10*. They aso con-
cluded that clouds are formed in the wind from aWC
star, where granule condensation occurs and dust grains
grow to sizeaof 10> cm. Williams et al. [10] emphasize
the important role of ionizing radiation, and conclude
that carbon recombination is possible in dense areas of
the wind that are remote from the exciting stars.

1063-7729/01/4504-0281$21.00 © 2001 MAIK “Nauka/Interperiodica’
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Region of dust formation in a collision of clouds.

INnWR 140, the radiation peaks sometime after peri-
astron. The delay isaround 50 days at 3.8 um [16] and
90 daysinthe K band [7]. To explain this, Williams[7]
suggested that the dust formation istriggered by asharp
increase in the gas density of the shock wave. The dust
cannot form until the compressed matter is moved out
to a distance where the gas cannot be heated by the
radiation from the stars. The 90-day delay corre-
sponds to a distance of 150 AU and a gas velocity of
2900 km/s.

In our study, we consider dust formation in a two-
phase stellar-wind model [19], which we previously
proposed to explain the X-ray radiation in the wide
binary WR 140. In thismodel, thewind from each com-
ponent consists of a rarified gas and dense, compact
clouds. When clouds collide, deexcitation occurs
behind the shock front, even in such wide systems as
WR 140 and WR 137. The clouds rapidly move away
from the hot stars, and processes inside them promote
the formation of dust. We now turn to a description of
these processes.

2. THE MODEL

The figure presents a schematic of a collision of
clouds with subsequent deexcitation. The left and right
circles display the WR and OB stars, respectively. The
cloud Cyy gected from the Wolf-Rayet star collides
with a cloud C from the OB star. As aresult, a com-
posite cloud forms, with the magnitude and direction of
its velocity determined by the conservation of momen-
tum for the inelastic collision. The long, horizontal,
thick arrows indicate the velocity of the clouds before
the collision. The vertical line B marks the boundary of
the collision zone. Shock waves Sy and Sy propagate
inside each cloud, marked by vertical dashed lines. The
short, horizontal, thick arrows indicate the direction of
the front velocity relative to each cloud. At each shock
front, Syg Or Spg, the temperature reaches hundreds of
millions of degrees. We assume that both clouds undergo
deexcitation; therefore, fairly cool and dense regions of
neutral gas can form far from the shock front, near the
interface boundary B. In the figure, these are marked
“cold” in the cloud from the OB star and “dust” in the
cloud from the WR star. Their high density isdueto the
fact that the temperature decrease occurs under nearly
constant pressure.
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We suppose that dust forms in the area labelled
“dust.” To thisend, carbon must recombine and cool to
roughly 1000 K. Both the lower ionization boundary
and the temperature of the de-excited gas are deter-
mined by the radiation of the system’s stellar compo-
nents. Let us consider the protection of the carbon from
theionizing radiation of both stars.

3. IONIZATION STATE IN THE CLOUDS

In order to cool the gas to temperatures suitable for
dust formation, the “dust” region must be screened
from the ionizing radiation of both stellar components
of the system. Behind the shock front, the ratio of the
deexcitation and recombination rates depends on the
instantaneous temperature of the gas T,. Provided that
5x10°K>T,>5 % 10° K, acool layer of ionized gas
isinitially formed, and only afterwards is there recom-
bination [20], which can beinhibited by the radiation of
the stars.

We suppose that the OB star is shielded by the cool
area Cog, marked “cold” in figure, where a higher den-
sity has been preserved due to the relatively short time
until the collision. The radiation from the secondary com-
ponent is considerably less intense. The boundary of the
wind collison areais afactor of roughly 5.3 closer to the
OB than to the WR star, so that the radiation of the WR
star isafactor of 28 moredilute. In addition, the luminos-
ity of the OB star is about afactor of three higher [11].
Consequently, the WR star contributes only about 1%
of the ionizing radiation. Its radiation can also impede
less dense gas belonging to Cyk.

L et us now proceed to quantitative calculations. We
first consider the ionization state of the hydrogen. If the
hydrogen inside the cloud becomes essentially neutral,
conditions favoring carbon recombination can develop
there. Therefore, we take the gas temperature T, in this
areatobe Ty =5 x 103 K. Aswe will see below, uncer-
tainty in T, does not affect our main conclusions. Let
us denote the relative concentration of neutral hydro-
gen—i.e., theratio n(HI)/n(H)—asy. At low T, we can
neglect ionization by electron collisions, in which case
the modified Sahaformula[21] isvalid

1— 2
G = nep(-n), M
where T is the optical depth for threshold photons and
the factor A does not depend on T:

9. [Te2(2mmkT)* 0 J g

Apart from T, and the total density nin units of number
of particles of a given chemical element, this relation
contains the dilution coefficient w, temperature of the
star Ty and atomic parameters: the ionization potentia J,

fraction p of recombinations to the first level, and the
atomic and ionic statistical weights g, and g..

A =

ASTRONOMY REPORTS Vol. 45 No.4 2001
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Let us estimate the ionization state of hydrogen at
the cloud boundary facing the OB star. We adopted the
required parameters from [11]: semimajor orbital axis
a = 14.7 AU, eccentricity € = 0.84, effective tempera-
ture and radius of the OB star Tz = 44000 K and
Rog = 12R,. The logarithms of the bolometric [umi-
nosities in solar units are 5.65 and 5.2 for the OB and
WR dtars, respectively. The effective temperature and
radius are less certain for the WC component: in accor-
dance with [17, 18], we take them to be 43000 K and
7R5. Asnoted above, the errorsin the parameters of the
WR star cannot qualitatively affect the results.

For thefrontal point at periastron, the calculated dis-
tance from the OB star isrg = 5.54 x 10'2 cm, which

corresponds to adilution coefficient w= 5.6 x 103, For
these parameters, the numerical value for A obtained
from (2) is

A=12x10"/n. 3)

We determine the gas density n as follows. According
to our two-phase wind model [19], it is reasonable to
adopt n = 10> cm™ for the unperturbed gas in the
cloud. In the “cold” region, the density is, of course,
substantially higher. After compression by a factor of
four, isobaric deexcitation occurs at the shock front, at
temperatures of order 3 x 10® K to 5000 K. As aresult,
the density can increase by roughly afactor of 2 x 10°.
This is, however, an upper limit, since, starting from
some moment of time, the pressure of the de-exciting
gasisdetermined by the magnetic field, and the density
increase ceases. If the induction lines are paralld to the
plane front, the magnetic pressure increases in proportion
to the sguare of the density. For example, for an unper-
turbed field 10 Oe, the trangtion to an isochoric regime
occurs when the temperature falls by roughly afactor of a
thousand. In view of this, we adopt n = 10" cm. This
value of n corresponds to a very large right-hand side
of (2), which essentially implies the total ionization of
the hydrogen. This result remains valid for any reason-
able density of the clouds.

Let us calculate the thickness of the layer inside
which the hydrogen is in its neutral state. The optical
depth increment is

dt = 1,yds. 4)

Here, sisthe dimensionless distance from the boundary
in units of the cloud thicknessL. The parameter 1, isthe
product

T, = olLn, (%)

where o is the threshold photoionization cross section.
Simultaneous solution of (1) and (4) makes it possible
ASTRONOMY REPORTS  Vol. 45
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to find an analytical expression for T in the form of an
implicit function s:

1,8 = r+§(1—e‘T)+c—cT
A 0 A 0 ©)
1
—In%L+E+CD+ In%HEe +C

Here, we have introduced the notation

A2

= + —

C IA T
- aeD 4 AO
C, = Ae %+4e 0

If T isknown, y can be derived from (1):

y =2z- 22—1,

z=12

2

In the case under consideration, whent > 1 and A> 1,
formula(6) can be simplified. Thefirst condition makes
it possible to neglect C, compared to C, and also to
neglect thelast term on the right-hand side compared to
the second-last term. Since A > 1, it follows that

"+ 1.

C=A2and Indl + g + CH = InA. As aresuilt, (6)

reduces to
1,5s=A+T-InA.

Substituting (1) and solving the resulting quadratic
equation, we express y as an explicit function of 1, A,
ands:

y=l-—"7— )

where
G = exp(A-T1,9).
The ionization state is determined by the parameter
g =A/(1,9). When q is large, the hydrogen is strongly
ionized:
y =

Dl

whileit is essentially neutral when qis small:

y=1-./G.
Here, we have taken into account the fact that G islarge
or small, respectively, together with g.

Let us now apply thisresult to cloudsin real binary
systems. Previously [19], we showed that deexcitation
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can only occur in cloud collisions in which the running
number of particles N' = nL exceeds

Q=7x10% cm™.
We can write
N =jQ, (8)

leaving the factor j > 1 afree parameter. It follows that
T, = 4 x 10%. According to (3), the density interval
14 < logn < 16 corresponds to the range of possible A
values 100-10000. Thus, g < 1 in the de-excited
clouds, and they contain afairly extended area of neu-
tral hydrogen. Clearly, this result is valid for any rea-
sonable Ty. Thus, there are grounds to further consider
the possible existence of regions of neutral carbon.

4. CARBON RECOMBINATION

Let us now analyze the ionization state of carbon.
Sincewe are interested in the areain which dust can be
formed, we take T, to be equal to T. = 1000 K. Such
low temperature can hardly be reached via deexcita-
tion, since the radiation cooling of dense (n, > 10° cm™),
semi-transparent gas is rather complex when T < Ty.
However, after the shock passes through the entire
cloud, the cloud begins to expand under the action of
the pressure. The expansion is accompanied by adia-
batic cooling, and the required temperature decrease
occurs when the cloud size has doubled. We will see
below that the specific value of T, does not affect the
result qualitatively, as was shown above for hydrogen.

According to our assumptions, the degree of hydro-
gen ionization in the region considered is so small that
other chemica eements play the role of electron donors.
To smplify the calculations, we will take into account
only the contribution of carbon. Consequently, the product
Ne = Z-n must be subgtituted into (2) instead of n, where
Z-=3 x 10~* isthe relaive abundance of carbon in units
of the number of particles. The fact that we have excluded
other chemical dementsresultsin the underestimation of
n.. Therefore, we overestimate the degree of carbon
ionization X in the region where it is small and where
other elements play a significant role. This means that,
if (1) and (2) yield a small X, in redlity, it is even
smaller. At T, = 1000 K, the rates of dielectron recom-
bination and electron collisional ionization are negligi-
ble. Note, however, that the spectrum of the radiation ion-
izing the carbon is no longer blackbody, due to absorption
by hydrogen atoms located closer to the star. Strictly
speaking, thislimitsthe applicability of (1) and (2). How-
ever, the main contribution to the photoionization rate
is made by threshold photons, which pass through
hydrogen unobstructed. Therefore, the use of (1) and
(2) isjustified here. Substituting numerical values for
various carbon parameters (g, =9, g =6, J=11.26 eV)

and nc = 101 x 3 x 1074 =3 x 10" cm? into (2), we
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obtain A = 2.1 x 10°. The threshold cross section for
carbon photoionization is 1.2 x 1077 cm? [22], imply-
ing T, = 2.5 x 10% and q = 10* for a running density of
hydrogen (8) for the cloud from the OB star. In the
cloud from the WR star, Q is determined by helium,
while the carbon abundance can be taken to be 0.05,
whence 1, = 4 x 10* and g = 2 x 10%. Consequently, if
the cloud is located in the vicinity of the frontal point,
for any reasonable assumptions about T, there is no
region of neutral carbon.

The parameter g for carbon increases due to the
dilution factor when the cloud moves away from the hot
stars. However, we must take into account the increase
in the degree of ionization due to the decrease in the
density asthe cloud expands. It follows from (2) that

W
qO . 9)

The dependence n(r) is determined by the cloud geom-
etry. After deexcitation, the cloud assumes an anisotro-
pic shape: itsthickness| in the direction of the collision
becomes appreciably smaller than theinitial sized. For
the sake of definiteness, let us supposethat d = 10!' cm
and | = 10® cm. We will take the expansion velocity for
the cooled cloud to be v, = 103 cm/s. During the time
interval At <d/v,= 10° s, the expansion of the cloud
will be essentially one-dimensional. For such anisotro-
pic expansion, the density decreases in inverse propor-
tion to only the first power of distance, n[J 1/r, and,
according to (9), g O 1/r. In this case, the cloud moves
toadistancer of theorder of 3 x 10'* cm. Thisdistance
exceeds r¢ by afactor of 55; i.e.,, g = 4. Thus, a cloud
exactly satisfying the deexcitation criterion j = 1 will
probably always be ionized by the OB-star radiation. In
acloud with j = 10, however, carbon has already been
able to make the transition to its neutra state. We will
assume that such clouds do exist, since the condition
j 2 10 does not seem excessive.

5. DUST FORMATION

Dust condensation should start after some delay,
since some time is required for a cloud to move from
the hot stars and for dust grains to grow after the corre-
sponding conditions are met. A cloud with avelocity of
about 3 x 10® cm/s (taking into account that momentum
is partially lost in the collision) covers a distance ry
after roughly 10° s. After the formation of the region of
neutral carbon, the adhesion of atoms and molecules to
the condensation centers of future grains begins in the
gas cooled during the adiabatic expansion. To estimate
the rate of increase of a dust-grain radius, we will use
the simple formula[23]:

da _ PcVr
dt 20
Here, & = 0.5 g/cm? is the specific density of the dust,
vy =5 x 10* cm/s the thermal velocity of the carbon

(10)
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atoms, and p. the density of carbon. We will estimate
this density as follows. In accordance with the above
estimates, we assume the running density of the number
of particlesin the cloud N to be 10Q = 7 x 10 cm2. If
the cloud consists primarily of helium, its running den-
sity is4.6 g/cm?, and a size of the cloud before the col-
lision of 10!' cm and a carbon abundance in units of the
number of particles of Z. = 0.05 correspond to adensity
for the unperturbed carbon of 6.9 x 1012 g/cm?. Fur-
ther, two processes tend to compensate each other: the
compression of the de-excited gas behind the shock
front and its subsequent expansion. We areinterested in
the termination of the one-dimensional expansion
phase. We can assume that, at thistime, the carbon den-
sity at least exceeds pc- = 10712 g/lem?. Then, we can
estimate da/dt = 5 x 10-® cm/s from (10). For example,
aradiusof a=5 x 107 cmisreached after about 103 s.

After the size of the cloud becomes approximately
thesamein al directions, itsdensity startsto depend on
r as 1/r3. Asaresult, the parameter g begins to increase
in proportion to r, the cloud becomes more transparent
and heated, and the radiation of the newly formed dust
becomes brighter. For j = 10, the cloud becomes trans-
parent when its radius roughly doubles, which takes
approximately 10° s. During thistime, the cloud moves
another 3 x 10'* cm and, as aresult, the dilution coeffi-
cient decreasesto 5 x 10~7. The temperature of the dust
grains can be estimated from the condition that the rates
of heating

2 4 —
W, =Ta o TogWe
and cooling
5
T,)

8
k
W, = 2—T[2a3c(—4 x 24.9'’
37 (ho)

be equal. We will take the imaginary part of the index
of refraction k' to be 0.05 [23], and the dust-grain
radius to be (1-5) x 10 cm. In the time interval consid-
ered, the optical depth is gpproximately equa to unity.
Substituting the adopted parametersinto the balance equa-
tion W, = W, we obtain an estimate for the dust tempera-

ture: Ty= (1.4 - 1) x 10° K.

6. DISCUSSION

Our scenario for dust formation concretizes ideas
presented in earlier studies (see the Introduction) con-
cerning the existence of two-phase winds and the need
for rapid movement of dense, cool areas of the wind
away from the exciting stars.

All processes necessary for the condensation of dust
particles in the presence of a fast wind and powerful
radiation field occur naturally in collisions of clouds
and their subsequent movement away from the hot
stars. For the system WR 140, our model can simulta-
neously explain both specific features of the X-ray
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spectrum and the system’s IR radiation. Our calcula
tions for the density contrast, IR flare delay, and tem-
perature and chemical composition of the dust-forma:
tion area are consistent with both observations made in
various studies and previous estimates of these param-
eters.

On the other hand, the model with only a rarified
component encounters difficulties connected with the
cooling of gas below a temperature of 10* K, and also
the need to protect the carbon atoms from the ionizing
radiation of the OB star. Moreover, the Coriolis force,
which was not taken into account in [15], can accelerate
the gas outflow from the frontal point; near the periastron
of WR 140, the contribution of this force reaches 6%.

Thus, the presence of dust in the WR 140 system
provides indirect evidence for two-phase winds from
hot stars. Here, we have not considered the question of
how the cloud component of the wind originates. The
purpose of our study wasto show that the cloud hypoth-
esis could easily explain the specific features of the
radiation of this system at all wavelengths.
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Abstract—~Profiles of variable emission linesin the spectra of Wolf—Rayet stars are calculated using a stochas-
tic cloud model for the inhomogeneous atmospheres of early-type stars. The model assumes that most of the
lineflux isformed in cold, dense condensations (clouds) that move through ararified inter-cloud medium whose
density monotonically decreases outwards. The formation of cloudsis taken to be stochastic. Wavelet analysis
is used to estimate the parameters of cloud ensembles. The model can reproduce the genera pattern of line-
profile variability observed in the spectra of Wolf—Rayet stars. © 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Wolf—-Rayet (WR) stars typicaly display a rapid
variability of their emission-line profiles. In generdl,
thisvariability is dominated by the appearance and dis-
appearance of variable features (spikes) in the line pro-
files. The formation and evolution of these spikes are
characterized by the following properties [1]: (1) the
spikes appear and disappear randomly; (2) they evolve
with time, drifting from the line center; (3) spikes that
are initially displaced toward the red drift towards the
red, while thoseinitially displaced toward the blue drift
towards the blue. In the spectra of early-type stars, nar-
row spikes moving along an emission-line profile are
considered direct evidence for the presence of gas con-
densations in the atmosphere of the star. These conden-
sations, which accelerate outward from the center of
the star, are often called “clouds’ [1, 2]. Additional
convincing evidence for clumpy structure of the atmo-
spheres of WR and other early-type stars has also been
found [3, 4].

The hypothesis that there are condensations in the
atmospheres of WR stars was first put forward as long
ago as the middle 1980s [5], based on observations of
the eclipsing WR + OB binary V444 Cyg. A cloud
model for the atmospheres of WR stars was later sug-
gested in [6] to explain the simultaneous presence in
their spectra of lines of ions with low and high ioniza-
tion potentials. This model proposes that the atmo-
sphere contains an ensemble of condensations of vari-
ous sizes and masses immersed in ararified inter-cloud
medium.

Despite the fact that the presence of condensations
(clouds) in the atmospheres of early-type stars is cur-
rently generally accepted, both the mechanism for
cloud formation and the law for their motion in the
atmosphere remain unclear.

In[1, 7-9], some parameters of ensembles of clouds
in the atmospheres of WR stars were derived based on

the observed variability of emission-line profilesin the
spectra of anumber of stars. Here, we solve the inverse
problem: reproducing the observed line-profile vari-
ability in the framework of the stochastic cloud model
for the atmospheres of early-type stars proposed in [10,
11]. A similar model was applied in [9]. However that
study, unlike our own, did not take into account the dif-
ferent lifetimes for clouds of different masses or the
absorption of continuum radiation from the photo-
sphere (or core) of the WR star by cloudsin the line of
sight to the observer.

2. STOCHASTIC MODEL FOR MOVING
STELLAR ENVELOPES

At present, neither the mechanism for the formation
of ensembles of clouds in the expanding atmospheres
of WR stars nor the parameters for these ensembles are
known. The random nature of the line-profile variabil-
ity in the spectra of these stars suggests that the pro-
cesses for the formation and “death” (dissipation) of
clouds are also random. In this case, we can only speak
of the probability for the formation of a cloud with
some particular mass, size, line flux, etc. Thevaluesfor
each cloud are determined by the distributions of the
mass, size, cloud gas-velocity dispersion, etc., for the
entire cloud ensemble.

At each moment in time, the line profile is deter-
mined by random processes connected with the forma-
tion and “death” of clouds, while the mean profile
obtained by averaging many individua profiles
observed at different times depends primarily on the
distributions of the parameters of the cloud ensemble.
Since the mean line profiles of WR stars can be
described by sphericaly symmetrical atmospheric
models [12], this suggests that the cloud ensembles are
also spherically symmetrical.

1063-7729/01/4504-0287$21.00 © 2001 MAIK “Nauka/Interperiodica’
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Table 1. Parameters of condensations

o, km/s L,cm L/Rg
10 7x10° 0.1
20 1.4 x 1010 0.2
40 2.8 x 1010 0.4
80 5.6 x 100 0.8

160 1.1x 101 1.6
400 2.8 x 1012 4.0

A random ensemble of clouds in a stellar atmo-
sphere can be described using the stochastic cloud
model proposed in [10, 11]. This model assumes that
the cloudsformin alayer bounded by the spherical sur-
facesR = R, R= R,, and move outward radially with
the stellar wind after they form. The total number of
clouds in the atmosphere is assumed to be constant, so
that, when a cloud is disrupted, a new cloud forms in
the formation region. Note that the “death” of a cloud
does not necessarily imply the disruption of its struc-
ture; rather, it indicates the action of some process that
causes the cloud to cease to make an appreciable con-
tribution to the total line profile.

Let us estimate the sizes of condensations in the
stellar atmosphere. The widths of spikes in the spectra
of WR starsare 40-160 km/s[1]. It isnatural to assume
that the width of aspikeisdetermined by the dispersion
of the gas velocitiesin the cloud o, so that

o = [MDVLL, )]

where TVis the gradient of the gas velocity in the
atmosphere averaged over al directions and L is the
characteristic size of a cloud. In a sphericaly symmet-
rical expanding atmosphere [13],

_/dvV 2, V. 2\ V
EI]VD—<dRcose+R n6>~R. )

Substituting (2) into (1), we obtain AR = (a/V)R.

Here, V and R are the average velocity of large-scale
gas motions in the atmosphere and the distance from
the cloud to the center of the star, respectively. Table 1
presents the characteristic size of condensations
forming aline feature with velocity dispersion a. For

parameters V and R, we chose the values 1500 km/s
and 5Rpy which are typical of WR stars, where R =

5Ro.

Lines 1 and 2 of Table 1 present estimates of the
sizes L of condensations corresponding to spikes with
widths of 10 and 20 km/s. Dueto their low fluxes, such
spikes have not yet been detected in the spectra of WR
stars; the small condensations that would form them,
however, may be present in WR atmospheres. The last
line in Table 1 contains estimates of the size of a con-
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densation forming afeature whose width is comparable
to the total width of theline.

2.1. Line Radiation of a Cloudy Atmosphere

L et us consider the radiation of acloudy atmosphere
in some spectra line. The estimates of [1, 14] indicate
that the total number of clouds in the atmosphere can
exceed 103, These are primarily small clouds with sizes
of 0.1-0.01R; and smaller. For this total number of
clouds, the average distance between them corresponds
to roughly ten Doppler line widths at visible wave-
lengths, which implies that a line photon radiated by a
cloud will probably not be absorbed by other clouds.
Therefore, each cloud can be considered independently
from the others, which makes it possible to represent
theintensity of aline radiated by an ensemble of clouds
as the sum of the contributions from individual clouds.

Let us assume that each cloud has its own line flux
F, while the entire cloud ensemble has a flux distribu-
tion N(F), such that N(F)dF is the number of clouds
with flux from F to F + dF. Aswas shown in [10], the
clouds' flux distribution corresponds to their mass dis-
tribution. Let us assume, in accordance with [10], that
the flux distribution is a power law, N(F) ~ F-%. Then,

N(F)dF = AF“dF = n(f)df, 3)

where f = F/F ., is the flux (in units of the maximum
flux from an individual cloud); a is a parameter of the
distribution, which we assume to be in the interval
1.25-2.5, in accordance with the estimates of [1]; and
Aisanormalizing coefficient.

Each cloud is described by the following parame-
ters: ,, the angle to the radius vector connecting the
cloud with the center of the star, measured from the z
axis (which is directed along the line of sight from the

observer); F; = F7, the flux from theith cloud; t’, the
time of formation of the ith cloud; V7, the velocity of

the ith cloud at the time of its formation; rio, the dis-

tance from the ith cloud to the center of the star at this
time; T;, the lifetime of the ith cloud, determined such

that the cloud “dies” atimeT; after t_ . In keeping with

the assumption that the formation of a cloud ensemble
is stochastic, we take the flux radiated by a cloud to be
random, distributed in accordance with (3). The radius

vector for the formation site of anew cloud r? isaran-

domvaueintheinterval [R;, R,], and is specified such
that the continuity equation for the number density of
clouds in the atmosphere is satisfied.

Here, we consider lines whose total flux is deter-
mined mainly by the contribution from the cloud com-
ponent of the atmosphere. As noted above, in this case,
the total flux in the line is equal to the sum of the con-
tributions from individual clouds. We assume that each
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cloud forms afeature (spike) with a Gaussian intensity
distribution in the line profile. This assumption is
based, first, on calculations of line profiles formed by a
single cloud in a homogeneous atmosphere [10], and,
second, on the fact that the observed intensity distribu-
tions of spikesin line profiles at visible wavelengths for
anumber of WR stars are close to Gaussian [1, 7].

Thus, let the energy radiated by the ith cloud in a
line in the frequency interva [v, v + dv] be

1I]; vD
D°|D

f.(v) = 1% @)

Here, vi0 isthe central frequency of the spikeformed by
the ith cloud and g; is the spike width, which is deter-
mined by the dispersion of the gas velocity in the cloud.

Accordingto[1], f; ~ cri2 . For the sake of generality, we
assume that

fi = yoi, 5)

where y is a coefficient that depends on the line flux
units, and the parameter n = 2.

Thetotal flux from theith cloud at the line frequen-
ciesconsidered is

+00

= Ifi(v)dv.

Substituting (4) into this last formula, we obtain

= I{o,/21 (6)

Thelineflux at frequency v radiated by the ensembl e of
cloudsis

NCI

FW) = 3 Hiv),

where N, is the total number of clouds in the atmo-
sphere.

The continuum radiation of the photosphere (core)
of aWR star can be absorbed by clouds in the line of
sight to the observer. The estimate of [10] indicates that
the optical depth of cloudsin the lines considered does
not exceed unity. This absorption does not result in the
appearance of absorption components in the line pro-
files; however, to some extent, it decreases the asymme-
try of line profiles cal culated without taking the absorp-
tion into account, enhancing the consistency between
the observed and cal culated mean line profiles. We took
absorption into account in the continuum spectra, fol-
lowing the procedure described in [11].

Let usintroduce the dimensionless units for the fre-
quency of aline photon x= (v — v? )/Av,,, where Av,, =
v (V,./C) is the Doppler line width, ¢ the velocity of
light, v, the central frequency of the line, and V,, the
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limiting (terminal) velocity of the wind (~2000 km/s).
In these units, the frequency corresponding to the max-
imum radiation from the ith cloud is
_V(r;)cosb,
= v

In dimensionless flux units, the line profile is described
by the formula

Xio = (Vio =Vi)/Av,

)

1D( xD
o ZEF‘(X)D

1(x) = Z| . (8)

Here, o(x) is the line profile width in dimensionless
units. To describe gas motions in the expanding atmo-
spheres of early-type stars, a standard 3 law for the
variations of the wind velocity with distance from the
center of the star is commonly used:

V() = Vor (Vo =R

Here, V, isthe velocity of the cloud near the boundary
of the photosphere, V., the terminal wind velocity, R

the radius of the stellar photosphere, and 3 a parameter
that takes on valuesfrom 0.5 to 1. The time dependence
for the cloud velocity can be derived from (9).

This type of distance dependence for the gas veloc-
ity in the atmospheres of early-type stars follows from
a number of observationa and theoretical studies
[15, 16], and has been adopted in most studies of the
spectra of these stars. We will aso use this law for the
cloudy component of the atmosphere, since the dis-
placements of individual spikes in the line profiles of
some O and WR stars[2, 17] indicate that the motion of
the structures responsible for the formation of these
spikes can be described by (9).

L et us describe our calculations of variable line pro-
files using the stochastic cloud model. Initialy, we
specify the parameters of the cloud ensemble. The val-

ues for 6° 0 [0, 21 and r? O [R,, R,] are chosen ran-
domly. Theinitial velocities for the forming clouds are
specified so that they depend on parameters r? in

accordance with (9). For each cloud in the ensemble,
the line flux is specified to be consistent with the distri-

bution (3). The values for 17, o, and x° are derived

using relations (5)—(7). The values for these parameters
at an arbitrary timet can then be found from the law of
motion for the clouds (9). We calculated the total line
profile in accordance with (8).

The stochastic model for a cloud ensemble devel-
oped in [10] assumes that a cloud disappears after
crossing some boundary, arbitrarily taken to be the
boundary of the stellar atmosphere. Thisrestriction can
be removed if we assume that the ensemble consists of
individual cloudsthat “live” for different timesand thus
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Fig. 1. Differential spectra of WR stars near C 111 A5696
(individual minus mean profiles) calculated using the sto-

chastic cloud model. Model parameters: € = 107, 0,,,; =

0.20. The time interval between consecutive differential
spectrais 30 minutes, and the time axisis directed upwards.

“die” at different distances from the center of the star.
Following the results of [1], which are based on obser-
vations, we can assume that the lifetime of an individ-
ual cloud T isrelated to the line flux it radiates through
the scaling relation T ~ ™ Moffat et al. [1] suggest that
m ~ 0.8. For the sake of generality, we assume that

T = Bf", (10)

where coefficient B is determined by the chosen flux
units.

Inthisway, “instantaneous’ line profilesfor an arbi-
trary moment in time can be determined. Note that
observed line profiles are always averaged and inte-
grated rather than “instantaneous.” To make our model
more realistic, we calculated both “instantaneous” line
profiles and “quasi-observed” profiles, averaged over
some timeinterval At.

KUDRYASHOVA, KHOLTYGIN

When calculating the “quasi-observed” line pro-
files, we specified atime interval t, corresponding to a
total observation time. In this interval, we calculated
individual “instantaneous’ line profiles and then aver-
aged over the interval At. Individua line profiles were
calculated for all timesof real line-profile observations,
with the observation time for the first profile corre-
sponding to t = 0. Further, we calculated the mean line
profile for the entire period of “observations’ (which
equals the real observation time), and derived differen-
tial line profilesin the form of deviations of individual
“quasi-observed” line profiles from the mean profiles.

2.2. Model Parameters

A cloud ensemble in the atmosphere is described by
the parameters

S1 Omaxv Z’ Bv aa Ncla R11 RZ’ Vool q1 m! (11)

wheree = F,, /F ...« iStheratio of the minimum and the
maximum line fluxes from individua clouds in the
ensemble; g, the width of a spike in the line profile
formed by a cloud with the maximum flux; and { the
ratio of the energies radiated in the line and in the
underlying continuum. For the sake of convenience, we
express F,.,, as fractions of . Note that, specifying €
and ¢, we completely determine F,,, and F,; B isthe
power-law index in (9); and a isaparameter of the flux
distribution (3) of the clouds. Following the results of
[1, 7, 8], which are based on alarge amount of observa
tional data, we take 3 and a to be equal to 1.0 and 2.0,
respectively. N is the total number of clouds in the
atmosphere; we adopt N = 10°, in accordance with the
esimatesof [14]. R, and R, arethe distancesfrom the cen-
ter of the star delineating the area of cloud formation; V,,
is the termina velocity of the wind (~2000 knvs), deter-
mined from observed line profiles; and q = V,/V,, ~ 0.1.

Irrespective of the cloud-formation mechanism, the
calculations of the ionization structure of the clouds
performed in [6] indicate that the cloud density can
exceed that of the surrounding medium by three to four
orders of magnitude. In this case, the gaspressureinthe
clouds could appreciably exceed the mean gas pressure
in the inter-cloud medium. Consequently, the clouds
should be short-lived formations.

Thereisobservational evidence[7] that thelifetimes
of the largest peaks in line profiles can reach days,
while the lifetimes of the smallest are minutes. We
adopt the parameter B in relation (10) in accordance
with these estimates. The parameter min (10) is equal
t0 0.8, aswas determined in [1] on the basis of observa-
tions.

Thus, despite the formally large number of parame-
ters, in fact, our model depends primarily on only two.
The parameters € and o,,,,, cannot be derived directly
from observations, and must be determined by other
methods, as described below in Section 4.
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Figure 1 presents some of our differential C IlI
A5696 line spectra. We chose the parameters of the sto-
chastic cloud model to reproduce the type of variability
observed for the profile of this line in the spectra of a
number of WR stars [8]. The dashed lines mark the
positions of spikes in the differential spectra, drifting
from the line center toward the wings. Note the similar-
ity between the general pattern of the variability in the
model differential spectra and in the observed spectra
for WR stars[1, 8, 17] and OB supergiants [2].

3. POWER SPECTRUM OF THE WAVELET
TRANSFORMATION

Both the observed and model line profiles indicate
that spikes are well localized, and the total line profile
can be represented as acombination of the mean profile
and several discrete spikes. Wavelet analysisisthe most
appropriate mathematical method to study the variabil-
ity of such profiles. A wavelet method was used to ana-
lyzethe variability of emission line profilesin the spec-
tra of WR stars in [1, 7, 8], in particular, to identify
spikes in total, summed line profiles.

We chose the so-caled MHAT wavelet i(t) = (1-
t?)exp(-t?/2) as the analyzing wavelet. It has a narrow
energy spectrum and two zero-valued moments (the
zeroth and first moment). The MHAT wavelet is well
suited for the analysis of complex signals. Notethat this
wavel et isthe second derivative of a Gaussian function,
and the line fluxes from individual clouds can be repre-
sented by Gaussian profiles.

Using thiswavelet, the integrated wavel et transfor-
mation can be written in the form (see, for example,
[8, 18]):

W(a, b) = ij’f(t)wg—épgdt
L (12)
= If(t)wab(t)dt-

The density of the signal energy Ey(a, b) = W?(a, b)
describes the energy levels of the studied signal in the
space (a, b) = (scale, time). Thetotal energy is distributed
over scalesin accordance with the global energy spectrum
for the coefficients of the wavelet transformation

En(a) = Iwz(a, b)db = IEW(a, b)db.  (13)

This function is aso called the power spectrum of the
wavelet transformation. According to [8], the scale a
wherethefunction E(a) reachesitsmaximum iscalled
the dominating scale of the studied signal f (t).
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Fig. 2. Mean power spectra of the wavelet transformations
for the calculated differentia line profiles as a function of
model parameters.

4. RESULTS OF LINE-PROFILE MODELING

We have calculated line profiles formed by a cloud
ensemble for abroad range of parameters (11). To com-
parethe observed and calcul ated line-profile variability,
we used the procedure for modeling the observing pro-
cess described in Section 2. In accordance with typical
durations of observations, we adopted t = 600 min. In
addition to individual line profiles, we also calculated
profiles averaged over thetimet, aswell as differential
(individual minus mean) profiles corresponding to a
specified time. In this way, we obtained sequences of
t/At profiles; for each differential profile, we calculated
the wavel et transformation (12) and its power spectrum
(13). The power spectra obtained for agiven realization
of the model were then averaged.

Due to the random character of the cloud formation,
we obtained different sets of line profiles for different

Table 2. Parameters of cloud ensembles in the atmospheres
of WR stars

Object | Spectral type ( |V, km/s ¢ Omax
WR 103 | WC9 17.0 | 1190 | 10% | 0.22
WR 111 | WC5 1.7 | 2415 | 10®° | 0.25
WR 134 | WN6 20| 1905 | 102 | 0.20
WR 135 | WC8 10.0 | 1405 | 10° | 0.21
WR 136 | WN6 23| 1605 | 10° | 0.20
WR 137 | WC7 + OB 25| 2550 | 10° | 0.22
WR 138 | WN5 + OB 04| 1345 | 10° | 0.23
WR 140 | WC7+04-5 | 1.25 | 2900 | 10 | 0.035
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Fig. 3. Mean power spectra of the calculated differential line profiles (solid curves) compared with power spectra derived from
observed C 111 5696 and He |1 A5511 line profilesin the spectra of WR stars [8] (dashed curves).

realizations of amodel with asingle set of parameters;
however, the power spectra of the wavelet transforma-
tion for the differentia profiles vary little. This means
that the power spectrum describes the parameters of the
cloud ensemble as a whole, rather than the parameters
of the individual clouds making it up; thus, it can pro-
vide acriterion for our choice of the ensemble parame-
ters.

To determine the characteristics of the cloud ensem-
bles of specific stars, we selected the model parameters
€ and o, to provide the best fit to the power spectra of
the wavel et transformationsfor the differentia line pro-
files of the observed spectra of WR stars [8]. For each
star, we used V,, and ¢ from [10]. Figure 2 presents the
mean power spectra of the wavelet transformations for
the calculated line profiles for various values of the
model parameters. We can see that the mean power
spectra are very sensitive to minor variations in the
parameters.

Table 2 presents the resulting values of € and o,
for eight WR stars, together with the ¢ valuesfrom [10].
The spectral types of the stars and their terminal out-
flow velocities from [8] are also presented and are
giveninTable 2. Toillustrate the accuracy in the param-
eters of the cloud ensembles, Figure 3 compares the
mean power spectra for the modeled differential pro-
files and the corresponding power spectra for the WR
starsfrom [8].

5. DISCUSSION

When the cal cul ated wavel et power spectraare com-
pared with those derived from observations (Fig. 3), it is
apparent that the observed variability in theline profiles

is well described by the stochastic cloud model. The
proximity of the o,,, values for different WR stars
stands out (Table 2), suggesting that the parameters of
the cloud ensembles in the atmospheres of these stars
are also similar.

Note that o, is very large for al the stars (except
WR 140). Assuming the terminal velocity isV,, = 1.5-
2.0 x 10° km/s, asis typica for WR stars, we obtain a
velocity dispersion of 200600 km/s for the condensa-
tions responsible for the formation of the spikes with
the maximum fluxes. According to Table 1, the size of
condensations with such vel ocity dispersions can reach
4R,. Thereisno evidence for such large condensations
in the atmospheres of WR stars [1], suggesting that no
single atmospheric structure can be responsible for the
formation of line-profile features with such large vel oc-
ity dispersions. Most likely, broad peaks are formed by
clusters of smaller clouds with similar average radial
velocities. This supports the suggestion that cloud
ensemblesin the atmospheres of Wolf—Rayet stars have
ahierarchical distribution [10].

The value € can be used to determine the velocity
dispersion for clouds with the minimum flux F_,,..
From relation (5) between the flux and the velocity dis-

persion of the clouds, we easily obtain 0,,;, = /€ O, ..
Substituting values from Table 2 into this formula, we
find 0,,;, = 3-10 km/s, which corresponds to the ther-
mal velocity of gas atomsin the clouds.

The specia case of WR 140 (o,,,,, = 0.035) does not
have an obvious explanation. This star is not set aside
from the other WR starsin any clear way. Its only dis-
tinguishing feature is that it has the maximum terminal
velocity (2900 km/s). It is possible that, at such high
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V.., large clusters of clouds do not have sufficient time
to form during the passage of clouds through the region
in the atmosphere that radiates in the lines under con-
sideration.

6. CONCLUSIONS

Comparisons between the observed and calculated
line profiles, and also between the wavel et power spec-
tra for the modeled and observed line profiles, show
that the stochastic cloud model can reproduce the
observed pattern of profile variability for emission lines
in the spectra of WR stars. The model can be used to
determine the parameters of cloud ensembles in the
atmospheres of WR stars. The resulting parameter val-
ues suggest that clusters of clouds can form.
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Abstract—Observations of the millisecond pulsar PSR B1937 + 21 acquired in Summer 1997 with the Medic-
ina cross telescope reveal ed two interesting features: the existence of long-lived microstructures persisting over
several minutes, and a close relationship between the pulsar flux and pulse arrival times, due to refraction on a
discrete inhomogeneity. The latter effect, though observed earlier at higher frequencies by the Nancay group,
israther peculiar at our low frequency. © 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The radio emission of millisecond pulsars (M SPs)—
very interesting but, unfortunately, rather faint objects—
has thusfar been studied lessthoroughly than that of “ nor-
mal” pulsars, which have periods of the order of a second.
This is especidly true for events with extremely short
timescales (less than a milliperiod), such as microstruc-
ture, which are important for our understanding of the
physica mechanisms for energy generation in the mag-
netospheres of neutron stars. Pulsars (including M SPs)
have very steep spectra, making preferable observations at
low frequencies, where they have the highest flux densi-
ties. In addition, observations of MSPs at |ow frequencies
are of interest for studies of propagation effects in the
interstellar medium and in the pulsar magnetospheres,
which are more strongly manifest at lower frequencies.

Thefirst millisecond pulsar discovered, PSR B1937 +
21 (J1939 + 2134 in the notation of epoch 2000), isthe
brightest in the northern hemisphere (only the very
nearby pulsar J0437 — 4715 is brighter), making it a suit-
able target for further study. However, this pulsar has
the shortest period (1.557 ms) and a dispersion measure
that is large for an MSP (71.04 cm™ pc). These fac-
tors strongly hinder observations at frequencies below
1 GHz, where the group pulse delay due to the disper-
sion of theradio waves in the interstellar plasma strongly
distorts the pulse shape. Such distortions place a funda-
mental limit on the time resolution of multichannel sys-
tems with filter combs that are usudly used in pulsar
observations. For the pulsar in question at 407 MHz, it
isimpossibleto achieve a resol ution better than 100 ps,
twiceits profile width. Therefore, we used amore com-
plex technique for predetection reduction of the signal
[1], which has no fundamental time resolution limita-
tion. The data were reduced in real time using the digi-
tal spectrometer of the radio observatory in Medicina,
which was specially programmed for this purpose [2].

Our observations, which had sub-microsecond reso-
lution, yielded interesting results. We detected two
rather unusual features, the first probably related to
propagation effects, and the second to the pulsar itself.
An earlier set of low-frequency observations of PSR
1937 + 21, also with predetection compensation for the
dispersion (but with poorer resolution), was acquired
mainly with the 300-m Arecibo radio telescope. Those
results were primarily concerned with interstellar scat-
tering and other propagation effects[3]; the remarkable
phenomenon of “giant” pulses was aso noted [4, 5].

2. OBSERVATION
AND REDUCTION TECHNIQUES

Our observations were obtained on June 16—July 12,
1997, using the north—south arm of the crossradio tele-
scope of the CNR Idtituto di Radioastronomia near
Medicina (Italy) [6] at 406.9 MHz. The telescope
recorded linearly polarized signals. The receiver band-
width was 2 MHz (of which 1.6 MHz was effectively
used). The signal, reduced to the zero frequencies, was
digitized using 250-ns bins and sent to the digital spec-
trometer in a“ coherent de-dispersor” [2] mode in blocks
of 131072 (128 K) counts. The dispersion removal was
conductedinreal timeviasignal processing in the spec-
tral domain: after computing the complex Fourier spec-
trum, each harmonic was multiplied by a phase factor,
equal in absolute value but oppositein sign to the phase
increment due to dispersion in the interstellar medium.
Further, the inverse Fourier transform was computed
and digitized, and the restored signal was sent to an
adder that accumulated the mean profile. The total
number of cycles accumulated was 1831, correspond-
ing to one minute of time. The dataset was then sent to
acontrol computer to be saved on disk, and anew accu-
mulation cycle was initiated. The algorithm used was

1063-7729/01/4504-0294%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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such that, of the initial 131072 counts, only 56092
were valid after removal of the dispersion (correspond-
ing to 14.023 ms, or nine pulsar periods); thus, the
effective profile integration time in a single one-minute
exposure was 25.7 s (16 479 periods).

The observations were acquired near culmination,
since the telescope is a transit instrument. The total
time for PSR 1937 + 21 to cross the beam between the
zero levels was 14 min. During each transit, 24 one-
minute exposures were recorded. Nine registered near
the center of the beam were used to derive the mean
profile, study the pulse timing, etc., whereas the first
few and last few exposures were used as “empty sky”
records for comparison and error estimation. For this,
we added an “artificia” smooth profileto theempty sky”
record and reduced the data in the same way asthe pulsar
records. We estimated the actual accuracy of the measured
parametersfor different signal-to-noiseratios by changing
the amplitude of the artificial profile; this is especialy
important when analyzing short variations of the pulse
arrival times (PATS) during atransit, when the signal is
strongly variable. For the PATS, such estimates give an
rms error of 2.2 us for a one-minute exposure and
0.8 usfor accumulation over the entire transit.

We used the TIMAPR software written by O.V. Dor-
oshenko [7, 8] for the computation of the pulsar period
(needed for observations) and subsequent analysis of
the PATSs.

3. RESULTS AND DISCUSSION
3.1. The Mean Profile

The mean profile of PSR 1937 + 21 accumul ated for
1862127 pulses over the entire observation period (Fig. 1)
clearly shows the effects of interstellar scattering: both
the main pulse and the interpulse have exponentially
extended trailing edges, characteristic of alarge num-
ber of ray scatterings (a so-called “diffraction mode”).
The observed profile shapeisin good agreement with a
simple Gaussian pulse model, exp[—(t?/2w?)], scattered
by athin phase screen, represented by convolution with
the function U(t)exp[—(t/t1)]. Here, U(t) is a step func-
tion—U(t) = 0fort<0and U(t) = 1 for t = 0—and we
used thefollowing valuesfor w and T (the profile width
and scattering timescale): w=20+ 1 us, 13=25 =2 Us
for themain pulseand w=21 %3 us, ;=28 £ 6 usfor
the interpulse. These values agree with other measure-
ments at similar frequencies [3]. PSR 1937 + 21 has
been observed more often than other M SPs, and its pro-
fileis relatively well known, especially at frequencies
of 1400 MHz and above [9, 11]. High-frequency data
have shown the main pulse to consist of two compo-
nents with an intensity ratio of about 3 : 1, with the
fainter pulse being narrower and separated from the
maximum by 35 ps (towards later times) [9, 11]. At our
frequency, this component is difficult to distinguish, as
it is strongly masked by the scattered radiation of the
stronger and broader central component. A slight defor-
mation of the trailing edge offers a hint of its presence.
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Fig. 1. Mean profile of PSR B1937 + 21. The data were
smoothed with aGaussianfilter with atime constant of 11.3 ps.

Another faint component of the main pulse leading the
strong pulse is manifest as a rise before the leading
edge (also detectable at high frequencies); a similar
component is present in the interpul se.

3.2. Intensity and PAT Variations

During our observations, the flux from the pulsar
varied by up to 35%. This can be seen, for example, in
Fig. 2, which presents the amplitudes of the main pulse
and interpul se derived for each one-minute exposure as
a function of time relative to culmination. The mean
curves drawn through these points represent to good
accuracy the shape of the antenna beam, but the data
points themselves demonstrate a large scatter, espe-
cialy near the beam center, considerably in excess of
the errors. Rapid flux changeswithin asingle transit, as
well as slower, day-to-day variability, were observed.
We determined the mean flux in a single transit from
the amplitude of a least-squares-fit sinx/x curve repre-
senting the beam shape (Fig. 2). The deviations of the
data points from these curves exceed the noise and rep-
resent rea intensity changes during a transit. The flux
showscorrdated changesinthe main pulseand interpul se,
with a correation coefficient of 0.36 (uncorrected for
noise; the corrected value is 0.44). We can see from the
auto- and cross-corrdation functions (Fig. 3) that the
timescale of the variaions dightly exceeds 1 min, the
individual accumulation time, and is approximately 100 s.
Variation amplitudes are usualy described using the mod-

ulation index m: m? = (1 —1)%/1%, which varies between

0.1 and 0.28 on various dates (the mean value is 0.178).
This scatter is primarily due to the small statistics for a
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Fig. 2. Flux density of the main pulse (circles) and interpul se (triangles) as a function of time relative to culmination. Each point
represents a one-minute integration. The left panel shows data acquired over the entire observation period, and the right panel data
from the single transit of July 4, 1997. The solid and smooth dashed curves are the radio telescope beam superposed on these data.
The curves in the bottom of the right panel are rapid variations of the flux density. The solid and dashed curves refer to the main

pulse and interpulse, respectively.

single transit, the duration of which exceeds the varia-
tion timescale by only afactor of four to five.

Similar behavior is demonstrated by the PATs. The
differences between the precalculated and observed
PATSs fluctuate synchronously in the main pulse and
interpulse (the correlation coefficient is 0.41) to within

Correlation coefficient
1.2¢

1.0r
0.8
0.6
0.4
0.2
ok
-0.2F
-0.41
-0.61

—-0.8 1 1 1 )
-10 -5 0 5 10
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Fig. 3. Auto- and cross-correl ation functions of theflux vari-
ations (solid curves) and the pulse arrival times (dashed
curves) for the main pulse and interpulse. The auto-correla
tion function for the main pulse correspondsto theright side
of the figure (positive shifts), and for the interpulse to the
|eft side (negative shifts).

10 ps, with an rms deviation of 2.1 ps. The variation
timescaes for the intensity and PATSs coincide, as indi-
cated by a comparison of their auto-correlation functions
(Fig. 3); however, the PATs and the intensities fluctuate
independently, and no correlation between them was
detected.

Rapid variations are the main factor limiting the
accuracy of flux determinations in a single transit to
2-3%. However, the observed day-to-day flux varia-
tions are significantly in excess of this value (Fig. 4).
The flux varies synchronously in the main pulse and
interpulse. Against the background of the overall slow
decline, we can see a smooth minimum with a duration
of 14 days (from June 21, 1997 to July 4, 1997) and
amplitude 35% and a local maximum on June 28-29,
1997, when the flux increased by 20%. Interestingly,
the ratio of the intensities of the main pulse and inter-
pulse was not constant, and decreased roughly linearly
from 2.6 to 2.2 from the beginning to the end of our
observations, except for an abrupt drop on June 28,
1997 (i.e., near the local maximum), when it suddenly
decreased to 2.0 and then gradually returned to the lin-
ear trend. The origin of this abrupt change was that the
intendity increase in the local maximum was stronger for
the interpulse, and started somewhat earlier than for the
main pulse.

The flux variability associated with these slow vari-
ations is accompanied by changesin the PAT. The dif-
ference between the predicted and observed PATSs var-
ies by up to 13 ps (Fig. 4); most remarkable is that the
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Fig. 4. Flux variations in the main pulse (circles) and interpul se (triangles), their ratio (dashed curve), variations in the combined
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PAT curveis, in virtualy all details, amirror image of
the flux variations: decreasing intensity corresponds to
increased pulse delays and vice versa (the correlation
coefficient is—0.69 + 0.04; the minus sign indicates that
the pulses arrive earlier at increasing intensity).

A similar anticorrelation between flux and PAT vari-
ations was noted for this pulsar at a higher frequency
(1400 MH2) in [12, 13] as a rather rare phenomenon
(nine events observed in three years) with close time
scales (12-15 days), however, without adetailed corre-
spondence between the PAT and intensity curves.

3.3. Interstellar cintillation, Scattering,
and Refraction

Flux-density variations can be due to the pulsar’'s
intrinsic variability, aswell asthe propagation of theradio
wavesthrough an inhomogeneousturbulent plasma, either
in the interstellar medium or the region surrounding the
pulsar (scintillations). Diffractive and refractive scintilla-
tions must be distinguished. Diffractive scintillation is
due to the motion of the Earth with respect to the dif-
fraction pattern formed by radiation scattering on
numerous small inhomogeneities; refractive scintilla-
tion is due to the diffraction of rays on one or several
larger inhomogeneities. Both types of scintillation can
be generated by the same turbulent medium. In this
case, theratio of the timescales for “normal” refractive
and diffractive scintillations should be of the order of
~Ty, and the ratio of the amplitudes of the PAT varia-
tions should be ~(tv)™'3, where v is the observing fre-
quency.

The nature of the rapid variations is beyond doubt:
they are described well by diffractive scintillation. It is
characteristic of diffractive scintillation that intensity
fluctuations are correlated within a frequency band Av,
(the “decorrelation bandwidth”), which isrelated to the
2001
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scattering timescale 1., by the “uncertainty relation”
21AVT, = 1. The sameistrue of the PAT fluctuations. If
the received bandwidth B is narrower than Avg, the
modulation index for the intensity fluctuations will be
close to unity, (m ~ 1), and the amplitude of the PAT
fluctuations will be At ~ 1. However, if B is broader
than Avg, then m and At are reduced by a factor of
~(B/Avy)°3. In our observations, the effective bandwidth
was 1.6 MHz and the modulation index was m= 0.17%,
which coincides with the observed value for the short-
timescale variations. The timescae for diffractive scintil-
lations 1 measured at the nearby frequency of 430 MHz
is100 s[3], which also correspondsto the timescale for
rapid variations. The pulsar’s tangential velocity,

v = Areb”
vL8t U

is usually determined from 1, we will use it below for
some numerical estimates. The distance to the pulsar D
is determined from the dispersion measure, based on a
model for the n, distribution in the Galaxy. Following
[17], we adopt the value D = 3.6 kpc (avalue afactor of
two larger was estimated earlier). The coefficient A
depends on the turbulence parameters and the scatter-
ing model used; following [15], we adopt the value
0.15. Inthiscase, V = 47 km/s.

The nature of the slow variations is much more
interesting: they show the unusual property of a strong
(nearly functiona) relationship between the intensity and
PAT variations (correlation coefficient —0.69 = 0.04
the minus means that as the intensity increases, the
pulses begin to arrive ear lier; Fig. 4). This suggests
that the slow variations are due to propagation effects,
since the intrinsic PAT variations for PSR 1937 + 21
measured at high frequencies where such effects have
little influence do not exceed 1 pus[9] (thisisone of the
most stable pulsars).



298

Such a relation between the pulse delay and the
observed intengity is characteristic of refractive scintilla-
tion [14], when alarge inhomogeneity with dimensions
a = (ctL) crossestheline of sight (L = L,L,/(L, + L),
where L, and L, are the distance from the refracting inho-
mogeneity to the pulsar and to the Earth, respectively).
Thisleadsto an additiona delay inthe PATS, consisting of
two terms: adispersive delay, 1, [ v=26DM, where SDM
isthe additional dispersion measure due to the inhomo-
geneity, and a geometric delay, 1g, due to the fact that
the inhomogeneity deflects the rays by an angle 6., =
cgradTp:

15 = 0.5cL(grad 1)’ O v *L(graddDM)°.

Convergence or divergence of therefracted rayswill
correspondingly increase or decrease the observed
intensity, | = 1, + 8l: dl/l, ~ (1 — cLdivgradTp)2 — 1.
Appreciable variations of the intensity, ol/l, = 0.1, will
occur if the dispersion delay and geometric delay are of
the same order of magnitude: 1, ~ Tg. The index of
refraction of a plasmais smaller than unity, giving rise
toa“focusing” effect (intensity increase) in an inhomo-
geneity with reduced density, whereas an inhomogene-
ity with enhanced density will reducetheintensity. This
can explain the relationship between the PAT and inten-
sity variations: T, and T are minimum near the mini-
mum of dDM, where the convergence of the rays (and
hence the intensity) is maximum; thus, increasing
intensity will correspond to decreasing delay and vice
versa. However, in the general case, for an arbitrary n,
distribution, this relation will only be approximate,
without a detailed correspondence. For any realistic
distribution, the PAT curve has a minimum when the
line of sight is close to the center of the inhomogeneity,
where grad DM is near zero; however, acorresponding
local maximum of the intensity appears only when
there is a region with reduced density at the center of
the inhomogeneity.

Notethat this effect cannot originatein the sametur-
bulent medium that is responsible for the diffractive
scintillation: according to the relations presented at the
beginning of this section, the timescale for “normal”
refractive scintillation should be of the order of 20 to
30 days, closeto the observed timescale, whilethe PAT
variation amplitude will be only 1 us, significantly
below the observed value. Thus, the refraction takes
place in a discrete inhomogeneity (a similar phenome-
non is observed in the “extreme scattering events’
observed in some compact extragalactic sources [16]).
Assuming that the inhomogeneity’s tangential velocity
(relativeto the line of sight) isV = 50 km/s, we can use

the duration of the minimum, ~14¢, to estimate the lin-
ear size of the inhomogeneity to be a~ 6 x 102> cm.
Thisisafactor of ~50 smaller than the size of the scat-
tering circle in the interstellar medium. Therefore, in
order to give rise to appreciable flux variations, the
refracting inhomogeneity must be close to either the
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Earth or the pulsar, at adistance < 80 pc. Assuming that
grad ®DM ~ dDM/a and using the above relations, we
obtain 3DM ~ 2 x 10~* cm pc. Thisyields an estimate
for the mean density of free electronsin the inhomoge-
neity of n, ~ 100200 cm3; this should be ~25% lower
at the center, in order for the central region to focus the
rays and create a local intensity maximum and corre-
sponding PAT minimum with the observed amplitudes.
Such an object cannot exist in the interstellar medium
for long because of the large implied pressure differ-
ence (a factor of several hundred). To avoid this diffi-
culty, a model with a special multi-filament structure
was suggested in [10, 14]. We find it more natural to
suppose that this phenomenon is associated with activ-
ity of the pulsar itself, with such inhomogeneities aris-
ing near the pulsar inthe “ pulsar wind” zone, where the
properties of the turbulent plasma strongly differ from
those of the standard interstellar medium.

4. MILLISECOND-TIMESCALE PHENOMENA:
MICROPULSE BURSTS

Ordinary pulsars (with periods of the order of a sec-
ond) exhibit microstructure phenomenon in which
short bursts of radiation—micropulses lasting for 10~
to 107 of the period—are observed in some pulses. The
lifetime of this microstructure is brief, much shorter
than the period; the microstructure never survives until
the next pulse, and is therefore not represented in the
mean profile. Millisecond pulsars are too faint for indi-
vidual pulses to be observed (with a single exception;
see below), so that the existence of microstructure sim-
ilar to that observed for ordinary pulsars remains an open
question. However, thanks to the high time resolution of
our observations, we were able to detect an interesting
phenomenon, resembling “long-lived” microstructure sur-
viving for several minutes, enabling its detection in the
mean profilesfor short accumulation timesas*“micropulse
bursts” During such bursts, a very narrow peak with
width of the order of amicrosecond appearsin the pro-
file and becomes stronger, until its amplitude becomes
comparable to that of the main pulse itself. Further, its
intensity decreases and it disappears completely.

To get a more detailed picture of this phenomenon,
we consider the strongest burst, observed on June 17,
1997, when the peak’s maximum amplitude became
equal to that of the main pulse (Fig. 5). The peak is
present in three subsequent one-minute integrations, so
that the phenomenon lasted about 2 min. During this
time, no drift or longitude displacement of the peak was
observed; it followed the pulsar period with high preci-
sion (at least to 10-8), possibly testifying that the event
was associated with the pulsar itself and not due to
propagation effects. At the burst maximum, the micro-
second peak isvisiblein each of the nine profilesindepen-
dently accumulated during asingle one-minuteinterval. It
followsthat the peak could not be formed from one or sev-
era “giant” pulses, and isassociated with acomparatively
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Fig. 5. The strong micropulse burst of June 17, 1997. The left panel shows the profile of the main pulse for a long accumulation
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Fig. 6. Two fainter bursts apparent during the whole transit. For both, the fraction of the profile accumulated over the entire transit
and two independent half-time accumulations are shown. In the profile of the burst of June 24, 1997 (left panel), two micropulse
peaksare simultaneoudly present. The phase of one of these (preceding the maximum of the profile) exactly coincideswith the phase
of the peak for the burst of June 17, 1997, shown by the dotted line.

stable formation with an enhanced generation of radia-
tion within a narrow longitude interval.

Although such bright bursts are probably fairly rare,
the phenomenon is not unique: we also found several
fainter (with lower peak amplitude) but longer bursts,
2001
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some lasting for at least 9 min (the beam-crossing time
for the pulsar). Figure 6 presents two such bursts. It is
interesting that one of these (on June 24, 1997) has its
peak exactly at the same longitude as for the burst of
June 17, 1997. The accumulated statistics are insuffi-



300

cient to judge whether the bursts are concentrated in
certain preferred longitude ranges or whether this coin-
cidence is due to chance.

Another type of phenomenon with a short, micro-
second, timescalein PSR 1937 + 21 isindividua “giant”
pulses observed a agiven longitudein both themain pulse
and interpulse [5]. It is possible, however, that these two
types of event are actually manifestations of the same phe-
nomenon and have a common physical nature. We can
speculatethat a“hot spot” appearsin the polar cap, pro-
ducing a “bright filament” in the magnetosphere: an
excited region extended along aline of force isformed,
where the generation of radiation is enhanced.

The long-lived microstructure observed for PSR
1937 + 21 may present the first evidence for a strong
dissimilarity between ordinary and millisecond pul-
sars, the other properties of the radio emission of MSPs
and normal pulsars are remarkably similar, despite sub-
stantia differences in the physical conditions in their
magnetospheres. Note that the microstructure of nor-
mal pulsars is due to modulation of the plasma flow
along open lines of force.

I's the presence of long-lived microstructure a typi-
cal property of all or most MSPs, or is PSR 1937 + 21
uniquein thisrespect? Currently, we cannot answer this
guestion definitively, because the observationa dataon
the radio emission of M SPs on short timescales are too
sparse and, moreover, contradictory. Until now, only
one M SP was studied—J0437 — 4715, the closest (and
thus brightest). Thisis the only known MSP with detect-
able individua pulses for each period. It has been
observed by two groups: in Ooty (India) a 318 MHz [18]
and Parkes (Australia) at 1380 MHz [19], with com-
pletely different results and conclusions. According to
[18], very narrow unresolved micropulses are often
observed within individua pulses, with amplitudes
much higher than the mean intensity, appearing pre-
dominantly at specific preferred longitudes. For short
profile-integration times, a picture similar to the micro-
pulse-burst phenomenon observed by us could be
derived. However, the high-frequency Parkes observa-
tions do not confirm this result.

5. CONCLUSION

(1) The correlation between flux variations and
pulse arrival times observed for PSR 1937 + 21 at high
frequencies becomes a detailed correspondence at low
frequencies. This effect is due to refraction in an inho-
mogeneity with dimensions ~6 x 10'2 cm with a den-
sity of free electrons n, ~ 100-200 cm~3. Such inhomo-
geneities most likely arise in the turbulent medium
closeto the pulsar, in the “pulsar wind” zone.

(2) The millisecond pulsar PSR 1937 + 21 shows
“long-lived” microstructure, with lifetimes from sev-
eral minutes to possibly dozens of minutes. This phe-
nomenon has no counterpart in “normal” (second) pul-

SOGLASNOV et al.

sars. It may be associated with the appearance of a
compact “hot spot” in the polar cap, which ignites a
bright filament in the magnetosphere.
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Abstract—We analyze previously published chemical abundances in the atmospheres of red giants. Excess
abundances are observed not only for Na, but also for Al and Si, with the overabundances increasing with the
stars' luminosity. The observed anomalies provide evidence that, in addition to the CNO hydrogen-burning
cycle, the Mg-Al and Ne-Na cycles operate in the interiors of main-sequence stars; their products are brought
to the stellar atmospheres by convection after the transition to the red-giant phase. The abundance anomalies
for s-process elements, also observed in the atmospheres of field stars, testify to the presence of a substantial
number of neutrons. The s-process abundance anomalies are absent from giants of the young Hyades cluster.

© 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

It has been established that nuclear reactions that
synthesize chemical elements are the main source of
stellar energy. Because of their widespread nature and
high energy release, reactions transforming hydrogen
into helium dominate. These processes can occur in
two ways. The first is consecutive proton merging (the
p—p cycle). The second involves the bonding of protons
to carbon, nitrogen, or oxygen atoms in the region of
nuclear burning, forming unstabl e i sotopes of these ele-
ments and leading to subsequent beta decay, followed
by the attachment of a new proton; a chain of such
transformations ends in the formation of an alpha par-
ticle (the CNO cycle). Therelative efficiency of the two
series of reactions depends on the temperature in the
region of burning, which depends, in turn, on the star’s
mass.

Stellar hydrogen burning occurs mainly in the cores
of main-sequence stars. The computations of interna
stellar structure show that, at this evolutionary stage, a
star consists of a convective core, where nuclear reac-
tions occur, and a radiative envelope, where hydrogen-
burning reactions do not take place due to its low tem-
perature. The atmospheric chemical compositions of
such stars should not differ from that of the proto-stel-
lar material—the interstellar medium—with the excep-
tion of the abundances of lithium, beryllium, and
boron, which burn at low temperatures.

However, the situation changes drastically when the
main-sequence stars become red giants. Calculations
show that the core shrinks after the depletion of hydro-
gen, while the envelope expands in size by a factor of
severa dozen and becomes convective. Thus, the possi-
bility arises for nuclear reaction products to be dredged

up into the stellar atmosphere, where they can be
detected.

First and foremost, we expect a significant increase
of the helium abundance. However, the atmospheric
temperatures of red giants are insufficient to excite
helium lines, and so they are not observed. Further, dur-
ing the CNO cycle, the total number of CNO atomsis
conserved, but their relative abundances change, as
observed in the atmospheres of giants. This is consid-
ered confirmation of the theory of stellar structure and
evolution.

For along time, possible changes of other elements
abundances were neglected. Only in the 1980s was an
excess sodium abundance detected in the atmospheres
of supergiants [1-3], which was correlated with lumi-
nosity [3] and the '2C/!*C isotope ratio [4]. The reason
for this lack of attention to possible changes in the
abundances of other elements is probably the huge
number of nuclear reactions occurring in the mixture of
elements making up stellar gas. They cannot all befully
taken into account, and so stellar-evolution computa-
tions have included only reactions with the largest
energy output. In addition, until recently, accuracies of
abundance determinations were low for at least three
reasons:

(a) signal-to-noise ratios for photographic plates
were about 30, whereas those for modern observations
with CCDs reach 100 to 200 or higher;

(b) formerly, uncertainties in oscillator strengths
exceeded afactor of two, whereas they are now severa
percent for many lines;

(c) modern model atmospheres enable analysis of
abundances with much higher accuracy than, for exam-
ple, the curve-of-growth method.

1063-7729/01/4504-0301$21.00 © 2001 MAIK “Nauka/Interperiodica’
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Table 1. Program stars and adopted atmospheric parameters

HR | Star Spectral type Te, K [logg k\r%}s
Normal red giants
437 |n Psc |GT7llla 4955 |2.10| 1.50
951 | & Ari K2lllv 4346 | 2.03| 1.30
2077 |5 Aur |KOllI 4935 (2.64|1.24
2990 | B Gem |KOlllb 4933 |3.00| 1.25
4924 | 37 Com| Galll 474512.35|1.80
7310 |6 Dra |Galll 4897 | 2.86| 1.41
7615 |n Cyg |KoOlll 4906 | 2.85|1.30
7942 | 52 Cyg | KOlll 4930 | 3.06|1.30
8684 |1 Peg |G8lII 5022 |2.73|1.41
Mild barium stars
3475 |1 Cnc |G7.5111aBa0.1 4895 |2.18| 1.96
8115 |¢ Cyg |G8llI-lI1aBa0.6 4977 | 252 1.40
8667 | A Peg |G8lI1aCN1Ba0.3Hd—1| 4860 | 2.05| 1.85
Hyades red giants
941 |k Per* |KOlII 4923 | 2.77| 1.16
1346 [yTau |KOIllabCN1 4956 | 2.83| 1.35
1373 | 5! Tau |KOIIICNO.5 4980 |2.84|1.25
1409 [e Tau |G9.511ICNO.5 4880 | 2.50 | 1.46

* Belongs to the Hyades moving group.

These improvements in techniques for analyzing
stellar spectramake it possible to detect comparatively
small deviations in elemental abundances. With thisin
mind, several years ago, we commenced a program to
investigate abundancesin the atmospheres of red giants
using ample and homogeneous spectroscopic material
and uniform techniques, to ensure reliable comparative
analyses for stars of different subtypes. We concen-
trated on the abundances of the light elements Na, Al,
and Si (which can vary at temperatures that are not
extremely high) and of elements with very low abun-
dances, such as the rare earths. The abundances of this
latter set of elements can change appreciably due to
neutron capture. (Current theories of stellar evolution
predict that the abundances of the iron-peak elements
should not vary in the main-sequence and red-giant
stages, and change only in supernova outbursts.)

During this program, we obtained spectroscopic
observations for several dozen red giants. Thus far, we
have performed analyses for 16 of them. Table 1 pre-
sentsalist of the stars studied, which can be subdivided
into three groups:

(a) giants of the general field, with no indicationsin
the literature concerning any peculiaritiesin their spec-
tra, which we call “normal” (nine stars);

(b) mild-barium field stars (three stars);
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() giants from the Hyades supercluster (three
known bright giants of the Hyades cluster and one giant
bel onging to the Hyades moving group).

It is of interest to compare the abundances in the
atmospheres of these groups of stars. In our earlier
papers [5-9] devoted to individual stars, we discussed
the principal aspects of our techniques for abundance
analyses in stellar atmospheres in detail, and briefly
discuss here only those pertaining to the accuracy of
our estimates.

2. OBSERVATIONS

Our observations were acquired with the 2.6-m tele-
scope of the Crimean Astrophysical Observatory, using
aCCD detector in thefirst chamber of the Coud’ e spec-
trograph of the telescope. The dispersion was 3 A/mm
and the signal-to-noise ratio was YN = 100-300. A
spectral band with awidth of either 30 or 60 A could be
recorded simultaneously, depending on the type of
CCD detector used. The bands (from 14 to 20 used)
were chosen to record the number of spectral lines
required for the problem at hand. We reduced the data
using software developed for this purpose at the
Crimean Astrophysical Observatory.

Our analysis of stellar spectra is differential, using
the Sun as the comparison star. Accurate differentia
analyses require the reduction of data for both the pro-
gram objects and the comparison object using the same
techniques. Therefore, we carried out observations of
the Sun—i.e., of scattered daylight—with the same
instrument at the 2.6 m G. Shain telescope [10].

The extent to which the spectrum of the scattered
daylight corresponds to the solar spectrum and can be
used for comparative astrophysical studies was dis-
cussed in detail in[11], on the basis of specia observa-
tions. The depths of the lines in the day sky spectrum
depend, to some extent, on the angle between the tele-
scope and the direction towardsthe Sun. The larger this
angle, the shallower the lines, and, accordingly, the
lower the corresponding equivalent widths. The largest
deviations from the real values were 3—4%, corre-
sponding to AlogW, <0.02 dex, and occurred at devi-

ations from the Sun of about 100°; upon further
increase of this angle, the deviations become smaller
again. We note in this connection that, in our observa-
tions, the telescope was oriented 30° from the direction
towardsthe Sun [10]; therefore, we do not expect errors
AlogW, > 0.01 dex, so that our errors do not exceed

the errors in the equivalent widths.

3. ANALYSIS OF SPECTROGRAMS

We paid much attention to careful tracing of the
continuum: to a considerable extent, this procedure
determines the accuracy of the final results for red
giants. Because the CCD detector recorded only small
portions of the spectrum, we drew the continuum tak-
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ing into account photographic spectrograms covering
about 1000 A. We selected lines that were not distorted
by blends and had trustworthy oscillator strengths for
subsequent analysis. The line equivalent widths were
determined using the EW program written at the
Crimean Astrophysical Observatory [12], which
enables approximation of the profile of an unblended
spectral line with a Gaussian curve and plotting of the
resdual intensity vs. equivalent width calibration
curve. This calibration curve was used to determine the
equivalent widths of lines with blended wings that
could not be approximated using Gaussian profiles; in
such cases, only lines whose central depths were not
distorted by blends were taken.

4. CHOICE OF MODEL ATMOSPHERE.
COMPUTATION OF ELEMENTAL ABUNDANCES

We analyzed the line equivalent widths for the abun-
dance determinations using model atmospheres com-
puted with Kurucz's ATLAS9O package [13]. We com-
puted the elemental abundances from the measured
equivalent widths using the WIDTH9 program. Our
estimates of the model atmosphere parameters Ty and
logg for the program objects were based on the tech-
nigue described in detail in [8]. This technique applies
the criterion that, according to current theories of stellar
evolution, the relative abundances of iron-peak ele-
ments should not change during the main-sequence and
giant stages. Therefore, the abundances of all iron-peak
elements in a giant’s atmosphere relative to the solar
values should be the same, and reflect the star’s metal-
licity. With this in mind, we computed the abundances
of iron-peak elements for each of the program stars
from the measured equivalent widths for various T
and logg that were close to the expected values, and
then determined the atmospheric parameters giving the
minimum scatter in the relative abundances for these
elements. As an example, Fig. 1 displays a plot of
log(€/g,) for 52 Cyg. It was shown in [8] and [10] that
this type of analysis for the iron-peak elements can
simultaneously yield estimates of the effective temper-
ature (with an accuracy of +20 K), gravity (with logg
values accurate to £0.10), and mean metallicity of the
stellar atmosphere (to +0.05 dex) without invoking
additional data. Further, we used the ATLAS9 software
to compute the corresponding model atmosphere for
the analysis of the composition of the atmosphere of the
program red giant.

Note that the choice of atmospheric parameters
described here gives “forma” values that are not
always coincident with spectroscopic estimates. For
example, the solar effective temperature, correspond-
ing to the known solar constant, is T, = 5777 K, and the
Sun’s gravity derived from the motions of planets
around the Sun is logg = 4.44; however, as shown in
[10], the line spectrum of the Sun is best described by
the model atmosphere from [13] with T, = 5887 K and
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Fig. 1. Abundances of iron-peak elements relative to their
solar values, derived from the observed equival ent widths of
absorption lines in the spectrum of 52 Cyg for logg = 3.06
and various temperatures.

logg = 4.57 (the “formal” solar parameters for the grid
of models in [13]). Unfortunately, the Sun is the only
star whose parameters have been determined indepen-
dently of model atmospheres and with satisfactory
accuracy.

Currently, the most accurate stellar effective tem-
peratures are those derived from stellar angular diame-
ters based on either interferometric or lunar-occultation
measurements. In the formula used to determine T, the
angular diameter—i.e., the ratio of the star's linear
diameter to its distance—is raised to the —1/2 power,
whereas the bolometric flux is raised to the 1/4 power
(see, for instance, [14]). Thus, errorsin bolometric flux
estimates do not strongly influence T,, and the main
sources of errorsin T, are errors in the angular diame-
ter, which are typically about 10%. For the tempera-
tures of the starsin our study, such methodsyield errors
in T, of about 250-300 K—much higher than the errors
in the model-atmosphere parameters.

The situation with stellar surface-gravity estimates
is worse. For this purpose, the star's mass and radius
must be known. Information about the masses of single
starsis extrapolated from dataon binary stars. It isvery
difficult to estimate the accuracy of this procedure. We
cannot prove that the (mass—spectral type, luminosity)
relations for single and binary stars are the same. In
addition, the errorsin the masses for the components of
binary systems reach tens of percent. A star’sradiusis
derived from its apparent bolometric magnitude,
which, in turn, is determined by the star’s parallax (if
known) and surface temperature. Here, the temperature
is raised to the fourth power, and the influence of its
error (about 10%) on the error in the surface gravity
increases accordingly. In addition, the average parallax
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Fig. 2. Excess sodium abundance in the atmospheres of red
giants and supergiants: (1) norma giants; (2) mild barium
gtars; (3) Hyades giants; (4) supergiants from [1-3]; (5) super-
giants from [26]; (6) supergiants from [27].

error is about 10%. Thus, we estimate the errors in
logg for single starsto be £(0.3-0.5) dex.

In light of these considerations, we will treat the
derived values of T and logg exclusively as atmo-
spheric parameters of the program stars that may devi-
ate from the effective temperature T, and the surface
gravity, though not by alarge amount. Our analysis of
the spectrafor asingle star using models from different
model-atmosphere grids shows that T, and logg, as
well astheresulting metallicities ([Fe/H] ratios), can be
somewhat different for different models, but the ratios
of various abundances to the iron abundance are in
good agreement, and it is this information that is most
important for our study.

Using anal ogous techniques and Kurucz models, we
determined the parameters for the solar model atmo-
sphere, then used the corresponding model atmosphere
to determine elemental abundances in the solar atmo-
sphere based on the spectral lines used for the analysis
of the red-giant spectra [10]. The resulting abundances
coincided with those published for the solar atmosphere
by Grevesse and Sauval [15] to within £0.05 dex, sug-
gesting that we have correctly chosen the oscillator
strengths. Further, for each of the studied lines, we
found the differences in the abundances (logN) for the
atmospheres of the star and the Sun, and then averaged
these differences for each element. In this way, we
avoid possible errors due to the use of inaccurate indi-
vidual oscillator strengths.

We determined the turbulent velocity V; from iron
lines, which are numerous and cover a wide range of
equivalent widths. We chose the V; value for which
there was no dependence between the iron abundance
and the line equivalent width. This value was used in
the subsequent analysis. Having determined the final
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valuesof T,and logg, we then checked the correctness
of V, and, if necessary, repeated the analysis with an
improved value of V,.

The resulting atmospheric parameter values for
each star are collected in Table 1. The final chemical
composition of the stellar atmospheres was determined
using the model computed for these parameters and the
ATLAS9 package. Itisshownin [9, 13] that such deter-
minations are accurate to +0.10 dex.

5. RESULTS

Table 2 presents the abundances in the atmospheres
of the program stars. For each star and each element,
we give

[elem/H] =log[e(elem)/e(H)]« —log[e(elem)/e(H)] o,

i.e., the difference of the abundances relative to hydro-
gen for the atmospheres of the studied star and of the
Sun. (Notethat, in our earlier studies[5—7], we used the
model atmospheres from [16] for some of the stars.
Later we re-reduced these observations using the mod-
els from [13], and the latter results are presented in
Table 2.) We analyze the data from this table bel ow.

Na abundance. As stated above, enhanced Na abun-
danceswerefirst noted for supergiants[1-3], and it was
shown that the Naexcess depended on luminosity. Note
that the Na abundances were derived from the A6161
and A6154 A subordinate lines. Specia studies of pos-
sible deviations from LTE [17, 18] demonstrated that
non-LTE effects were small for these lines, aswas con-
firmed in subsequent studies[19, 20]. Figure 2 shows the
dependence of [Na/Fe] on logg for supergiants [1-3]
and for the 16 red giants studied by us, with the abun-
dances determined from the same subordinate lines. We
can readily see that the positions of the giants are in
good agreement with the supergiant relation, suggest-
ing that the Na abundancesin the supergiants and giants
have the same nature. The mild barium stars also agree
well with this relation, whereas the Hyades stars lie
somewhat aboveit.

Boyarchuk and Lyubimkov [3] suggested that Na
could be formed in the reaction ?Ne(p, y)>*Na—part of
the neon cycle in the cores of main-sequence stars—
and could be dredged up from deep layers to the stellar
atmosphere by convection during the star’s evolution
from the main sequence to the red-giant stage. The
computations in [4, 21] and the observational relation
between the anomal ous Na excess and the '2C/!*C iso-
tope ratio [4] support this hypothesis.

Thus, the spectra of giants, as well as supergiants,
probably provide evidence that products of the core
Ne-Na hydrogen-burning cycle have been dredged up
into surface layers. The fact that the mild barium stars
follow the relation of Fig. 2 suggests that the Na pro-
duction in their stellar cores and its dredging-up are
essentially the same as for normal field red giants.
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Table 2. Relative atmospheric elemental abundances

Normal red giants Mild barium stars Hyades red giants
Elements | nPsc | 3Ari | 8Aru | BGem |37Com| dDra | nCyg | 52Cyg| uPeg | 1Cnc | ECyg | APeg | kPer | yTau | 8 Tau | £ Tau
[elem/H]

Nal +0.16 | +0.33 | +0.09 | +0.19 | +051 | -0.09 | +0.13 | +0.20 | +0.01 | -0.01 | +0.19 | +0.33 - +043 | +051 | +0.51
All - +0.17 | +0.26 | +0.34 | +0.31 | +0.00 | +0.33 | +0.26 | +0.07 | +0.01 | +0.16 | +0.27 | +0.29 | +0.23 | +0.27 | +0.31
Sil +0.14 | +0.01 | +0.09 | +0.22 | +0.36 | +0.04 | +0.26 | +0.13 | -0.02 | —-0.05 | +0.09 | +0.23 | +0.19 | +0.18 | +0.24 | +0.20
Cal -005 | +0.04 | +0.10 | +0.12 | +0.22 | +0.01 | +0.12 | +0.11 | -0.06 | -0.13 | -0.03 | +0.06 | +0.10 | +0.12 | +0.19 | +0.10
Sl -0.17 | +0.11 | +0.04 | +0.01 | +0.10 | +0.01 | +0.16 | +0.12 | —-0.05 - -0.02 | +0.08 | +0.06 | +0.11 | +0.20 -
Til -001 | -0.05 | +0.24 | -0.04 | +0.22 | -0.25 | +0.11 | +0.210 | -0.14 | -0.27 | -0.11 | +0.09 | +0.07 | +0.10 | +0.15 | +0.06
VI -0.04 - +0.09 | +0.01 | +0.127 | -0.06 | +0.18 | +0.07 | —0.06 | -0.31 | -0.04 | +0.06 | +0.14 | +0.12 | +0.21 | +0.07
VI -0.16 | -0.12 | +0.07 | +0.08 - -0.16 | +0.15 | +0.12 | -0.10 — - +0.08 | +0.11 — - +0.10
Crl -0.03 | -0.17 | +0.08 | +0.06 | +0.23 | —-0.15 | +0.12 | +0.10 | —-0.10 | —0.28 | —0.08 | +0.07 | +0.06 | +0.10 | +0.15 | +0.11
Crll -0.06 | -0.10 - +0.14 | +0.18 | -0.09 | +0.19 | +0.15 | -0.06 - -0.07 | +0.07 | +0.06 | +0.08 | +0.18 | +0.05
Fel -0.02 | -0.08 | +0.08 | +0.07 | +0.12 | -0.08 | +0.15 | +0.09 | -0.06 | —-0.21 | -0.03 | +0.09 | +0.11 | +0.11 | +0.19 | +0.11
Fell -0.01 | -0.08 | +0.08 | +0.08 | +0.14 | -0.122 | +0.08 | +0.02 | -0.08 | -0.14 | -0.11 | +0.05 | +0.08 | +0.11 | +0.18 | +0.05
Col -005 | -003 | +0.10 | +0.13 | +0.24 | —0.03 | +0.23 | +0.11 | -0.14 | -0.24 | -0.13 | +0.09 | +0.14 | +0.13 | +0.20 | +0.10
Ni | +0.01 | -0.23 | +0.08 | +0.15 | +0.21 | -0.10 | +0.18 | +0.13 | -0.06 | -0.20 | -0.09 | +0.10 | +0.14 | +0.11 | +0.24 | +0.11
Y1 -0.07 | +0.04 | -0.02 | +0.12 | +0.22 | —-0.07 | +0.12 | +0.35 | -0.01 | -0.03 | +0.30 | +0.08 | +0.00 | +0.12 | +0.14 | +0.06
Ball +0.33 | +0.19 | +0.35 | +0.17 | +0.20 | -0.05 | +0.35 | +0.31 | +0.31 | -0.04 | +054 | +0.38 | +0.17 | +0.20 | +0.34 | +0.20
Lall +0.11 | +0.17 | +0.23 | +0.15 | +0.29 | +0.00 | +0.17 | +0.32 | +0.11 | +0.05 | +0.45 | +0.20 | +0.02 | +0.08 | +0.14 | —0.06
Cell +0.02 | +0.15 | +0.17 | +0.18 | +0.35 | +0.13 | +0.35 | +048 | +0.16 | +0.10 | +0.33 | +0.28 | +0.09 | +0.03 | +0.14 | +0.06
Pri +0.09 | +0.12 | +0.32 | +0.27 | +0.38 | +0.18 | +0.37 | +0.49 | +0.23 - +043 | +0.33 | +0.09 | +0.15 | +0.13 | +0.06
Nd Il +0.07 | +0.16 | +0.19 | +0.20 | +0.39 | +0.20 | +0.40 | +0.62 | +0.23 | +0.09 | +0.23 | +0.30 | +0.17 | +0.13 | +0.21 | +0.01
Eull +0.06 | +0.31 | +0.25 | +0.29 | +0.32 | +0.22 | +0.34 | +048 | +0.22 | +0.17 | +0.22 | +0.29 | +0.16 | +0.36 | +0.29 | +0.16
[M/H]* -0.02 | -0.09 | +0.09 | +0.13 | +0.19 | -0.10 | +0.15 | +0.10 | -0.09 | -0.24 | -0.08 | +0.08 | +0.10 | +0.10 | +0.19 | +0.08

* Mean metallicity derived as the mean abundance for iron-peak elements.
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Fig. 3. Excess aluminum abundance in the atmospheres of
red giants and supergiants: (1) normal giants; (2) mild bar-
ium stars; (3) Hyades giants; (4) Hyades giants from [26].

The Hyades giants merit further discussion. Esti-
mates of the oxygen and nitrogen abundances in the
atmospheres of F dwarfs of this young open cluster
were obtained in [22], and indicated a N abundance
exceeding the solar abundance by 0.3 dex. Takedaet al.
[22] suggest that the N abundances in dwarfs corre-
spond to their initial abundances; i.e., the cluster was
formed from material with an enhanced nitrogen abun-
dance. Inthis case, the N abundance in red giants could
also exceed the initial abundance due to convection and
the dredging-up of hydrogen-burning (CNO-cycle)
products to surface layers. Table 3 presents N abun-
dances in the atmospheres of the studied Hyades mem-
bers collected from the literature [23, 24]. The N abun-
dances of the Hyades red giants do exceed the value for
normal giants somewhat (+0.3 dex), possibly dueto an
enhanced initial N abundance. This possibility is also
supported by the spectra of bright Hyades giants pos-
sessing enhanced CN bands. Thus, the material from
which the Hyades were formed probably had an
enhanced nitrogen abundance, relative to iron. It seems
likely that there was al so an enhanced abundance of Ne,
an element that iscloseto N inthe periodic table. If this
is true, we would expect a somewhat enhanced Na
abundance: according to our general picture of the
chemical evolution of the Galaxy, new-generation stars
are formed from interstellar material enriched in the
products of core nuclear reactions that have been lost
by evolved stars. In this sense, the somewhat enhanced

Table 3. Relative nitrogen abundancesin the atmospheres of
Hyades red giants

[N/Fe]
Star
[23] [24] mean
K Per* - +0.49 +0.49
y Tau +0.45 +0.51 +0.48
o Tau +0.39 +0.46 +0.42
eTau +0.37 +0.59 +0.48
Mean value for all the stars +0.47

* K Per belongs to the Hyades moving group.

BOYARCHUK et al.

Na abundance compared to “normal” field giants (Fig. 2)
could proveto bereal.

Al abundance. Table 2 indicates that the Al abun-
dances of the studied stars are somewhat enhanced. We
attempted to analyze these abundances using a plot for
Al (Fig. 3) similar to that for Na. Figure 3 shows that
the Al abundance increases, though dlightly, with
decreasing logg, asisobserved for Na. Note that there
is no separation between the three groups of stars.

The spectrum of aluminum is not rich in lines that
are strong enough for reliable measurements and pos-
sess trustworthy oscillator strengths. Most studies of Al
abundances in the atmospheres of stars in the Galactic
disk and halo are based on measurements of the A3961 A
resonance line, and afew studies have worked with the
M6696/6698 and A8772/8773 A subordinate lines.
However, it was shown in [23] that the resonance line
exhibits considerable non-LTE effects whose strength
depends strongly on metallicity. In addition, the equiv-
aent widths of the A3961 A line can be seriously dis-
torted by interstellar reddening. Our Al abundances are
based on ohservations of the A6696/6698 A lines; for
these, the non-LTE corrections are also positive, but
have much lower values than the corrections for the
A3961 A line, though they are also metallicity depen-
dent [23]. Unfortunately, we could find only one paper
[26] containing an estimate of the Al abundance in the
atmosphere of a field supergiant derived from the
A6696/6698 A lines. For this reason, we could not con-
tinue the relation of Fig. 3 towards lower logg values
corresponding to supergiants with confidence, as we
could for Na (Fig. 2) and Si (see below).

The question arises as to whether the weak depen-
dence of the Al abundance on logg could be due to
non-LTE effects that have not been taken into account.
Such effects have been considered for various Al lines
in [25]. For al the studied lines, the non-LTE abun-
dance corrections were positive, with their values
increasing with decreasing logg and with decreasing
metallicity. In addition, this correction was smaller for
the subordinate A6697 and A6698 A lines than for the
resonance lines, though it aso increased with decreas-
ing metallicity. Thus, taking into account the non-LTE
correction could somewhat increase the spectroscopic
[Al/F€] values; the lower logg, the larger the increase.
Therefore, we conclude that the relation in Fig. 3 isnot
a conseguence of non-LTE effects.

Aluminum could be formed on the main sequencein
the Mg-Al hydrogen-burning cycle[24], inthereaction
26Mg(p, y)*’Al, and, like Na, be dredged up to the sur-
face by mixing during the star's evolution toward the
red-giant stage.

S abundance. Figure 4 shows a plot for Si, similar
to those for Na and Al (Figs. 2 and 3). As for Na, the
datafor the giants and supergiants follow asingle rela-
tion. We did not find any corrections for non-LTE
effectsfor Si | linesin the literature. However, the exci-
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tation potentials for the lower levels of the Si | lines
used in our analysisare high (above 5.5 eV). Therefore,
these lines are formed rather deeply in the stellar atmo-
spheres, where the populations of energy levels are
determined by collisions (thisis especialy truefor lev-
els close to the ionization limit, asis aso true for Si 11
lines), and we do not expect large deviationsfrom LTE.
We thus conclude that the relation in Fig. 4 reflects the
real situation. The mild barium stars and Hyades giants
show good agreement with the relation.

Figure 4 aso plots the data on Si abundancesin the
atmospheres of supergiantsfrom [27]. Despitethelarge
scatter, these data agree, on average, with our own data.

During hydrogen burning in the Mg-Al cycle, the
reaction ?’Al(p, y)?*Si (the so-called nuclear-leak reac-
tion from this cycle; cf. [28], p. 187) also takes place.
This reaction can enhance the Si abundance in deep
layers on the main sequence, and first mixing can lead
to an observed excess of Si in the atmospheres of
giants.

Abundances of s-process elements. We found in our
earlier papers [8, 9] that s-process elements are over-
abundant to various degrees in the atmospheres of red
giants. Since rare earths are usually thought to result
from consecutive slow neutron capture (the s-process),
the discovery of excesses of these elementsin the atmo-
spheres of normal giants was somewhat unexpected.
According to stellar-evolution theory, a sufficiently
intense flux of neutrons is created during thermal
pulses in the helium core—i.e, at later evolutionary
stages—and abundance anomalies for s-process ele-
ments are usually observed in stars at later stages of
their evolution, on the asymptotic giant branch.

To investigate the nature of this result, we plotted
the overabundance of an element as a function of its
solar abundance (Fig. 5). We were guided by the fol-
lowing logic: during the s-process (i.e., consecutive
neutron capture with subsequent beta decay), the rela-
tive abundance increments should be greater for ele-
ments with lower original abundances. Of course, this
suggestion does not have a very firm basis, however,
such a tendency could well occur. The asterisks show
the mean abundances for the nine normal (with no
spectral peculiarities) red giants analyzed in this paper.
Thefigure shows that thereisindeed atrend for greater
enhancement of the abundances for elements with
lower original abundances. Note that the barium stars
(crossed squares; the data are based on mean abun-
dances for the three mild barium stars in our program)
and the evolved globular-cluster red giants (circles)
[29] share the same trend.

In this figure, the diamonds show the abundances
for the Hyades red giants, which suggest a complete
absence of overabundances for these elements. The dif-
ferences between the Hyades stars and field stars may
be due to the different ages of these two groups, which
imply different degrees of convective mixing. In the
young Hyades stars, mixing has not yet enriched the
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Fig. 4. Excess silicon abundance in the atmospheres of red
giants and supergiants: (1) normal giants; (2) mild barium
stars; (3) Hyades giants; (4) supergiants from [1-3];
(5) supergiants from [27].
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Fig. 5. Excesses of s-process elements in the atmospheres of
red giants: (1) normal giants; (2) mild barium stars; (3) Hyades
giants; (4) globular cluster giants from [32].

atmospheres in s-process elements. The field stars are
much older, and their atmospheres demonstrate various
degrees of enrichment in s-process elements.

Figure 5 suggests that the enrichment of stellar
atmospheres in rare earths can aready occur at the red
giant stage, when the convective envelope is formed.
These elements can originate in either the core or the
shell source; i.e., in regions of active nuclear reactions.

The results of a spectroscopic analysis of the star
31 Aqgl presented in [30] support this conclusion. Since
this star has an excess Fe abundance (+0.32 dex), it is
young; according to [30], it is sightly evolved off the
main sequence, and its convective envelope is begin-
ning to expand. Overabundances of Na and Al, com-
pared to the solar values, were found in the star’s atmo-
sphere, but the s-process elements remain slightly defi-
cient (within the errors), in complete agreement with
our results for the Hyades giants.
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6. CONCLUSIONS

The chemical abundance anomalies we have found
testify that, in addition to the CNO cycle, which is
responsible for the observed anomalies of the CNO
abundances, the Mg-Al and Ne-Na cycles are also
active in the interiors of main-sequence stars. We
observe the products of these cyclesin the atmospheres
of stars after they become red giants and, consequently,
develop convective zones (the so-called first dredge-
up). In addition, the abundance anomalies for s-process
elements provide evidence for the presence of a sub-
stantial quantity of neutrons.

Usualy, helium-burning reactions, such as '*C(a,
n)'%0 and 2*Ne(a, n)*Mg, which occur at very high
temperatures (T ~ 2 x 10 K), are considered to be the
main suppliers of neutrons. The corresponding high
temperatures occur on the asymptotic giant branch. The
observed overabundances of s-process elements are
somewhat unexpected from this point of view. Photo-
neutron reactions, such as *C(y, n)'2C, "“N(y, n)"*N,
etc., which occur at comparatively low temperatures
(T~ 107-10% K) [31], could play an important role here.
This problem certainly requires more detailed study.
The absence of s-process element overabundances in
giants of the Hyades, a young cluster, while these ele-
ments show appreciable excessesin field giants, clearly
suggests an evolutionary factor for the observed depen-
dence.
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Abstract—We present equivalent widths and profilesfor Hy, I;F H, and He | A4471 A emission lines obtained
r

in observations of the flares of EV Lac made at the Crimean A

op%ysical Observatory in 1994 and 1995. Our

semi-empirical modeling of the flares gives insight into the structure of the emitting regions, including a tem-
perature plateau, and also into the physical parameters, size, and location of the star’srelatively quiescent chro-

mosphere. © 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

In the course of sporadic flaresin red dwarf UV Ceti
gars, the hydrogen and calcium emission lines in their
spectra undergo substantial variations: they rapidly
become stronger and their profiles become appreciably
broader. Since the detection of broad wings of the hydro-
gen-line profilesin theflare spectra, two mechanisms have
been proposed to explain them: pressure (Stark broaden-
ing), or the motion of flare matter (Doppler broadening)
[1-9]. However, neither of these mechanismsis able to
describe the entire collection of observational data on
its own. For example, both at the phase of maximum
brightness and in the decay stage of the March 2, 1970
flare of AD Leo, the simultaneoudy determined FAVHMs
for Hg, H,, Hs, and H, + H turned out to be rather smilar:
10-13 A [10]. A similar closeness of the FWHMSs for H,
H,, Hs, and H, + H was detected in the decay stage of the
February 18, 1971 AD Leoflare[11]. Thesimilarity of the
A values corresponds to the variability of AMA for these
lines, which suggests that thermal or macroscopic move-
ments are insufficient to explain the observed profiles,
and/or that the flare has substantial optical depths in
these lines. However, this conclusion is not very firm
due to the appreciable instrumental profile width
(exceeding 6 A).

On the other hand, the considerable broadening of
hydrogen lines and the simultaneous absence of broad-
ening inthe Call K line during the September 8, 1979
flare of UV Cet [1] was initiadly interpreted as a mani-
festation of the Stark mechanism. However, in their
more detailed analysis of these observations, Eason
et al. [12] failed to find adequate agreement between
the data and calculated H, Stark profiles, leading them
to the idea that the regions of the formation of the cal-
cium and hydrogen lines might be different. Eason
et al. [12] aso suggested that arising flow of very hot
gas from the chromosphere was responsible for the
broad H, wings.

Further, analyses of spectra of the March 4, 1985
flare of YZ CMi [3, 4, 13] indicated that neither the H,
nor Hy profiles could be fit well by one or two Stark
profiles, although they can be successfully described by
a sum of two Gaussians with appreciably different
widths. The wider Gaussian, which reproduces the
wings of the profile, corresponds to motion with veloc-
ities of hundreds of km/s. Strictly speaking, the decom-
position of the observed profiles into Gaussian compo-
nents does not give a basis for direct modeling of the
flare. The decomposition is nonethel ess useful for under-
standing the line broadening during flares, since it pro-
vides estimatesfor parametersthat must be reproduced by
the profile-formation mechanism. The decomposition of
observed profiles into Gaussian components has become
quite widespread [5, 7, 8, 12, 14, 15].

All these comparisons between observed and pre-
dicted profiles broadened by pressure effects were
made in accordance with calculations carried out by
Vidal et al. [16]. However, these calcul ations assume an
optically thin radiating medium, while stellar flares are
definitely optically thick in thefirst terms of the Balmer
series. Theflat tops of the hydrogen-line profileswith their
dightly reduced intensities a the line center [11, 12] pro-
vide direct evidence for appreciable optical depths in
these lines, whatever the mechanism for the formation of
the broad wings. Indeed, as was recently shown by Sobo-
lev and Grinin[9], taking into account the appreciableline
optical depth can yield rather broad Stark profiles, and, in
particular, can successfully reproduce the broad wings of
the Hp profile detected during the September 1, 1992
flare of EV Lac[15].

Here, we present a quantitative analysis of emission
linesin flare spectraof EV Lac obtained at the Crimean
Astrophysical Observatory (CrAO) during interna
tional coordinated observing campaigns in 1994 and
1995. The analysisis based on the technique described

in[17].

1063-7729/01/4504-0309$21.00 © 2001 MAIK “Nauka/Interperiodica’
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2. OBSERVATIONS

All the spectral observationsof EV Lac at the CrAO
were made with the 2.6-m Shain Telescope equipped
with CCD spectrographs. In 1994, we obtained spectra
at blue to green wavelengths, including the Balmer Hg
and H, lines and several helium and metallic lines. In
1995, we obtained spectra at red wavelengths, includ-
ing the H, line. The observations are described in detail
by Baranovskii et al. [17].

2.1.Hgand H Lines

In 1994, we carried out spectral monitoring of EV
Lac at 4190-5480 A with a resolution of 4 A. Using
simultaneous photometric monitoring data, we selected
from the 179 spectrograms obtained 20 corresponding
to the active state of the star. We selected spectra with

the largest equivalent widths Wi, and the maximum

values of FWQMg; i.e., the full width of the Hg line at
one-quarter its maximum intensity.

The first five of the 20 selected spectra correspond
to relatively brief flares at 18:48, 19:17, and 23:32 UT
on August 28, 1994 and 20:39 UT on August 29, 1994
and to the double-peaked flare at 19:30 UT on August
30, 1994. The remaining 15 spectrograms cover the
three-hour active state of the star on August 31, 1994 at
20:30-23:30 UT, which included at least eight rapid
flares of various amplitudes and the slow decay of the
star’s brightness after the double flare at 21:21 UT.

During six nights of observations in the quiescent
state of the star, the values for W,, were 4.4-5.0 A,

while the values for the selected spectra were 10.2—
20.9A; W, was8.6-12.5 A for quiescence and 16.0-

28.9 A in the active state. Thus, the effect of the flaring
on the measured equivalent widths can clearly be seen.
For the sel ected spectra obtained during the active state,
the correl ation coefficient between the measured equiv-
alent widths was fairly high: r(WHv , WHB ) = 0.84. The

widths of these lines were even more closely correlated at
the quarter-maximum level: r(FWQMjg, FWQM,) = 0.93.

Profiles of emission linesin the active state obtained
by subtracting the mean quiescent-state spectra for the
corresponding nights from the selected spectra (the proce-
dure used isdescribed by Abdul-Aziz et al. [15]) indicated
essentialy the same close correlation between the line
widths—r(FWQM;, FWQM,) = 0.90—despite the fact
that the FWQM for these “pure” flare spectra did not
always exceed the corresponding widths of the quies-
cent profiles and, in a nhumber of cases, were rather
close to the instrumental width. However, when these
“pure” flare profiles were fit by sums of narrow and
broad Gaussians, the widths of both the narrow and
broad components of the Hg and H, lines are not corre-
lated with each another. Apparently, this meansthat the
estimates for the Gaussian widths are unstable due to

BARANOVSKII et al.

the low spectral resolution of the original data. None-
theless, the fractions of the total radiation in lines con-
tained in the broad Gaussians proved to be rather
closely correlated: r((Eyige/Eio)p: (Evide/Eor)y) = 0.80.

2.2 H, Emission Line

In 1995, spectral monitoring of EV Lac was carried
out near H, with spectral resolution 0.37 A during the
first night and 0.74 A during the remaining four nights.
Based on simultaneous photometric monitoring, we
selected 14 of 64 spectrograms corresponding to the active
state of the star: four spectrawith the largest W, values

correspond to the flare brightness maximum, three to
decay phases, and the others to a prolonged period of
activity on September 4, 1995, similar to the extended
period of line emission at blue and green wavelengths
onAugust 31, 1994.

During the five nights of CrAO observations, the
W, values for the quiescent state of the star varied

from 3.5 to 5.3 A and were in counterphase with the
total V-band brightness of the star, whose variations
were due to the irregular spotting of the stellar surface.

For the spectrain the active state, WHu varied from 4.7

to 10.6 A. The widths of the H, line profiles were
FWHM = 1.3 A and FWQM = 1.5-1.8 A in the quies-
cent state, and FWHM = 1.3-1.5 A and FWQM = 1.6—
2.0 A in the active state. Thus, in the active state, H, is
less enhanced than Hg and H,, possibly due to alarger
optical depth in the H, line. Nonetheless, owing to the
higher spectra resolution achieved for this line, “pure”
profiles for the active state obtained by subtracting the
mean quiescent spectra on the corresponding nights from
the sdected active-date spectra were determined with
higher certainty. When these “pure” flare profiles were fit
by sums of narrow and broad Gaussians, the widths of the
broad components were 4.0-5.8 A. It is evident that these
estimates (which arefactors of fiveto eight higher thanthe
instrumenta profile width) are trustworthy.

2.3. Helium Emission Lines

During the 1994 coordinated EV Lac campaign, we
detected several He | lines and the He 1l A4686 A line
intheactive state of the star at blueto yellow wavelengths.
The behavior of these emission lines was very different:
the correlation of the rapid onset of the flarein the U band
with that intheHe A4471 A linewastighter than the cor-
relation with the Bamer lines. In addition, we did not find
any significant correlation between the emission in the
hydrogen lines and the He 11 A4686 A line.

Therelative faintness of the helium lines preventsreli-
able estimation of quantitative parameters from individual
spectrograms. For this reason, we summed all the “pure’
spectrafor the active state of the star. Figure 1 presentsthe
normalized summed profile for the strongest helium

ASTRONOMY REPORTS  Vol. 45

No. 4 2001



EMISSION LINES OF THE RED-DWARF FLARE STAR EV LAC

1, arb. units

1.0F -

0.5

311

He I A4471

0
1 1 1 1 1 1 1 1 1 1 1 1 1 1 ]

4820 4840 4860 4880 4900 4300 4320 4340 4360 4380 4420 4440 4460 4480 4500 4520
FWHM = 4.6A FWHM = 6.1 FWHM = 5.94 A
FWQM =7.8A FWQM = 9.6A FWQM = 8.8A
FWHM,, = 4.6A FWHM,, = 4.6A FWHM,, = 4.6A
FWHM, = 14.7A FWHM,, = 15.9A FWHM, = 18.5A
Ey/E o = 0.37 Ey/E = 0.38 Ey/E o = 0.53

Fig. 1. Profiles of emission lines obtained by summing “pure” spectraof EV Lac in active states. Under each profile, the widths of
the summed profile at half- and quarter-maximum intensity (FWHM and FWQM), the widths at half-maximum intensity for the
narrow and broad Gaussians into which the profile is decomposed (FWHMy and FWHM,y;, respectively), and the fraction of the

broad Gaussian energy in the total profile Ey/E;, are marked.

line A4471 A. The same figure presents corresponding
summed profiles for the Hg and H, lines. We can see that
all three of these profiles can be well fit by sums of two
Gaussians with different widths; the widths of the narrow
Gaussians are the same for al three profiles. Apparently,
this indicates that the instrumenta profile determines the
form of these narrow components. The widths of the
broad Gaussian of the neutral helium line are somewhat
larger than those for hydrogen lines. This means that
both Doppler broadening, which is related to macro-
scopic motions that should be the same for all spectral
lines, and temperature Doppler broadening, which
should be appreciably smaller for the helium line than
the hydrogen lines, are of little importance in the for-
mation of the broad Gaussian components.

Observations of He Il A4686 A emission in the flares
of UV Cet stars are comparatively rare. We note two new
facts demongtrated by the CrAO observations of EV Lac.
First is the already mentioned absence of any significant
correlation between the intensities of this helium line
and of the Balmer lines: the He 11 A4686 A line was
observed both near the maxima of intense, rapid flares
and during their subsequent slow decay; thisis appar-
ently the first time such prolonged emission in thisline
has been observed. Secondly, we have detected for the
first time the splitting of this line into two components
with roughly equal intensities in the combined spec-
trum.

The red component has the same radial velocity as
the other emission lines, while the blue component is
displaced towards shorter wavelengths, providing
direct evidence for an upward mation of the emitting
material with avelocity of about 400 kmy/s. It isimpor-
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tant that, in some spectrograms, only the red or only the
blue component is seen, while some spectra display
both components. To order of magnitude, 400 km/s is
close to the velocity detected in the impulsive phase of
the AU Mic flare of September 3, 1991 observed with
the Hubble Space Telescope[18]. In that case, however,
the strengthening of the red wing of the L, line lasted
only three seconds, and was probably associated with a
proton beam directed from the area of primary energy
release towards the photosphere. The blue component
of the He Il line detected in the CrAO observations
probably provides the first direct evidence for dynami-
cal processes in the upper chromosphere, which can
result in events similar to solar transients; i.e., macro-
scopic gjections of material into circumstellar space.

3. SEMI-EMPIRICAL MODELS
FOR THE EV LAC FLARES

In this section, we apply the algorithm for modeling
quiescent stellar chromospheres developed by Bara-
novskii et al. [17] to spectral observations of stellar flares
for thefirst time. Some justification is needed here.

This schemefor calculating emission line profilesin
a quiescent chromosphere assumes that the radiating
matter isin hydrostatic equilibrium. Since the turbulent
velocity enters into the calculations, this assumption is
natural for quiescent chromospheres, but is not obvious
when applied to stellar flares, where we see velocities of
many tens of km/s. Nevertheless, such models for flares
can be justified by the following arguments.

There is a long-standing tradition of using this
approach to describe solar flares. We consider two exam-
ples below.
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In the study of Machado et al. [19], the use of an
equation of hydrostatic equilibrium in the flare calcul a-
tionsisjustified on the grounds that “the velocity fields
of chromospheric flares are to a great extent unknown.”
This doubtful argument is even more true of stellar
flares. Nonetheless, following the model for the quiescent
solar spectrum developed by Vernazza et al. [20-22],
Machado et al. [19] successfully fit both the line and
continuum spectra of solar flares at wavelengths from
300to 1700 A, the Mg 1 and Call resonance doublets,
and the Call infrared triplet. According to their semi-
empirical models, the temperature minimum in a flare
islocated deeper and the temperatureitsalf ishigher com-
pared to both the quiescent Sun and to active regions,
while the electron temperature and el ectron dendity in the
regions of formation of the Lyman lines and continuum
are increased. The transition zone is also deeper, encom-
passing layers with higher density.

Recently, Fang et al. [23] have constructed a semi-
empirical model for a white-light flare that likewise
assumes hydrostatic equilibrium of the radiating matter.
Both the flares themsal ves and the types of original obser-
vational data considered in the studies of Machado et al.
[19] and Fang et al. [23] differ substantialy; in spite of
this, the temperature distributions with height obtained
in[23] arevery closeto those in one of the models con-
structed in[19]. All hydrostatic model s assume station-
arity and fulfillment of radial equilibrium conditions.

On the other hand, a gas-dynamical model for these
processes has been developed in parallel with hydro-
static-equilibrium models for solar flares, starting with
the study of Kostyuk and Pikel’ner [24]. The central
idea here isthe formation of apressure jump in place of
theinitial impulsive energy release, from which intense
gas-dynamical perturbations propagate down into the
photosphere and up into the corona. However, the ful-
fillment of the condition of radia equilibrium in this
type of model is not obvious. This concept of solar
flares was soon applied to flaresin red dwarfs [25].

It has been shown in the framework of gas-dynami-
cal models of stellar flares that the perturbation that
originates immediately after the impulsive heating and
propagates downwards forms condensations that are the
main source of optical radiation for the flare; these propa-
gate in a quasi-stationary mode, and the physical condi-
tions indde them vary dowly [26]. This latter circum-
stance justifies the application of radia-equilibrium con-
ditions in these models, and explains the success of this
approach in the interpretation of the observed parame-
tersof solar flares. Naturally, the integration of the con-
cepts of gas-dynamical and radial-equilibrium model-
ing, as was recently done for the first time by Katsova
et al. [27], should yield the best approximations to
observed flare parameters.

Let us turn again to the 1994 and 1995 CrAO spec-
tral observations of EV Lac flares. For further quantita-
tive modeling, we have selected six spectra from those
obtained in EV Lac's active state and described by
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Abranin et al. [28]: Nos. 4 and 6 of 1994 at blue to
green wavelengths, associated with medium-amplitude
flares; No. 15 of 1994, associated with the slow decay
of a prolonged active state; and Nos. 9, 10, and 11 of
1995 at red wavelengths, associated with the decay
phase of an intense flare (the numeration of the flares
correspondsto Figs. 9and 13in[28]). Figure 2 presents
U-band light curves for al these flares and H, and Hg
equivalent widths determined at the times marked by the
horizontal intervals. Table 1 presents the parameters for
these events from the study of Abranin et al. [28] and
brightnesses of the star averaged over spectra exposures
caculated by 1.Yu. Alekseev from his smultaneous
UBVRI observations carried out with the AZT-11 tele-
scope. Table 1 also presents the equivalent widths and
total widths at half- and quarter-maximum of the emis-
sion linesin the flare spectra.

When the algorithm for calculating the parameters
of emission linesin quiescent chromospheres described
by Baranovskii et al. [17] is applied to flare spectra, an
important unknown supplementary parameter must be
introduced into the calculations. the area of the flare.
Therefore, we carried out the calculations according to
the following scheme. We adopted as a basic model for
EV Lacthemodel calculated by Baranovskii et al. [17],
in which one-third of the stellar surface is covered by
active regions and the remaining two-thirds does not
contribute to the emission. To thiswe add the flare radi-
ation, which occupies some fraction of the active-
region surface area (determined as part of the calcula-
tions). The combined profile and equivalent widths are
matched to the observed values using a trial-and-error
method.

We first considered the H, profiles detected during
the flare of September 4, 1995. Assuming that the tem-
perature plateau (known to exist in the solar chromo-
sphere and detected by us [17] in the quiescent chromo-
sphere of EV Lac) can form only in a sufficiently steady-
state medium, weinitialy performed our flare modd cal-
culations without including this plateau. However, these
calculations were not successful: when matching the H,
profile, the intengity of the flare continuum was too low
(we could enhance the continuum by increasing the tem-
perature, but, in this case, the line would have become
too broad). In addition, such models overestimate the
ratio AU/AB due to the large Balmer jump. Therefore,
we concluded that one of the necessary conditions for
successful reproduction of the observationsis incorpo-
rating an extended temperature plateau in the flare
model. Note that atemperature plateau is also included
in gas-dynamical flare models[29].

Thus, we specified a temperature plateau in the
range 50008000 K followed by a rapid temperature
increase. We specified the density variation with height
according to the condition of hydrostatic equilibrium.
We varied the extent of the plateau (by varying itslower
boundary from logm =-3.5to logm = -0.5; here and

below, misin g/cn?), the temperature gradient across the
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Fig. 2. Light curves of the EV Lac flare in the U band and H, and Hp equivalent widths measured within the times marked by the

horizontal intervals.

plateau, and the total density in the region of the plateau
(from 10" to 2 x 10'® cm). The temperature gradient
across the plateau should be very small, sinceitsincrease
leads to an increase in AU/AB; attempts to decrease this
ratio by raising the upper boundary of the plateau resultin
unacceptably smal intensitiesfor the He lines.

Models with afixed extent for the plateau were cal-
culated for various densities; the temperature within the
plateau was chosen to best match the calculated and
observed profiles and equivalent widths, both at theline
center and in the wings (such matching can occur only
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for acertain degree of filling of the active region by the
flare). In this way, for a given fixed plateau extent and
density, its temperature and filling factor are deter-
mined unambiguously in the course of matching the
calculated and observed H, profiles and equivalent
widths. As in the model calculations for the quiescent
chromosphere, we assumed that neither emission nor
absorption in Hy is present outside of active regions on
the stellar disk.

We derived acollection of models closdly fitting the
H, profiles and equivalent widths, but differing in the
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Table 1. Parameters of the spectrum of the active state of EV Lac

Flares of August 29 and 31, 1994

flare times of beginning amplitude W, A FWHM, A FWQM, A
number and end of exposure, UT AU AB AV B v B v B v
4 |20"39Mm38%-20"45M10°August 29 | 0780 | 0720 | 0M09 | 14.0 | - 65 | 81 | 116 | 162
6 20M'43M06°-20M"48™19° August 31 | 058 | 0.13 | 0.06 | 102 | 186 | 4.4 69 | 10.1 | 11.0
15 21N46M475-22"01M085 August 31 | 0.43 | 0.13 | 0.05 | 209 | 266 | 35 45 57 6.4
flare of September 4, 1995
flare times of beginning amplitude
number and end of exposure, UT AU AB AV WHQ A | FWHM, A | FWQM, A
9  [18M11M115-18M15M54S 0M31 011 0"03 10.6 1.47 1.95
10 18"16M315-18"46M318 0.14 0.06 0.01 9.6 1.50 2.01
11 1847M165-19"17M16° 0.07 0.03 0.01 8.7 1.47 1.94

calculated Amyz Balmer decrement, and filling factor.
In addition, it became clear that models with shallow
plateaus (logm < —1.6) do not yield sufficient contin-
uum emission, and, as the plateau rises, the size of the
flare approaches the total size of the active regions,
which is not realistic. Models with a deeper lower
boundary for the plateau yidd theratios AU : AB : AV that
are closer to the observed val ues than those obtained for
ashallower plateau. The calculated Balmer decrements
depend primarily on the temperature gradient adjacent
to the upper part of the plateau, and also on the temper-
ature and density in the plateau. No information on the
other Balmer linesis available for the 1995 flares. Tak-
ing into account, however, that the ratio of the Hg and H,
intendties during the 1994 flares was roughly 0.93 and
that the observations of the December 11, 1965 flare of
EV Lac [30] indicate that this value was about 0.9, we
attempted to obtain similar values for this ratio in the
course of our mode! selection. Taking into account all the
above factors, for spectra Nos. 9, 10, and 11, we chose
models with a lower plateau boundary logm > —1.1,
where m exceeds the corresponding value in our model
for the unperturbed chromosphere by approximately an
order of magnitude, and with the logarithm of the total
density in the plateau varying from 13.0 to 15.0.

Thus, taking into consideration the H,, line profiles
and equivalent widths during the flare, as well as the
UBV brightnesses of EV Lac, suggests the presence, as
in the quiescent chromosphere, of an appreciable tem-
perature plateau (the characteristic optical depth at the
line center is 10>-103, and the characteristic electron
density is 10'2-10" cm3).

In 1994, we observed EV Lac at short wavelengths
with lower spectral resolution, and the broad instru-
mental profile essentialy rules out the possibility of
studying the line wings. Therefore, our matching of the

models to the observations was based on the Hg and H,,
equivalent widths and the valuesfor AU, AB and AV. As
for 1995 flare, models without a temperature plateau or
with a plateau at a small depth proved unacceptable,
since they overestimated AU and thefilling factors. The
calculations demonstrated that the restrictions imposed
on the lower plateau boundary (logm > —1.1) and the
logarithm of the total density (>13.6) remain valid for
the 1994 flares. We varied the temperature and density
in the region of the plateau and the position of its lower
boundary to match the cal culated and observed | Ho/ I H,

ratios and the relations between the UBV amplitudes.
We left the low turbulent velocity in the region of for-
mation of Balmer lines (2 km/s) derived from the
widths of the H, profiles in the 1995 EV Lac flare.
However, we were not able to explain the broad wings
of the Hy and H, lines, even with a substantial increase
in the density in the plateau region to 10'® cm>. As
noted above, Sobolev and Grinin [9] were abletofit the
wings of the Hg line profile for the intense flare of EV
Lac of September 1, 1992 observed with the CrAO Shain
Telescope in the framework of a Stark broadening theory.

However, they fit only the far wings (JAA| > 8 A) rather
than the entire line profile and absolute intensity.

The intensity of the He | A4471 A line depends on
that part of the model where T > 10000 K. We fitted the
calculated and observed profiles for all observation
times by varying the temperature dependence with
height in this region, which leaves the Balmer line pro-
files virtually unaffected.

Figure 3 presents emission-line profiles calcul ated
using the models. Table 2 presents the parameters for
all of our models of EV Lac flares; note that the filling
factors ff in the ninth column refer to the entire surface
of the star, and the three last columns present ranges for
valuesin the temperature plateau. The fit of our models
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Fig. 3. Profiles of emission linesfor individual flares (circles) and the fitted semi-empirical models (dashed lines).

to the observations can be characterized as follows: the
equivalent widths of the H, and Hg lines are matched to
within 25 to 1.4%, the FWHMs for the same lines are
matched to within 22 to 6%; and the valuesin Tables 1
and 2 for AU differ by from 0.00 to 0.10, for AB from
0.00t00.01, and for AV from 0.00to 0.02. Figure 4 pre-
sents our models for all the flareslisted in Table 1, and
also the model for active regions occupying one-third
of the stellar surface[17] (curve EV 3). We can seefrom
Fig. 4 that the main difference between the models for
the quiescent chromosphere and flares of EV Lacisthe
depth of the temperature plateau and the increase of the
electron density in the layers responsible for the
Balmer line emission (by approximately an order of
magnitude).

Let us compare our results with previous estimates
of flare parameters for UV Ceti stars. Analysis of the
2001

ASTRONOMY REPORTS Vol. 45 No. 4

emission Balmer decrements carried out for a number
of such flares based on the concept of moving enve-
lopes yielded n, ~ 10'>-10'* cm for 1, = 10*-10°.
Applying Balmer decrement theory for afixed medium
to several flares of EV Lac and other red dwarfs, Kats-
ova [31] estimated the flare electron density near max-
imum brightness to be 10'* cm™, and noted that the
transition to steeper decrements in the course of the
flare decay could be dueto adecreasein n, (in her mod-

els, 1, = (2-3) x 10°). The flares we have studied do

not include any with large amplitudes, so that the esti-
mates n, can be considered consistent.

Recently, Mauas and Falchi [32] constructed a semi-
empirical hydrostatic model for two times during the
intense April 12, 1985 flare of AD Leo, described by
Hawley and Pettersen [33]. They considered the fluxes
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Fig. 4. Semi-empirical models for the EV Lac flare. Numeration for the models corresponds to that of the flaresin Table 1. Curve
EV 3 corresponds to the model of active regions on EV Lac calculated by Baranovskii et al. [17], and curves B and C to the models
of Mauas and Falchi [32] calculated to reproduce the decay phase of an intense flare of AD Leo.

in the UBVR bands and in the Hg, H,, Hs, Hg, Ca |
A4227 A, and K Call lines 15 and 20 min after the onset
of the flare. Calculations were carried out for indepen-
dently chosen filling factors. The models of Mauas and
Falchi [32] are also presented in Fig. 4: curvesB and C
correspond to filling factors of 5 and 1%. The model
with the flare occupying 5% of the stellar surface gives
the best fit to the spectral features originating in the
upper chromospheric layers, whereas the modd with the

flare occupying 1% of the stellar surface better fitsfeatures
originating at larger depths. In thislatter model, atemper-
ature plateau near 8200 K extending from logm =-1.1to
—2.3 can clearly be seen. Precisely this model provided
the best consistency between the observed and calcu-
lated flare continuum. Observations made 20 min after
the onset of the flare, when the continuum had appre-
ciably decayed, were fit by a model with even smaller
area. Comparing the modelsin Fig. 4 and the numerical
ASTRONOMY REPORTS  Vol. 45
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Table 2. Flare model parameters
Flare logm |log(ny +np)| logng
4 0770 | 0M19 | 0M08 | 943 | 2400 | 340 | 120 | 3.1 | -1.0 | 13.9-157 | 12.5-13.3 | 67706910
6 061 | 013 | 006 | 9.43 | 2150 | 300 | 100| 25 | -1.0 | 13.9-157 | 12.4-13.1 | 6500-6900
15 046 | 013 | 006 | 943 | 80| 120| 42| 44 | —09 | 14.3-157 | 12.3-12.9 | 6200-6500
9 0.30 | 011 | 0.05 | 9.73 | 1700 | 240 80| 25 | —08 | 14.6-16.0 | 12.6-13.1 | 6500-6800
10 0.14 | 006 | 003 | 973 | 420| 60 20| 20 | -0.7 | 14.7-16.1 | 12.3-12.6 | 5800-6000
11 0.11 | 0.03 | 0.015| 9.8 190| 27 9| 13 | =07 | 149-161 | 12.2-13.1 | 5500-5800

results of Mauas and Falchi [32] with the data of Table 2,
we can see a significant divergence in the lower chro-
mosphere, since Mauas and Falchi [32] considered an
intense flare with the perturbation reaching the upper
layers of the photosphere. Note the unexpected resem-
blance between our models and those of [32] with
regard to the characteristic size of the flares and the
presence of atemperature plateau and its depth, in spite
of the fact that the two studies considered flares in dif-
ferent stars, using different initial data and independent
computation codes.

4. CONCLUSIONS

Hydrostatic models for the 1994 flare of EV Lac
based on the equivalent widths of the Hg, H,, and He |
A4471 lines and UBV brightnesses, and also modelsfor
three phases of a 1995 flare based on the H, profiles

and equivalent widths and logm ~ —1 brightnesses,
indicate that a temperature plateau occurs both in the
structure of the flares and in the quiescent chromo-
sphere. Its lower boundary is at a depth of logm -1,

whereas the upper boundary varies from logm -3 to -2
for different flares. The temperatures in the plateau
region are close to 6000—7000 K, the total density is
10'%-10'® cm3, and the electron density is3 x 10!>—
2 x 103 cm3. Thus, the structures responsible for the
flare hydrogen emission lines are formed deeper than
the temperature plateau of the quiescent chromosphere
and are less extended in depth, but have larger electron
and total densities; the upper boundary of the flare tem-
perature plateau is at a height of 200300 km, whereas
the height in the quiescent chromosphere is 700 km, and
in the solar chromosphere is 1800 km. The flares studied
occupy 1-4% of the surface area, whereasH,, flaresonthe
Sun cover 0.1-0.2% of its area; however, taking into
account the fact that the Sun is afactor of three larger in
sizethan the other stars studied, the characteristic linear
sizes of the various flares prove to be similar.
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Abstract—A formuladescribing the asymptotic electron distribution function ast — o is obtained by select-
ing phase variables, taking into account the conservation of the longitudinal component of the electron velocity
in a uniform, external magnetic field. Several initial distributions are considered. It is shown that there is no
universal asymptotic distribution for an arbitrary initial isotropic distribution. © 2001 MAIK “ Nauka/Inter pe-

riodica” .

1. INTRODUCTION

The magnetic bremsstrahlung origin of the radio
emission of extragalactic sources has been verified by
numerous observations [1]. For extended objects,
where the magnetic field is large-scale and electron
heating is not important, the electron momentum distri-
bution becomes strongly anisotropic as the time
approaches infinity. For a uniform magnetic field, the
limiting distribution becomes one-dimensional with the
momentum directed along the magnetic field, since the
transverse momentum is completely dissipated via
magnetic bremsstrahlung. Similar longitudinal distri-
butions were studied in [2, 3], though for avery narrow
class of electron functions. Here, we find a genera
expression for longitudinal distributions starting from
arbitrary initial electron distribution functions, includ-
ing the commonly used power-law distributions[1, 4].

2. DERIVATION OF A GENERAL EXPRESSION
FOR THE ASYMPTOTIC FUNCTIONS

Let us consider electrons evolving in a uniform,
external magnetic field taking into account radiation
friction. Let n(r) bethe number of particlesper unit vol-
ume. We assume that the spatial distribution is uniform

with g—? =0, and take nin the form

n = [Ny(p, O)d’p, (1)

where N(p, t) is the “dendity” in phase space. We intro-
duce the spherica coordinates (p, 6, ¢) in momentum
space, with the z axis directed along the magnetic field H:

n= J'Np(p, 0, ¢, t)p°sinddpdddd. 2)

The moving electron has an integral of motion: its
velocity parallel to the magnetic field is conserved; i.e.,
v, = const (see, for example, [5]). In this case, the elec-

tron momentum p asymptotically tends to p, =

My ast — oo tends to infinity. (Here and below
J1- vﬁ

weassumec=1.) Itisconvenient to take u(v,) asavari-
able, with u being an arbitrary function. Let us trans-
form the coordinates from (p, 6, ¢) to (p, u, ¢), with the
function u(v) taking the form [6]

u= —_ 3)
A/l—vﬁ
Then
2 2
n= [N(p. 0, ¢, "Rapdudp, @)

(1+u))?

where the integration domainis{0 < ¢ < 21t |p| > mlu],
pu > O}. Further, we consider axially symmetric distri-
butions satisfying the condition

N, _
3% =0 5)

Integrating over d¢ in (4), we obtain

2 2
n:ZHM

N,(p, u, t)dpdu. (6)
1+’
We introduce the function N,

+o00

n= J'Nudu, @)

1063-7729/01/4504-0319$21.00 © 2001 MAIK “Nauka/Interperiodica’
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where, using (6),

Ny(u, t) = —28

NIw

(1+u®)

x J’ No(p, u, t)«/p”+ m’pdp.

{pu>0,[p >miu}

®)

Nu =0, since U = 0, so that we can substitute Ny(p, u, t)
for an arbitrary timein (8); in particular, for t = 0:

21

N, =

w

1+’

| Np(p, u)+/p* + m’pdp,

{pu>0,|pl >mlu}

where N{ (p, u) is the initial electron distribution. As
t —= c0 p — mu, so that N, is the asymptotic distri-
bution ast — . If theinitial distribution isisotropic,
we can write (9) in the form

2 5 [ Na(P)/p*+m’pdp.

(1+u?)7m

®

N, =

(10)

3. PARTICULAR CASES

Let us subgtitute severd initia distributionsinto (10).
(A) For theinitial distribution
a+l
2 2 2
NG = k(P *+m) ,
P P
which corresponds to the initia isotropic, power-law
energy distribution N = KE, n = 4nﬁ; Ne (E)dE [4],
we obtain
_ 21K (mu)
oa-1

a>1,

—(a-1) . D]_l a a+1
32102 72 2
(1+u?)
When |u| > 1, thistakesthe form
_ 2K (mu) 7Y
a-1 El
(1+u?)
(B) For theinitia distribution
3n
4np§]

0 for

1
N, ,-u—zg (11)

N, (12)

- for um<p,
N, =

um= py,
we obtain

BISNOVATYI-KOGAN, SHOROKHOV

3 3
n 1 O 2 20
— S0(Ph+ M) = (M1 +u)) 0
2Pm 230 0
N, = (1+u) (13)
for um<p,
0 for um>p,.
When p,, — o, this takes the form
n 1
N, — 5 5 (14)
1+’
(C) For theinitia distribution
_dp’+m®
NO _ n e xT
P 4nm3[}<_T%< ompo
Om 02070
we obtain
_A/p2+l‘1‘12
~ ﬂe XT 1

N, =
Y 2m 2
0MOJ/1+ P
KB (15)

142601 00 1|
A T

Asx — oo, the distribution (C) tends to the same limit
(14) as does distribution (B) when p,,, — o, since the
distributions (13) and (15) coincide when x — o0 and
p,, — oo, tending to a limit with zero phase density.
However, the conclusion drawn in [2] about the univer-
sality of this distribution for arbitrary initial isotropic,
ultra-relativistic distributions is erroneous [see, for
example, formula (12)].
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Abstract—The main results of polarization observations in the 530.3-nm line and their role in studying the
physical conditions, structure, and magnetic field in the solar corona are discussed. A serious discrepancy
between the observations and widely-accepted theoretical concepts was revealed: the theory predicts that the
orientation of the polarization electric vector should be nearly radial, in contradiction with the observational
results. In particular, the polarization vectors for both the green line and white-light corona in high-latitude
streamers were tangential during the eclipse of July 11, 1991. The dependence of the degree of polarization on
the angle between the radial direction and the magnetic-field vector was calculated without any a priori
assumptions about the configuration of coronal fields. This theoretical analysis of the polarization-vector ori-
entation for magnetic-dipole emission in the green line are in agreement with results obtained previously in
other studies. Some ways to resolve the observed discrepancies are discussed. © 2001 MAIK “ Nauka/Inter pe-

riodica” .

1. INTRODUCTION

Considerable progressin studying the loop structure
of the inner corona has been achieved in recent years.
First and foremost, thisis associated with the operation
of the Yohkoh, SOHO, and TRACE spacecraft [1-3].
The most important results in coronal investigations
have been obtained from images in various allowed
linesof ionsat T=1-2 x 10° K (outside of flares), usu-
ally with very high spatial resolution, aswell as ultravi-
olet and X-ray spectra above the limb. These have
enabled detailed studies of the physical conditions
inside particular loops and of the distributions of loops
in various structures of the inner corona. In addition,
satellite limb observations and studies of the conditions
in the background corona (i.e., between and above
loops and in coronal holes) were begun.

Observations of the solar corona in the green line
have been made for over 60 years, both during eclipses
and using Lyot coronographs. The temporal behavior of
the intensity of this line in the inner corona at various
phases of the solar cycle has been studied in detail (see,
for example, [4]). The corresponding data contain
information on structures associated with both local
and large-scale magnetic fields in the corona, the evo-
lution of these fields in the activity cycle, and their
complex interaction.

Additional information about coronal magnetic
fields can also be derived from polarization observa-
tions of emission lines. In principle, such data contain
information on the influence of the magnetic field on
the formation of scattered polarized emission in the

lines. The development of techniques for measuring
magnetic fieldsdirectly in the coronaisvery promising.
Such attempts have been undertaken in the radio for the
strong fields of active regions [5]. There is hope that
studies of forbidden corona lines will enable quite
accurate measurements of not only strong but also
weak magnetic fields.

The difficulty of polarization observations of the
coronain emission linesisillustrated by the sparseness
of reliable observational results. Observations in the
530.3-nm line conducted by J. Sykora (Astronomical
Institute of the Slovak Academy of Sciences) during the
eclipse of July 11, 1991, near the solar-activity maxi-
mum, were analyzed in detail in [6]. Filtergrams of the
entire corona were obtained using a narrow-band inter-
ference filter for four positions of a polaroid. In addi-
tion, polarization images of thewhite-light coronawere
obtained using the same instrumentation in the second
half of the total eclipse. As distinct from all previous
polarization investigations during eclipses, these data
can be used to study the inner corona at al position
anglesin the green line and white light simultaneously
[7-9]. Several new and interesting features were
revealed in the behavior of the polarization characteris-
tics of various structural objects, corresponding to dif-
ferent configurations of the coronal magnetic fields.
These results supplement the extensive materia
obtained recently from observations by the Yohkoh and
SoHO satellites.

We discuss here the results of polarization observa-
tionsin the green line. A serious contradiction between
the widely-accepted theory and the polarization obser-

1063-7729/01/4504-0321$21.00 © 2001 MAIK “Nauka/Interperiodica’
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Fig. 1. The northwest region of the coronaon July 11, 1991,
(@) inthe A530.3-nm line and (b) in white light.

vationsin thisline was unexpectedly discovered. Inthis
connection, the available observational data and some
results are briefly reviewed. Next, we carry out a spe-
cial theoretical analysis needed for the interpretation of
the observations. The essence of the discrepancy isfor-
mulated, and several possible ways to remove it are con-
Sidered. We a so discussthe possibility of using line-polar-
ization observations as diagnostics of the coronal plasma,
including coronal magnetic fields, as well as of less
dense regions outside centers of activity and large col-
lections of loops.

2. MAIN RESULTS OF STUDYING
POLARIZATION IN THE GREEN LINE

The most important feature of the coronaon July 11,
1991 (i.e., at the phase of solar maximum) was that the
dipole of the large-scale magnetic field was substan-
tially tilted, so that its poles were near the equator. Asa
result, there were two systems of giant streamers near

BADALYAN ¢t al.

the north and south poles, making the shape of the
white-light corona during this eclipse elongated, in
contrast to the round corona usually observed in peri-
ods of maximum activity. Coronal condensations at |at-
itudes £20° were weak and spatially separated from the
streamers.

The polarization characteristics of the coronal emis-
sion were derived from high-quality photographsin the
530.3-nm line obtained using a filter with a FWHM of
0.17 nm and a polaroid, on which the diameter of the
solar image was 2 cm. Three sets of white-light photo-
graphs were also obtained with the same polaroid, but
without the filter. After photometric measurements and
careful computer superposition of the individua
frames, we derived the polarization matrices for the
white-light and green coronas for the corresponding
polaroid positions, with a pixel size of 4.5". We took
into account the contribution of white light passing
through the narrow-band filter by assuming that nearly
al the emission over the northern polar hole corre-
sponds to the white-light corona. We subtracted this
contribution separately for each polaroid position.
Computations showed that the degree of polarizationin
the green line changes only dightly after this subtrac-
tion of the white-light component. The data reduction
and procedure for accounting for the white light is
described in detail in [7, 8].

Figure lapresentsthe northwestern part of the coro-
nal image in the green line (the entire image can be
found in [8]). This photograph shows a polar coronal
hole and equatorial regions with their typical structure.
A cluster of fine elements (primarily thin, straight rays
over an arch-shaped structure) was observed in the
white light at greater heights. Such structures are
clearly visible in the white-light polarization distribu-
tion (Fig. 1b). A general correspondence between the
coronal structures can be seenin Fig. 1. Note that such
identification of structures in data on the white corona
and green line requires high-quality photographs and
superposition of the images to within one pixel.

Measurements of the degree of polarization p in the
green line that can be used to study the behavior of pin
coronal structures within some range of distance p from
the disk center are quite limited. For example, Hyder et al.
[10] found the degree of polarization to vary from 2 to
25% fromthesolar limbtop = 1.5R. It wasalso found
that the degree of polarization increased with height,
and p was appreciably higher in streamers than in
coronal condensations. Later, Picat et al. [11] obtained
larger values of p and confirmed the conclusions of
[10]. Our results yield p values close to those in [11]
(see Fig. 6 in [8]). Low degrees of polarization were
obtained by Arnaud [12, 13] during observations out of
eclipse.

Studies of the behavior of p at afixed distance from
the limb showed that the general tendency for p to
decrease is preserved in the transition from weak to
bright structuresin the green line. At the sametime, two
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branches in the anti-correlation dependence in the p—
logl, diagram can beidentified (wherel, isthe green-
line intensity at a given point in the corona). The upper
branch corresponds to high-latitude streamers, while
the lower branch corresponds to equatorial coronal
condensations with various brightnesses. The two
branches are most clearly defined at p = 1.2R, where
a zone without points between the branches is clearly
visible [14]. Each of the two branches is made up of
several clumps of points (clusters) that correspond to
isolated structures in the corona.

The character of the anti-correlation dependence
can be seen in Fig. 2, which presentspand |, at p =
1.25R, for aring with width 0.03R,. Compared to the
corresponding figurefor p = 1.2R;, [15], the degrees of
polarization increase and the intensities decrease, in
agreement with the well-known dependence of these
quantities on height. A decrease in the degree of polar-
ization with increasing intensity can be traced. This
means that the fraction of scattering in the line
increases with distance from the disk center.

The anti-correlation dependence is primarily due to
the fact that the role of electron collisions in exciting
the green line increases in bright coronal structures.
Excitation by electron collisions dominates in dense
coronal condensations, which simultaneously increases
the intensity and considerably decreases the degree of
polarization. The high polarization of streamers points
toward aleading role for photo-excitation, as opposed
to electron collisional excitation. Therefore, the green-
line polarization data testify that the contribution of
scattering to the total emissionin thelineis substantial
even at distancesp = 1.2R, [8]; i.e., considerably lower
than derived previoudly based on the “knee” in the
height dependence of the line intensity.

We encountered some difficulties in our determina-
tion of the third characteristic of the green-line polar-
ization—its direction—which will be discussed in the
next section. Note that we define the direction of the
polarization as the direction of preferential oscillations
of the éectric vector of the light wave propagating
toward the observer.

3. DIRECTION OF POLARIZATION
IN THE GREEN LINE

The polarization direction was aready determined
in our first work on the eclipse on July 11, 1991 (Fig. 5
in[7]). This question was studied in more detail in [16,
17]. The direction of the polarization in high-latitude
streamers was almost tangential, with deviations from
the tangential direction increasing in active low-lati-
tude regions and reaching 40°—45° in some points of
the corona. Thisresult was surprising, sinceitisin con-
tradiction with the widespread concept that the domi-
nant direction of the polarization should be radial. This
expectation was based primarily on theoretical calcula
tions of the polarization characteristics of coronal lines
No. 4
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Fig. 2. Distribution of () intensity and (b) polarization in
the green line a distance 1.25R from the disk center. The
distance from the limb to agiven point of the contour is pro-
portional to the corresponding values of I, and p. Theinten-

Sity is given in arbitrary units. The radius of the circle in
(b) corresponds to 30% polarization.

assuming radial and dipolar magnetic fields (see [18]
and referencestherein). It was also commonly believed
that available observations were in agreement with this
prediction of the theory.

Finding this discrepancy necessitated anew analysis
of previously published results on the polarization
direction. However, we will first make several prelimi-
nary remarks.

Unfortunately, thereis some confusion in the defini-
tion of the “polarization direction” and the “plane of
polarization” in the literature. This confusion origi-
nated in the 19th century, when two definitions were
accepted: the plane of oscillations of the electric vector
and the plane perpendicular to this(i.e., the direction of
the magnetic vector). This confusion occurs not only in
heliophysics, but also in other branches of science.
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Fig. 3. Dependence of cos2a on the position angle for the white light (black circles) and the green line (white circles). Here, a is
the angle between the direction of thefirst polaroid towards the north pole and the direction of the magnetic vector in the polarized

emission.

In studies of the polarization of the white-light
corona, the question of which vector (magnetic or elec-
tric) is considered usually doesn't arise. However, in
fact, al relations for deriving polarization angles from
observations give the direction of the magnetic vector
[19-21]. This does not result in any confusion in the
case of the white-light corona, since it is well known
that the electric vector generated by Thomson scatter-
ing should be tangential. For example, in Fig. 1 from
[22] on observations of the white-light corona, aradial
direction isindicated, but it clearly refers to the mag-
netic vector. A tangential electric vector corresponds to
the condition K, > K, , where K, and K, are the emission
components with tangential and radial polarizations,
respectively.

Let us consider the results of [10-12, 23] from this
point of view. The well known paper [11] usesformulas
that can be reduced to thosein[19] (p. 96), and give the
direction of the magnetic vector, as is traditional in
other papers as well. However, Picat et al. [11] write
that the angle calculated defines the direction of the
electric vector. Therefore, despite the conclusions pre-
sented in [11], we believe that the radial direction in
Fig. 4in[11] reflects the magnetic vector, in agreement
with the results of our analysis [7]. Note that the gen-
eral techniques used to reduce the observationa data

and account for the contribution of white light in [11]
and in our work were approximately the same.

Unfortunately, we cannot analyze the method of
[10] in the same detail. Nevertheless, we note that the
polarization direction in the “uncorrected 1965 green-
line CELP observations’ (see Fig. 9 in [10]) remains
nearly constant when we intersect the solid line and go
to higher regions, where the contribution of the white-
light corona considerably increases and should affect
the polarization direction, gradually making it tangen-
tial in the total (line plus continuum) emission.

There have been a number of measurements of the
degrees of polarization in forbidden coronal lines out of
eclipse[12, 13, 23]. Small values of p and nearly radial
polarization were obtained for the green line. The tran-
sition from tangential to radial polarization is associ-
ated with a change in the sign of the second Stokes
parameter Q. In filter observations with a Stokes pola-
rimeter, this parameter for thelineis calculated as Q, =
Q — Qui, where Q refers to the total emission passing
through the narrow-band filter in the line and contin-
uum, whereas Q, and Q,, refer to the line and contin-
uum emission separately. We can see that the contribu-
tion of white light to the total emission must be taken
into account carefully to determine the sign of Q, accu-
rately. This requires accurate analysis of the filter pass-
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Fig. 4. Degree of polarization p and angle of deviation of the magnetic vector from theradial direction B in (&) the southern streamer
and (b) in the coronal condensation at the west limb. A minus sign for 3 corresponds to a deviation toward the equator, and a plus

sign to a deviation toward the nearest (in this case, south) pole.

band. Unfortunately, none of the papers cited above
contains information on the total passbands of the fil-
ters (i.e.,, more than their half-widths). Therefore, we
cannot draw any conclusions about the accuracy of the
sign of Q,. Note also that observations conducted out of
eclipse correspond to the brightest regions of the
corona, where we expect substantial deviations of the
polarization direction from that for pure scattering (see
the discussion below).

The largest advantage of the observations used in
our analysis for the eclipse of July 11, 1991 is that the
images of the corona in the green line and white light
were obtained using the same instrument. The degree
and direction of the white-light polarization were mea-
sured reliably and are in agreement with well known
results. These are illustrated in Fig. 3, which presents
values of cos2a at p = 1.2R,. Here, a is the angle
between the direction of the magnetic vector and the
N-S direction of the first polaroid (see, for example,
p. 98in[19]). Inthe case of the white-light corona, a is
the position angle of agiven coronal point.

Figure 3 also presents values of cos2a in the green
coronal line calculated using the same formulas for the
same coronal points after subtraction of the white-light
contribution. There are no data for coronal holes near
the north pole or for position angle ~150°, since there
was no green-line emission there. We can seein Fig. 3
that the direction of the line polarization is similar to
that for the white light. It is also evident that the differ-
2001
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ence between the directions of these polarizations sub-
stantialy increases in bright equatorial regions. If, in
accordance with theoretical predictions, the directions
of the polarization in the line and white light were per-
pendicular (i.e., the difference in a was 90°), then the
curve for the spectral line in Fig. 3 would be a mirror
image of the white-light curve (i.e., the phase differ-
encewould be 180°). Sincethiseffect is not evident, we
conclude that these observations deviate considerably
from the theoretical predictions.

Let us briefly discuss some other results that follow
from the observations of the eclipse of July 11, 1991,
which demonstrate that the polarization characteristics
are very sensitive to large-scale structures and the con-
figuration of the coronal magnetic fields. As noted
above, clumps of points corresponding to individual
streamers, corona condensations, and, probably, the
neighborhoods of two coronal holes can beidentified in

the p-logl, anti-correlation diagrams [14]. The same

clustering can clearly betraced in al diagrams compar-
ing the three polarization characteristics (intensity,
degree, and direction of polarization), as well as the
intensity of the magnetic field and its components [17].
Consequently, the observational data discussed heredo,
in fact, contain information about differencesin physi-
cal conditions (in particular, about the magnetic field)
in large-scale coronal structures.

Asan example, Fig. 4 shows degrees of polarization
and angles [3, which describe the deviation of the elec-
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tric vector from the tangential direction (or equiva-
lently, the deviation of the magnetic vector from the
radial direction), for the south-polar streamer at posi-
tion angles 160°-180° and the coronal condensation at
240°-260°. The degrees of polarization in the streamer
reach large values, and the angles 3 are small; i.e, the
direction of polarizationinthelineisapproximately the
same as in the white-light corona. On the other hand,
their behavior in the condensation is opposite: the
degrees of polarization are small (due to the large frac-
tion of unpolarized emission in these dense structures),
whereas the deviation of the electric vector from the
tangential  direction increases appreciably. This
increase is due to the complex influence of the mag-
netic fields on the formation of the polarized line emis-
sion. Note also that the scattering in 3 considerably
increases in the equatoria region of the NW quadrant
(seeFig. 1in[15]), whereacluster of thin, straight rays
was observed in the white light (Fig. 1b).

This, in fact, argues for the trustworthiness of our
analysis of the polarization observations during the
eclipse of July 11, 1991. First, we studied the polariza-
tion of thewhite-light coronaand greenlineusing asin-
gle set of observations. Thus, the polarization direction
for the white-light coronawas used to test the measure-
ments, and the confusion described above was com-
pletely excluded. Second, our green-line polarization
characteristics show quite reasonable dependences on
type of coronal structure, position angle, and height.

Summarizing the above discussion, we concluded
that, at the present time, there is no reliable observa-
tional evidence supporting the theoretical concept that
the directions of the polarization in the white-light
corona and green line should be perpendicular. Thus,
we have observational datathat cannot be excluded, but
thereisno adequate theory to describe them. Therefore,
we can only try to make some reasonable assumptions
about the theoretical degree of polarization for the line
emission that is associated with the scattering of photo-
spheric radiation py,.

4. POLARIZATION OF THE 530.3-NM LINE
IN A MAGNETIC FIELD

A theory for the polarization of forbidden coronal lies
was developed by Sahal-Breshaud [24] and House € al.
[18] (see dso references therein). They considered a
statistical equilibrium of the level populations, taking
into account their splitting in a magnetic field. These
calculations (in particular, for the green line) were car-
ried out for two idealized cases—radial and dipole
magnetic fields [18]. Many factors associated with the
coronal density distribution, anion model with 23 sub-
levels, and solar limb darkening were simultaneously
taken into account. This makes it difficult to identify
dependences of the required parameters on some par-
ticular factor in the general model that affects the cal-
culated characteristics of the line polarization. The
assumption of idealized configurations for the mag-
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netic field, which are in most cases considerably differ-
ent from real ones, is alarge problem in comparing the
theoretical results with observations. Thisis especially
trueintheinterpretation of observed polarization direc-
tions.

Because of the unexpected discrepancy between the
observed and theoretical directions of polarization in
the green line, we performed a new theoretical analysis
to determine the basic regularities expected for the
polarization characteristics of this emission. The most
important feature of our approach is that we consider
separately the influences of various factors, in particu-
lar, of the direction of the magnetic-field vector.

Let us neglect for the moment various depolariza-
tion factors and average over the line of sight. We shall
consider the scattering of a photospheric photon by an
Fe X1V ion located in the plane of the sky and assume
that the coronal magnetic field liesat an arbitrary angle
with respect to the radius vector specifying the motion
of the photospheric photon.

The 530.3-nm line corresponds to the magnetic
dipole transition 3p?P,,, — 3p*P5, in the Fe X1V ion.
The probability of the radiative transition isA =60 s'.
Obvioudy, the characteristic Zeeman splitting consider-
ably exceeds the natura width of the line for magnetic
filds typicd of the solar corona (u,B/% > A even for a
quite weak field B> 3 x 10 G, where & = h)2mis the
Planck constant, |1, the Bohr magneton, and A the prob-
ability of aradiative transition). Thus, thereis no inter-
ference between magnetic sublevels; consequently, the
excitation and decay of each Zeeman sublevel can be
studied independently.

Let us consider scattering of alight wave dueto the
0-1 magnetic dipole transition of the ion in amagnetic
field B (see Fig. 5). The probability of such scattering
isdetermined by the matrix elementsfor theinteraction
between the magnetic fields of the incident and scat-
tered waves, on the one hand, and the magnetic moment
of theion, on the other:

W= 5 |Tome Wy jmif’
m, my, mA, N' (1)
x |bx|2|b'x|2| E]omo|%x|j1m1[]]2

and is proportiona to the quantity

0 L
E glllp
m‘mOVmIA‘A.Drrb)\—mD
2 (2)
, D . .
xJo,Zby0 1 g,
O-mA' m, O

(we have used the standard representation of the matrix
elements in terms of 3j Wigner symbols); where b and
b' are vectors specifying the directions of the magnetic
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fields in the exciting and scattered waves; j and m are
the quantum numbers for the total angular moment and
its projection for the initial, excited, and final states;
and 2, is the magnetic moment operator.

W can be expressed in terms of the angles between
thevectorsB, b and B, b":
X = cosz(Bb), y = cosZ(Bb‘),

whereb and b' are the magnetic vectors of the incident
and scattered waves, so that

1 1 1 5

WX y) = 76X~ 28X~ 728Y " 112
_ IXy—3x—-3y+5
144 '

Finally, the degree of polarization can be written

ID_I

— Il

p_
o+

WO Y2 + WO Y1)~ WO Y5~ WO ) |
W(Xy, Y1) + W(Xp, Y1) + W(Xy, o) + W(Xy, ¥5)

where I and | are the intensities in the perpendicular
and parallel directions with respect to the coronal mag-
netic field. The subscripts 1 and 2 refer to the two polar-
izations of the exciting and scattered wave, respec-
tively, so that 1 corresponds to the polarization for
which the wave magnetic field is parallel to the projec-
tion of B onto the plane of the sky; i.e.,, p > 0 implies
that the electric vector for the dominant polarization
should be perpendicular to the coronal magnetic field.

Now, let us make note of certain special cases.

(& The magnetic field B is directed toward the
observer: y, =y, = 0. Thereisno preferred direction in
this case, and we obtain the identity p = 0.

(b) The magnetic field is directed along the solar

3)

radius: X, =0,%,=0,y, = 1,y2:0,p:—§’; i.e,theelec-

tric vector for the dominant polarization isradial.
(c) The magnetic field is perpendicular to the solar

radius: x, =0,%=1,y,=1,¥,=0,p= 1%; i.e, theelec-

tric vector for the dominant polarization isagain radial.

Ingeneral, if B isthe angle between B and theradius
vector and & isthe angle between B and the plane of the
sky, then the degree of polarization p is given by the
formula

_ W(O, v) + W(u, v) —W(0, 0) —W(u, 0)
P= W0, v) = W(u, v) + W(0, 0) + W(u, 0)
—2+3u
20—6v +9uv —6uU’

where u = cos20 and v = cos2d.

“

= 3v
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Fig. 6. Dependence of the degree of line polarization on the
angle between a magnetic-field vector B in to the plane of
sky and the radius. The coordinate system is associated with
the magnetic field. The degree of polarization is positive if
the electric vector of the scattered light is perpendicular to
the magnetic field.

The dependence of p on 8 when the magnetic-field
vector isin the plane of the sky (i.e.,, d = 0) isgivenin
Fig. 6. We can see that the maximum polarization for
scattering in the plane of the sky can be aslarge as 43%,
and p becomes zero at some angle (which is equal, as
usual, to theVan Vleck angle).

Thus, the conclusion that the dominant direction of
the electric vector of the scattered wave should be
radial turns out to be associated with the magnetic-
dipole character of the scattering in the forbidden line
in the so-called strong-field approximation (see discus-
sion above). Since B = 1 G istypical for the lower lay-
ers of the corona, this approximation is satisfied for the
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green line, with a margin of 4-5 orders of magnitude.
Most importantly, the largest theoretical polarizations
arerealized only in the case of radial coronal magnetic
field, when the direction of the electric vector should be
radial. On the other hand, under some conditions, small
polarizations can be associated with appreciable devia-
tions of the polarization direction from theradial direc-
tion.

Our analysis is in agreement with the results of
House et al. [18] for their two idealized magnetic-field
configurations. If we alow for some deviation of the
corona magnetic-field vector from the plane of the sky
(i.e.,, d #0) in our calculations, then, as follows from
(4), the absolute value of p will decrease. This should
also decrease the absolute value of p averaged over the
line of sight. The main factors decreasing the observed
polarization are likewise collisions with electrons and
protons. These effects were studied in detail by Sahal-
Breshaud [24], and turned out to be most important for
dense structures; i.e., the corona equatoria regions
under consideration. The effects of depolarization and
averaging over the line of sight become considerably
smaller as the distance from the limb increases. How-
ever, it is not possible to obtain high polarizations in
streamers and a rotation of the wave electric vector
through 90°, so that the theory would be in agreement
with the observations.

5. DISCUSSION

Our work with maps of the green-line polarization
shows that the polarization characteristics are sensitive
to the structure of the emitting regions, as well as the
intensity and components of the magnetic field. There
is no doubt that such maps contain information about
the vector coronal magnetic field, and the problem of
extracting thisinformation is of paramount importance.
Calculations of the magnetic fields in the outer atmo-
sphere of the Sun based on photospheric measurements
have been performed. It would be very desirableto con-
firm such cal culations using direct observations, and to
elucidate the nature of electric currents flowing in the
corona and the characteristics of coronal MHD config-
urations.

The main contradiction revealed in our study is that
the directions of the high polarizations observed in
streamers are tangential, rather than radial, as predicted
by the theory. The distribution of deviations of the elec-
tric-vector direction from tangential (or the magnetic-
vector direction fromradial) found in[16, 17] isamost
the same asin [11]. We emphasize that our white-light
images of the coronawere obtained in the course of the
same observations and processed using the same
method, avoiding any confusion in the determination of
the polarization angles.

The detection of scattered radiation at short dis-
tances from the limb |eads to new possibilities for diag-
nostics of the background corong; i.e., the corona
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between loops and above loop systems. Of course, py,
must be known to carry out such diagnostics, making it
desirable to find an explanation for the revealed contra-
diction. Nevertheless, studies of streamers (especialy,
of differences associated with levels of activity in their
lowest regions) can already be carried out using line-
polarization data, even through this discrepancy is not
yet understood.

From the theoretical point of view, one way to over-
come these difficulties is to alow for the fact that,
under the real conditions of the solar corona, the
strongly forbidden transition 3p,,, — 3p;,, has an elec-
tric-dipole rather than a magnetic-dipole character.
Since the probability of the allowed transition 3s*3p-
3s3p? is of the order of 10'° s~!, an “admixture” to the
ground state of a 3s3p? state with an amplitude of the
order of 10 is sufficient to make the electric-dipole
transition dominant, so that the polarization pattern
rotates through 90°. This partial removal of the forbid-
den nature of the transition is equivalent to increasing
the probability of theradiativetransition, resultingin an
enhancement of the intensity of the scattered radiation
and a simultaneous rotation of the polarization vector.
Unfortunately, our preliminary estimates of the influ-
ence of plasma electric fields on the Fe X1V ion and
interactions with the resonance radiation field associ-
ated with the 3s?3p — 3s3p? (33.2 nm) transitions indi-
cate that these mechanisms are not sufficiently effi-
cient.

An alternative is based on excitation of the 3s3p?
configuration followed by radiative decay to the 3P;,
level. Our preliminary estimates do not exclude this
possibility.

We believe that the discrepancy we have detected
could beresolved in the foll owing two ways. There cur-
rently exist techniques for obtaining line-polarization
observations over the entire corona. Such data will
make it possible to confirm (or regject) the interesting
observational results derived from the data for the
eclipse of July 11, 1991. In addition, a heuristic
approach to a theoretical analysis of the problem at
hand could help clarify certain issues in spectroscopy
and atomic physics.
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