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Abstract—The statistical parallax techniqueis applied to asample of 262 RRab Lyrae variableswith published
photoelectric photometry, metallicities, and radial velocities and with measured absol ute proper motions. Hip-
parcos, PPM, NPM, and the Four-Million Star Catalog (Volchkov et al. 1992) were used asthe sources of proper
motions; the proper motions from the last three catal ogs were reduced to the Hipparcos system. We determine
parameters of the velocity distribution for halo [(Ug, Vy, W) = (-9 + 12, 214 + 10, —16 + 7) km s and
(Oy, Oy, Oy = (164 £ 11, 105 = 7,95 = 7) km 574 and thick-disk [(Uy, Vi, W) = (16 £ 8,41 +7,-18 + 5) kms*
and (g, Oy, Oy) = (53 £9, 42 £+ 8, 26 + 5) km s!] RR Lyrag, as well as the intensity-averaged absolute mag-
nitude for RR Lyrae of these populations: M, 0.77 £ 0.10 and M,/ [= +1.11 + 0.28 for the halo and thick-
disk objects, respectively. The metallicity dependence of the absolute magnitude of RR Lyrae is anayzed
(M= (0.76 £ 0.12) + (0.26 £ 0.26) - ([Fe/H] + 1.6) = 1.17 + 0.26 - [Fe/H]). Our results are in satisfactory
agreement with the [M,,[(RR)-[Fe/H] relation from Carney et al. (1992) (IMy(RR) = 1.01 + 0.15 - [Fe/H])
obtained by Baade-Wesselink’s method. They provide evidence for a short distance scale: the LMC distance
modulus and the distance to the Galactic center are 18.22 + 0.11 and 7.4 + 0.5 kpc, respectively. The zero point
of the distance scale and the kinematic parameters of the RR Lyrae populations are shown to be virtually inde-
pendent of the source of absolute proper motions used and of whether they are reduced to the Hipparcos system

or not. © 2001 MAIK “ Nauka/Interperiodica” .
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INTRODUCTION

RR Lyrae variables are among the tools of greatest
value for determining the distances to old stellar sys-
tems both in our Galaxy and beyond, to globular clus-
ters, Galactic center, and Local-Group galaxies. These
stars are so important as one of the distance indicators
in the Universe, because they have very similar lumi-
nosities [the dispersion of absolute magnitudes of RR
Lyraes with the same metal abundance does not exceed

0715 (Sandage 1990)], are easy to discover (because of
substantial variability), and can be reliably classified
(by low metallicity, period, and the shape of the light
curve). Thus the main task to be resolved in order to
successfully use these stars to confidently measure the
distancesisto set the zero point of their distance scale,
i.e., determine the mean absolute magnitude of RR
Lyraes. Because of its high homogeneity, the sub-
system of RR Lyraes in our Galaxy proves to be an
ideal object for the application of the statistical parallax
technique, which can yield not only the kinematic
parameters of a stellar population but also to constrain
with high accuracy the mean absolute magnitude of its
constituent stars. The latter quantity is one of the fun-
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damental parametersthat form the basis of modern dis-
tance scale in the Universe.

Almost half a century ago, Pavlovskaya (1953) pub-
lished her pioneering work where she used for the first
time the statistical parallax technique to determine the
absolute magnitude of RR Lyrae stars (with a standard

error of ~ 0" 2). Pavlovskaya's result made it necessary

to reduce by ~0"'5 the mean absol ute magnitude of RR
Lyraes adopted at that time and hasled to aradical revi-
sion (reduction by afactor of ~1.25) of the then adopted
distance scale. Later, as the amount of observational
dataincreased, many other authors applied the statistical
parallax technique to RR Lyrae stars (van Herk 1965;
Hemenway 1975; Clube and Dawe 1980a; Hawley
et al. 1986; Strugnell et al. 1986; Layden et al. 1996;
Popowski and Gould 1998a, 1998b; Fernley et al. 1998,
and Tsujimoto et al. 1998), and, in spite of some scatter
in the results obtained, the latter invariably favored the
short distance scale. A number of authors tried to
increase the accuracy of the method. To this end, they
abandoned numerous simplifying assumptions by
applying the maximum likelihood method (Rigal 1958;
Heck and Lakaye 1978; Clube and Dawe 1980a). How-
ever, only Hawley et al. (1986) and Strugnell et al.
(1986) were thefirst to use thistechnique correctly. The
latter two groups used the rigorous algorithm of multi-
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dimensiona minimization, also referred to as the sim-
plex method and based on the method of Nedler and
Mead (1965). Layden (1994) and Layden et al. (1996)
used both their own observational material and the data
by other authorsto increase substantially the number of
RR Lyrae stars with known metallicities, magnitudes,
radial velocities, and proper motions. The above
authorsincreased substantially the quality of the mate-
rial used and applied the statistical parallax technique
to the samplethus obtained (Layden et al. 1996). These
efforts allowed the accuracy of both the inferred kine-
matical parameters of RR Lyrae type star population
and the mean absolute magnitude of these stars to be
increased: the standard error of the latter has been

reducedto 0" 12. Theresult of Layden et al. (1996) was
recently dlightly refined by Popovski and Gould
(1998a) (who used the same observational data) and
aso by Gould and Popovski (1998), Fernley et al.
(1998), and Tsujimoto et al. (1998) [the latter three
works made use of the proper motions measured by the
Hipparcos satellite (ESA 1997)]. Note that all works
published before Layden et al. (1996) used relative
proper motions of RR Lyraes exclusively absolutized
viastatistical methods. The results thus obtained (espe-
cially, the kinematic parameters) could therefore
depend on the assumptions used in absolutization (in
particular, those concerning the kinematics of the refer-
ence stars). However, even Layden et al. (1996) were
forced to use relative proper motions to obtain a bal-
anced sample, because their main source of absolute
proper motions—the NPM1 catalog (Klemola et al.
1993)—contains neither southern-sky stars (located
south of & = -23°) nor stars located near the Galactic
equator.

In recent years, the Astrometry Division of the Stern-
berg Astronomical Institute has created the Four-Mil-
lion Catalog of positions and proper motions of stars
(Volchkov et al. 1992), hereafter referred to as the 4M
catalog for the sake of brevity. The proper motions of
more than four million starsin this catalog were deter-
mined from the differences of coordinates given in the
Astrographic Catalogue (Carte du Ciel) and the Hubble
Space Telescope Guide Star Catalogue, and then
reduced to the proper-motion system of the PPM cata
log (Roser et al. 1991). Below, we give the reasonswhy
it has become necessary, in our opinion, to apply once
more the dtatistical parallax technique to RR Lyrae
stars in order to further refine the mean absolute mag-
nitude of these objects.

First, the 4M catalog gives usthe so far largest sam-
ple (236 objects) of RR(ab) Lyraesfor which the proper
motions determined in a homogeneous system are
available along with photoelectric magnitudes, metal-
licities, and radial velocities. Note for comparison that
Layden et al. (1996) obtained their results from a sam-
ple of 213 stars using proper motions adopted from two
sources (NPM1 catalog for 171 stars and a compilation
of statistically absolutized proper motionsfor 52 stars).
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Second, the4M catal og, which coversthe entire sky,
makes it possible to abandon completely the use of sta-
tistically absolutized proper motions.

Third, we can now estimate to what degree the
results obtained via statistical parallaxes depend on the
nature and source of the adopted proper motions: statis-
tically absolutized proper motions, absolute proper
motions computed on areference frame defined by dis-
tant galaxies (NPM1 catal og), absolute proper motions
measured on board the Hipparcos satellite on a short
time interval (~3 years), and absolute proper motions
fromthe 4M catal og determined from two to four phaoto-
graphic positions spanning atimeinterval of ~100 years.

Fourth, the Hipparcos catalog (ESA 1997), which
contains almost 120 000 stars with high-precision coor-
dinates and proper motions alows an inertial reference
frame and the corresponding system of proper motions
to be determined with high accuracy. The latter can be
used to reduce the proper motions adopted from other
catalogs and to subsequently average the reduced
proper motions in order build the so far largest and at
the same time homogeneous sample of RR Lyraes with
known metallicities, kinematic, and photometric (pho-
toelectric) parameters.

THE METHOD

The essence of the statistical parallax technique
consistsin balancing the mean kinematic parameters of
a stellar group as inferred from radial velocities and
from the velocity vector components perpendicular to
the line of sight, i.e, in the end, from the components
of proper motion. The point is that the line-of-sight
velocity component (i.e., radial velocity) is obtained
directly from observations, whereas the components
perpendicular to the line of sight are determined by
multiplying the corresponding proper-motion compo-
nents by a provisional distance to the star (usually the
photometric distance determined from the observed
magnitude, interstellar extinction, and an assumed
absolute magnitude) and are therefore directly propor-
tional to the adopted distance scale. This fundamental
difference between the line-of-sight component of the
full velocity vector and the two components perpendic-
ular to it allows a correction factor to the adopted dis-
tance scale of objects under study to be estimated. The
optimum factor is considered to be the vaue that
ensures the best agreement of the inferred kinematic
parameters with both observed radial velocities and
proper motions of stars.

In this paper, we use the modern, most rigorous ver-
sion of the statistical parallax technique, whose detailed
description can be found in Murray’s (1986) book (see
page 284) and in the paper by Hawley et al. (1986).
This method consists in simultaneous determination of
the set of kinematic parameters (the vector of the full
space velocity and the components of the velocity dis-
persion tensor) and the correction factor to the initial
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distance scale to maximize the likelihood of the actual
combination of the observed data (coordinates, relative
distances, radial velocities, and proper motions).

INITIAL DATA
Metallicities, Radial \elocities, and Photometry

Our primary sources of metallicities ([Fe/H]) and
radial velocities of RR Lyrae stars were the papers of
Layden (1994) and Layden et al. (1996), which we sup-
plemented by the data recently published by Fernley
and Barnes (1997), Solano et al. (1997), and Fernley et al.
(1998). We used the metallicities from the latter three
papers only for the stars absent from Layden’s lists
[which provides the greatest [Fe/H] data set for field
RR Lyraes homogeneously reduced to a single abun-
dance scale that matches the globular-cluster metallic-
ity scale of Zinn and West (1984)]. We reduced the cor-
responding data to the system adopted by Layden using
the following relation:

[Fe/H]Layden= [FC/H]Femley and Solano — 0.16 £ 0-13, (1)

derived from 33 common stars.

As the main sources of radia velocities, we, on the
contrary, used the lists of Fernley et al. (1998) and Sol-
ano et al. (1997), because the corresponding data are
more accurate (they rely on original measurements and
all earlier published data), supplementing them with
the data adopted from Layden et al. (1996) and Layden
(1994) for the stars lacking in the two lists mentioned
above. Depending on the completeness of observa-
tional data available, the above authors determined the
mean radial velocities by integrating radial-velocity
curves, simple averaging of the measurements of differ-
ent authors, or just gave the individual radial-velocity
measurements (in the cases where only one measure-
ment was available for the star). The resulting radial
velocities have errors of lessthan 5 km s for 97 stars,
from 6 to 10 km s for 62 stars, from 11 to 15 km s?
for 38 stars, and only 65 stars have their radial veloci-
ties measured with errors exceeding 15 km s? (the
maximum error is 53 km s1).

Our main source of intensity-mean [(WOmagnitudes
was the paper by Fernley et al. (1998), whose initial
datawere photometric observationstaken onboard Hip-
parcos satellite and then reduced to the scale of V mag-
nitudes of the Johnson system. Following Gould and
Popovski (1998), for the remaining stars we used first
the (WOvalues inferred using Layden's (1994) tech-
niqgue from the data by Bookmeyer et al. (1977),
Schmidt (1991), Schmidt et al. (1995, 1996), and Lay-
den (1993, 1997), whaose photometric systems coincide
with that of Fernley et al. (1998). In addition, we used
the [WOmagnitudes inferred by Layden et al. (1996)
from the photometry by Clube and Dawe (1980b). We
transformed the latter to the system of Fernley et al.
(1998) using the following relation:

w@emleyeta].= (V&1 ube and Dawe — 0-146)/0.983 (2)
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[see formula (6) of Gould and Popovski (1998)]. Thus,
unlike Layden et al. (1996), we did not reduce the mag-
nitudes of RR Lyraesto the system of Clube and Dawe
(1980b), because Gould and Popowski (1998) found
that it differs systematically not only from the magni-
tude scale of Bookmeyer et al. (1977), Schmidt (1991),
Schmidt et al. (1995), and Schmidt and Seth (1996) [as
noted by Layden et al. (1996)], but also from that of
Fernley et al. (1998), whereas the magnitude scales of
all above authors except Clube and Dawe (1980b) are
in excellent agreement with each other. Finally, we left
unchanged the [WVOmagnitudes of the remaining stars
adopted from Layden (1994). Note that four of these
stars havetheir [VCmagnitudes determined viaa careful
recalibration of high-precision photographic photome-
try [see Layden (1997)], and those of 11 stars were
determined by Layden (1994) by recomputing the
intensity-mean photographic magnitudes whose photo-
metric systems are rather unclear and must therefore be
of not too high an accuracy. Weincluded these starsinto
our sample, because they were used by Layden et al.
(1996), who argue that the magnitudes of all RR Lyraes
intheir list have been reduced to the scale of photoel ec-
tric [WOmagnitudes of the Johnson system. In any case,
the number of these stars is too small (they make up
about 4% of the entire sample) to distort the results sub-
stantially [see a discussion in Gould and Popowski
(1998)].

Interstellar Extinction

It iswell known that to correctly determine a photo-
metric distance to a star, one must know not only its
apparent and absolute magnitudes but also interstellar
extinction in the photometric passband used (A, in our
case). We adopted A, = 3.1E4 \, values from Fernley
et al. (1998), Layden (1994), and Layden et al. (1996),
who determined most of them using HI absorption
maps of Burstein and Heiles (1982) (for stars located
more than 10° from the Galactic equator).

Proper Motions

The aim of this paper is to determine the kinematic
parameters of RR(ab) Lyrae type stars based on the
largest sample available and to compare the results
obtained using proper motions adopted from different
catalogs. That iswhy wetried to use all mass sources of
absolute proper motions available to us. These are, first
and foremost, the 4M catalog of positions and proper
motions (Volchkov et al. 1992), including its reference
catalog PPM (Roser et al. 1991). The second sourceis
the recently rel eased Hipparcos catal og, which contains
the proper motions of about 118000 stars. The proper
motionsin this catalog were determined from three-year-
long high-precision position observations, and their stan-
dard errors (for the RR Lyraes included in the catalog)
are on the average equal to 07002-0"003/year. Our third
source was the NPM1 catalog (Klemola et al. 1993;
No. 2
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Hanson 1994), which contains about 149000 stars north
of declination—23° (except for the region of low Galac-
tic latitudes, |b| < 10°). The proper motions of starsin
this catalog were determined in aframe referred to the
positions of about 50 000 faint galaxies and are there-
fore completely independent of the proper motions of
the Hipparcos and 4M catal ogs.

Note, however, that the proper mations in the above
catalogs have been determined using different tech-
niques and can therefore differ systematicaly from
each other. Therefore, before applying the statistical
parallax technique to the combined sample, we must
reduce all proper motions to a single system. As was
noted above, we consider the Hipparcos catalog to
define the most accurate proper motion system of the
three catalogs, and we therefore used it as a reference
to reduce the proper motions from the other two cata-
logs (NPM1 and 4M + PPM).

We reduced the proper motions adopted from the
4M and itsreference catalog PPM to the Hipparcos sys-
tem assuming that within small areas (of radius 2°) in
the vicinity of each program star the systematic differ-
ences Ay = Homipparcos) — aam) fOr the stars common to
both catal ogs depend linearly on coordinates a and o:

Ap, = a, + b,Aa + ¢, A9, 3)
Ay = 05+ bzAd + c;AD, @

where Aa = a([) — a(st) and Ad = d([) — d(st) are the
differences of the coordinates of astar in the vicinity of
the program star (0) and the program star proper (st).
We determined parameters a,, by, €4, @5 b5 and c;
using the least squares method based on all stars (com-
mon to the Hipparcos and 4M catalogs) within acircle
of radius2° centered on the program star (except for the
program star itself even if it isincluded in the Hippar-
cos catalog). We then determined the reduced proper-
motion components as follows:

Ho(red) = Haam) T g &)

HsRed) = Hasam) T 5. (6)

Unfortunately, this technique cannot be used to
reduce the proper motions adopted from NPM1. The
point is that this catalog contains only about 13000 stars
in common with the Hipparcos catalog of which less

than 4000 (3760) are fainter than V = 9"'6, the magni-
tude of the brightest RR Lyrae star in the NPM1 cata-
log. Using brighter starsto reduce the proper motionsis
undesirable because of arather strong magnitude equa-
tion (no such problem existsin the case of the reduction
of the proper motions from the 4M catalog, because its
intersection with the Hipparcos list consists almost
exclusively of the stars from the reference catalog PPM
used to derive the proper motions of the 4M catal og).
That is why we had to use a different technique to
reduce the proper motions from the NPM 1 catalog. We
analyzed how the differences of proper-mation compo-
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Fig. 1. The proper-motion component difference for stars

fainter than V=96 and common to the NPM 1 and Hi ppar-
cos catalogs as a function of right ascension, a5 o

nents of stars fainter than V = 9”6 and common to the
Hipparcos and NPM 1 catal ogs depend on the position
on the sky. We found (see Figs. 1, 2) |, to depend sys-
tematically on declination & in the d < —7° region and
found no systematic dependence of |, on either coordi-
nate and ps on a. We therefore did not correct the
NPM1 proper-motion components in right ascension
and determined the corrections to Py as arithmetic
MeaNs Of Wsgipparcos) — Haavemiy t0 the stars common to the
NPM 1 and Hipparcos catalogs, fainter than V=9""6, and
located within the declination interval from &(0) —0.25°
to &(D) +0.25°. We then determined the reduced values
asfollows:

Ha(red) = Ha(npmy)s (7)

Msred) = Manpmy) 8)

+ Wl(ripparcos) — Manemn
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Errors of Proper Motions

To apply statistical parallax technique, we must not
only know the proper-motion components but also cor-
rectly estimate (in the statistical sense) the standard
errors of the latter. Of all sources mentioned above,
confident individual estimates of the standard errors of
proper motions are available only for the stars in the
Hipparcos catalog. At the same time, only mean errors
averaged over the entire catalog are available for NPM 1
and 4M. However, the random errors in the proper-
motion components given by these catal ogs can and are
likely to be magnitude dependent, and the mean stan-
dard error can therefore depend on the magnitude dis-
tribution of the sample considered. And this distribu-
tion for the RR Lyraes in a certain catalog can differ
substantialy from the magnitude distribution for the
entire catalog. Moreover, even if we adopt the standard
errors of the proper motions quoted by the catalog
authors, these errors can characterize only the nonre-
duced proper motions and in the general case tell noth-
ing about the accuracy of the corresponding reduced

DAMBIS, RASTORGUEV

motions. In view of the above, we estimated the stan-
dard errors of proper motions as follows. We determine
only the mean (i.e., not individual) errors for each par-
ticular catalog averaged over the corresponding subset
of our combined sample of RR Lyraes. To this end, we
determine (using the stars common to the Hipparcos and
the catalog considered) the root mean square differences
of proper-motion components O(Hgasy — Moccan) and
O(Mymip) — Maca)» and then assume that the proper-
motion errors of the two catalogs are independent to
obtain the following error estimates for the catalog
under study:

2 2
O-(“a((:at)) = |JIJ'OK(Hipparcos,)_|-'lol((:at)) 0

] ©)
- |:b-(p'(x(Hipparcos)) D
2 2
O(Mscay)” = HMa(Hipparcos) — Ma(car)) U (10)
- |:(b-(L’lB(Hipparcos))ZD
Here we SJbStltUted G(ua(Hipparcos) - uu(Cat))z and

0(“6(Hipparcos) - Ml’)(Cat))2 for |]l-j'a(lrlipparcos) - ua(Cat))ZDand
WMsipparcos) — Hscan) L] respectively, to alow for even-
tual zero offsets.

Table 1 givesthe standard errors of (nonreduced and
reduced) proper-motion components of the NPM1 and
4AM catalogs. It isevident from thistable that our reduc-
tion indeed improved the initia proper motions (the
errors of reduced motions are lower than those of the
nonreduced motions).

Averaged Proper Motions

We seem to have al grounds to believe that the
reduced proper motions of stars common to the 4M and
NPM1 catalogs are independent of each other and of
the proper motions of the Hipparcos catalog. We there-
fore considered it possible to determine the weighted
averages of p, and 5 and the corresponding covariance
matrix for the stars with proper motions available from
several sources. We computed the resulting covariance
matrix taking into account the correlation between the
errors of Y, and W5 given in the Hipparcos catalog and
assuming the corresponding correlation coefficients to
be zero for the other two catalogs. As a result, we
obtained acombined sample of RR Lyraes containing a
total of 262 stars.

INITIAL DISTANCES: DISK AND HALO STARS

Layden (1995) and Layden et al. (1996) showed that
the kinematic population of RR Lyraes in our Galaxy
breaks conspicuously into two subclasses: halo and
thick-disk stars. At first approximation, the two sub-
classes can be separated by the metallicity value [Fe/H] =
—1.0: the overwhelming majority of more metal-defi-
cient stars exhibit a kinematic behavior typical of the
objects of the Galactic halo, whereas the kinematics of
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more metal-rich stars is more similar to that of the
Gdactic disk.

Following Layden et al. (1996), we subdivided our
sampleinto the halo and thick-disk subsamplesin three
ways using three definitions of the disk and halo (by
metallicity and velocity components). To this end, we
computed velocity components U, V, and Win the Car-
tesian Galactic system with allowance for the solar
motion relative to the Local Standard of Rest (+9, +12,
and +7) km s (Mihalasand Binney 1981) and the rota-
tion of the Sun around the Galactic center [220 km s,
Kerr and Lynden-Bell (1986)], and transformed them
into the velocity components in the Galactocentric
cylindrical system (VRVyV,). To transform the proper
motions into the space-velocity components, we used
the provisional star distances computed using the abso-
lute-magnitude calibration M, (RR) — [Fe/H] of Car-
ney et al. (1992):

MLRR) = 1.01 + 0.15[Fe/H]. (11)

We then followed the procedure described in Table 2,
which gives modified definitions of the halo and disk
subsamples from Layden et al. (1996) (see Table 3 in
that paper). (We consider RW Col and IK Hya to be
hal o stars based on their space velocities, although they
formally match D-1 and D-3 criteria of the paper men-
tioned above, and thus add them to AO Peg and FU Vir
as exceptions to the generad rule.)

Final Sample

Our final sample of RR Lyrae stars consists of 262
stars for which al five types of initial data, proper
motions, radial velocities, metdlicities, interstellar
extinction, and photoelectric or CCD intensity-mean
[WOmagnitudes, are available. Our list thus contains
substantially more stars than any other sample previ-
ously used to this end. Moreover, the proper motions
from the 4M catalog alowed us to do without statisti-
cally absolutized proper motions.

Table 3! givesthe list of the 262 RR Lyraes used in
this paper together with their parameters. The latter
include the accurate equatorial coordinates for the
epoch and equinox of J2000.0; proper-motion compo-
nents in right ascension and declination adopted from
the Hipparcos (with the corresponding standard errors
and the correlation coefficient), 4M + PPM, and NPM 1
catalogs; the 4M + PPM and NPM1 proper-motion
components reduced to the Hipparcos system; inten-
sity-mean [V magnitudes, [Fe/H]; and mean radia
velocities and their standard errors. For three stars AE
Dra, BD Dra, and BK Eri, we adopted the NPM1
proper motionsrefined by Layden et al. (1996). Finally,
we excluded from our sample anumber of starsthat are
classified as RR Lyraesin the GCV'S, but must actually

1 Table 3 is published in electronic form only and is available from
the Strashourg Data Center at ftp: cdsarc.u-strasbg.fr/pub/cats/J
(130.79.128.5) or http://cdsweb.u-strasbg.fr/pub/cats/J.
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Table 1. Standard errorsof the proper motions estimated from stars
common with the Hipparcos catal og

Errorsof nonreduced proper | Errors of reduced proper
Catalog motions, 07001/year motions, 0"001/year
O(Hq) o(Hs) O(Ha(Red) | O(H5(Red))
PPM 6.34 5.97 4.62 5.35
am 5.95 7.40 5.15 5.92
NPM1 5.40 7.15 5.40 6.30

Table 2. Definitions of disk and halo RR Lyrae subsamples

Definition Description

Disk-1 All stars with Vg >—400 - [Fe/H] — 300 km s except
AO Peg, FU Vir, RW Col, and IK Hya

Halo-1 All other stars

Disk-2 All stars with [Fe/H] = -1.0 Vg > 80 km s except
AO Peg

Halo-2 | All other stars

Disk-3 All stars of the Disk-1sample and the stars with
[Vr| <100 kms™, V>80 km s,
[VZ] < 60 km s, |Z| < 1 kpc, and [Fe/H] >-1.6

Halo-3 | All other stars

be of different variability types [see commentsto Table
3 of this paper and to Table 1 of Fernley et al. (1998)].

RESULTS

We first applied the statistical parallax technique
described above to nine samples of Galactic halo
RR Lyraes that differ from each other by the source of
proper motions (Hipparcos, NPM1, and 4M + PPM) and
the method of separation of halo and thick-disk stars.
Table 4 givesthe resulting parameters for the RR Lyrae
samples thus defined. Column 1 gives the name of the
halo sample according to the definition in Table 2; col-
umn 2, the source (catal og) of proper motions; column 3,
the number of starsin the sample; column 4, the mean
[Fe/H] averaged over the sample; columns 5 to 7, the
mean velocity components, U,, V,, and W, (in the
direction to the Galactic center, Galactic rotation, and
North Galactic Pole, respectively); columns 8 to 10, the
corresponding diagonal components of the velocity
dispersion tensor, o, oy, and oy, [we assume the non-
diagonal componentsto be equd to zero; seeLaydenet al.
(1996)]; column 11, theinferred correction to theinitial
mean absol ute magnitude M, Ogiven by formula (11);
column 12, the mean absolute magnitude M, at
[Fe/H] = —1.60; and column 13, the corresponding
LMC distance modulus. Columns 5 to 13 aso give the
standard errors of the corresponding parameters for
each sample. The results obtained for different samples
can be seen to agree excellently with each other: the
inferred parameters are virtually independent of both
the adopted criterion of halo and disk separation [this
result agrees with that of Layden et al. (1996)] and the
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Table 4. Kinematic parameters of the subsystem of halo RR Lyraes inferred using nonreduced proper motions

Sample | Catdog | N [MFeHI] % | 0% | 0 | 0 | Sver | Oy | amyo (Eli/.lé/g) (LDMMC)
Haol |Hipparcos | 100 | —1.568 | -19 | —217 8 167 | 106 98 | —008 | +0.69 | 1830
17 | +14 | 10 | +15 +9 +9 | +014 | +014 | +015
Hao2 |Hipparcos | 101 | —1588 | -17 | —213 -9 166 | 109 97 | —007 | +070 | 1829
17 | +14 | 10 | «15 +9 +8 | +014 | +0.14 | +015
Halo-3 Hipparcos 95| -1.572 -18 -222 -9 171 106 100 -0.08 +0.69 18.30
+18 | +15 | 10 | +16 | +10 +9 | 015 | +015 | +0.16
Haol |4M+PPM |185| 1502 | -4 | —206 | -17 170 | 104 97 | +002 | +0.79 | 1820
£13 | +10 +8 | 12 +7 +7 | +011 | 011 | +012
Hdo2 |4M+PPM |196| —1564 | -4 | —198 | -18 165 | 107 95 | +002 | +0.79 | 1820
12 | +10 +7 | 11 +7 +7 | %011 | 011 | +012
Hao3 |4M +PPM |179| -1600 | -5 | —200 | -18 172 | 105 98 | +003 | +0.80 | 18.19
+13 | +11 +8 | =12 +8 +7 | 012 | 012 | 013
Hadol |NPM1 134| 1503 | -8 | —204 | -13 159 | 101 87 | +004 | +081 | 1818
+14 | +13 +8 | +13 +9 +7 | 013 | +013 | +0.14
Hao2 |NPM1 139| 1589 | -9 | 195 | -14 157 | 109 86 | +0.04 | +081 | 1818
14 | 13 +8 | 13 +9 +7 | +013 | 013 | +0.14
Hao3 |NPML1 184| 1503 | -7 | —207 | -13 160 | 100 89 | +005 | +082 | 1817
+15 | 13 +8 | 13 +9 +8 | +014 | +0.14 | %015

proper-motion source used (which we consider to be a
fact of greater or at least equal importance).

We then applied the statistical parallax technique to
the six RR Lyrae samples with reduced proper motions
[two sources (4M + PPM and NPM 1 catalogs) and three
halo criteria (the proper motions from the Hipparcos cata-
log)], naturaly, were not reduced. The corresponding
results are summarized in Table 5, which has the same
layout as Table 4. Again, theinferred parameters can be
seen to agree well with those based on Hipparcos data.
Moreover, as one would expect, the agreement is even
better than in the case when nonreduced proper
motions were used. This result serves to justify the
averaging of proper motions from the three catalogs
considered (naturaly, with weights inversely propor-
tional to the squared errors of the corresponding values)
in order to build acombined RR Lyrae sample consisting
of atotal of 262 stars with absolute proper motions on
the Hipparcos system. We subdivided this sample, too,
into halo and thick-disk subsamples using three criteria
from Layden et al. (1996) in a dightly modified form
(see Table 2). We then applied dtatistical pardlax tech-
nique to this combined sampleto infer three (most accu-
rate) sets of parameter values for both the halo and the
thick-disk RR Lyrae populations. The results thus
obtained are given in Table 6, whose layout, too, isiden-
tical to that of Table 4, except for the second part, which
givestheresultsfor thethick-disk RR Lyrae samples: the
corresponding absolute magnitudes [M,[Jrefer not to
[Fe'H] = —1.60 but to the mean [IFe/H]for the corre-
sponding sample as given in column 3. Based on the same

reasons as Layden et al. (1996), we consider the results
obtained using Hal 0-3 sample to be most representative
of the halo population. However, we prefer the Halo-2
sample solution as a more justified option in the case of
thethick-disk population, because the corresponding sam-
pleisleast “contaminated” by hao stars. We thus finaly
adopt (U, Vi, Wo) = (-9 £ 12, 214+ 10,16 £ 7) km s,
(oy, Oy, Oy) = (164 £ 11,105+ 7,95 + 7) km s, and
M,,0= 0.77 = 0.10 for halo objects (201 stars) and
(Ups Vo Wp) = (-16 + 8, —41 + 67, —18 * 5) km s,
(oy, Oy, Oy) = (539,42 + 8,26 £5) km s, and
M, = +1.11 £ 0.28 for thick-disk objects (46 stars),
which agrees very well with theresults of Layden et al.
(1996).

M, [{[Fe/H]) RELATION

Our listissuperior insizeto al other RR Lyrae sam-
ples previously used and it must therefore allow the sta-
tistical parallax techniqueto be used for thefirst timeto
obtain confident conclusions about the behavior of the
heavy-element abundance dependence of RR Lyrae
luminosities. The previous such attempt by Layden
et al. (1996) failed: these authors found A [JA[Fe/H] =
+0.09 + 0.38. We subdivided the Halo-2 sample from
Table 6 into four approximately equal subsampleswith
mean metallicities [Fe/H] = —2.02, [(IFe/H][ = —1.53,
QFe/H]§ = —1.43, and Fe/H]] = —-1.17, and applied
the statistical parallax technique to each of them. The
results are summarized in Table 7. We thus obtained
four halo RR Lyrae absolute-magnitude estimates at
four metallicity values. We now add to them the M,
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Table 5. Kinematic parameters of the subsystem of halo RR Lyraes inferred using proper motions reduced to the Hipparcos system

Sample Catalog; N | QFe/H]O klgos’_l erOSL 1 knull(;,_ 1 krgus ] krgvs,_ 1 k:l“é’_l AMyO (El{/lg(% (Ll?l\l/}/lc)
Halo-1 4M +PPM [187| —1.588 -10 -206 -16 166 105 97 0.00 +0.77 18.22
13 +10 +7 +11 +7 +7 +0.11 +0.11 +0.12

Halo-2 4M + PPM | 194| —-1.573 -9 -199 -18 164 109 96 +0.00 +0.77 18.22
+12 +10 +7 +11 +7 +7 +0.11 +0.11 +0.12

Halo-3 4M +PPM |[176| -1.605 -10 -213 =17 171 105 100 0.00 +0.77 18.22
+13 +11 +8 +12 +7 +7 +0.11 +0.11 +0.12

Halo-1 NPM1 136 —1.596 -7 -204 -16 158 105 87 +0.04 +0.81 18.18
+14 +13 8 *+13 9 +7 +0.13 +0.13 +0.14

Halo-2 NPMI1 138 —-1.593 -6 -197 -16 156 110 86 +0.06 +0.83 18.16
+14 +13 +8 +13 19 +7 +0.13 +0.13 +0.14

Halo-3 NPM1 130| -1.610 -6 -208 -16 161 105 89 +0.04 +0.81 18.18
+15 +13 +8 +13 +9 +8 +0.14 +0.14 +0.15

value obtained for thick-disk RR Lyraes (see solution
Disk-2 in Table 6) to make up atotal of five data points
on the [Fe/H]-B,Odiagram (see Table 7 and Fig. 3),
which yield the following |east-squares fit:

M, 0= (0.76 + 0.12)

(12)
+(0.26 + 0.26) [{[Fe/H] + 1.6),

or
M= 1.17 £ 0.26 - [Fe/H]. (13)

Thisreault is, on the whole, consistent with formula (11)
derived for field RR Lyraes using the Baade-Wesseling
technique (Carney et al. 1992). We inferred the slope of
the [Fe/H](IM\,D relation one and a half times more
accurately than Layden et al. (1996), although, unfor-
tunately, the error remains too high.

DISTANCE SCALE

As was noted above, the mean absolute magnitude
of RR Lyraetype starsforms one of the bases of thedis-
tance scale in the Universe and can be used, in particu-
lar, to measure the distancesto the LM C and the Galactic
center, because both objects contain RR Lyraes.

The Distance to the LMC

If applied to photometric observations of RR Lyraes
in seven globular clusters in the LMC (Walker 1992),
our calibration of the zero point of the [Fe/H](B,0)
relation (Halo-2 in Table 6: OM,/[([Fe/H] = —1.60) =
+0.77 = 0.10) yields an LMC distance modulus of
DM pc =18.22 £0.11, which isin excellent agreement
with the result of Layden et al. (1996) and the value of
18.25 £0.05 (Berdnikov et al. 1996) obtained using the
period-luminosity relation for classica Cepheids (in
terms of the short distance scale).
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The Distance to the Galactic Center

Layden et al. (1996) applied their calibration of the
[Fe/H](IM\D relationship to the data of Walker and
Mack (1988) to infer adistance of R, = 7.6 £ 0.6 kpc to

the Galactic center. Our M, [is 006 fainter than that
obtained by Layden et al. (1996) and somewhat more
accurate, and we therefore find R, = 7.4 = 0.5 kpc,
which agrees excellently with the estimates inferred
from (1) the rotation-curve analysis of classical Ceph-
eidsbased onthe short distance scale[R,=7.1 £0.5 kpc
(Dambiset al. 1995)]; (2) the rotation-curve analysis of
a more extensive sample of young Galactic objects,
also based on the short distance scale[R, = 7.3 £ 0.3 kpc
(Glushkova et al. (1998)]; and (3) the only available
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Fig. 3. Metalicity ([Fe/H]) dependence of the mean absolute
magnitude M\,0of RR Lyraes. Dots are the values inferred
using statistical parallax technique. Solid and dashed linesare
therelation of Carney et al. (1992) [formula (11)] and linear
least squaresfit to our results [formula (13)], respectively.
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Table 6. Kinematic parameters of the subsystem of halo RR Lyraes inferred using proper motions reduced to the Hipparcos system and
averaged over three catalogs
Uo, Vo, Wo, Oy Oy, Ow, WVD DM
Sample N FEHID) st | kmet | kms? | kms? | kms?t | kmst | AMVE (-1.60) | (LMC)
Halo-1 211 -1.574 -9 -208 =15 161 106 93 -0.01 +0.76 18.23
+11 +10 +7 +10 +7 +6 +0.10 +0.10 +0.11
Halo-2 216 -1.565 -8 -202 -15 158 109 92 +0.01 +0.78 18.21
+11 +10 +7 +10 +7 +6 +0.10 +0.10 +0.11
Halo-3 201 -1.585 -9 -214 -16 164 105 95 0.00 +0.77 18.22
+12 +10 +7 +11 +7 +7 +0.10 +0.10 +0.11
UO , VO y WO I} 0-U ’ O-Vi GW’
Sample N JFe/H]O kmel | kms! | kms?! | kms? | kmst | kmst ADM\,O M IFe/H]D
Disk-1 51 -0.622 -12 -34 -16 47 35 24 +0.40 +1.35
+7 +6 +4 +8 +6 +5 +0.28 +0.28
Disk-2 46 —0.560 -16 41 -18 53 42 26 +0.16 +1.11
+8 +7 5 +9 +8 +5 +0.28 +0.28
Disk-3 61 -0.740 -12 -49 =17 54 47 26 -0.02 +0.92
+7 +7 +4 19 +7 +5 +0.23 +0.24

Table 7. Kinematic parameters of the subsystems of halo RR Lyraes with different metalicities (subsamples of Halo-2 sample) inferred
using proper motions reduced to the Hipparcos system and averaged over three catal ogs

min([Fe/H]) | max([Fe/H]) | (Fe/H]O| N [Ug, km sV, km s Wy, km s oy, km s |0y, km s oy, km s A0 | M0
-2.84 -1.80 | -2020 | 46 | -29 -228 +4 154 130 89 | -0.07 |+064
+21 +23 +13 +20 +16 +11 | 020 |+0.20
-1.79 -152 -1526 | 55 | -25 -210 -33 174 107 9% | -005 |+0.72
+24 +18 +13 +20 +13 +12 | +019 |+0.19
-151 -1.33 —1.434 | 48 +12 -201 -33 158 86 83 | +0.26 | +1.05
+23 +19 +13 +21 +11 +12 | 022 |+0.22
-1.32 -080 | -1172 | 57 +9 -173 0 141 103 89 | -0.16 |+0.67
+19 +18 +13 +19 +13 +11 | 2021 |+0.21

direct estimate based on the measurement of the proper ACKNOWLEDGMENTS

motionsof an H,0 maser [R,=7.2 + 1.3 kpc (Reid 1993)].

CONCLUSION

The application of the statistical-parallax technique
to the largest sample of RR Lyraes with known kine-
matic parameters (a total of 262 sars, i.e, a 25%
increase over the largest of such samples used so far)
leads us to the following conclusions:

(1) Our analysis provides further and more precise
evidencein favor of the short distance scale: theimplied
LMC distance modulus and the distance to the Galactic
center are equal to 18.22 + 0.11 and 7.4 = 0.5 kpc,
respectively.

(2) The conclusion about the short distance scaleis
independent of the proper-motion source used.

(3) Theinferred dope of the [Fe/H](OM\ D relationis
close to that determined using the Baade-Wesselink
method.

We are grateful to the referee, A.A.Tokovinin, for a
number of useful comments. This research has made
use of NASA'sAstrophysics Data System Abstract Ser-
vice. The work was supported by the Russian Founda-
tion for Basic Research (grants nos. 98-02-16107,
99-02-17842, and 00-02-17804), the Council for the Sup-
port of Leading Science Schools (grant no. 00-15-96627),
and “Astronomy” State Science and Technology Pro-
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Oscillations of Flux Tube Bundles
and the Structure of Sunspot Magnetic Fields
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Abstract—Observational aspects of the previously found quasi-hourly oscillations of magnetic fragmentsin
sunspot polar coordinates are investigated. The orientation of the oscillationsis shown to be azimuthally aniso-
tropic, with their amplitude reaching a maximum in penumbra at a distance of ~0.8 sunspot radius (the maxi-
mum amplitudeis estimated to be 3700 km). Based on the detected deviations of the oscillations from the radial
direction, we numerically simulate the horizontal configuration of field linesin the region of the major spotsin

bipolar groups. © 2001 MAIK “ Nauka/Interperiodica” .

Key words. Sun, active regions, magnetic field, oscillations

INTRODUCTION

“Until recently a sunspot has been considered as a
single homogeneous structure; at best, a distinction has
been made between umbra and penumbra, although
evidence for sunspot inhomogeneity has been known
for more than a hundred years ... . Available data give
the following picture, which, in our view, ismost likely:
asunspot isacollection of ropes combined into asingle
tube, which, however, is not isolated from convec-
tion—convection exists inside it, in its lower parts’
(Obridko 1985).

The objects under study are represented here by
pores and dark features inside sunspots—fragments of
white-light images for active regions with horizontal
sizes of ~10° km and a brightness of |essthan 0.8 of the
surrounding background. The lifetime of such frag-
ments ranges from several hours to several days, and
their material carriers are local magnetic-field nonuni-
formities—flux tube bundles with characteristic mag-
netic fluxes of ~10'°-10* M (Keppens and Martinez
1996). The bundles may belong to an intermediate type
of astrong magnetic field between developed sunspots
with penumbrae (a scale of ~10* km) and elementary
ropes (~10% km).

While studying the horizontal motion of magnetic
fragments, we found that it could be more accurately
represented as a sum of a linear trend and quasi-peri-
odic oscillations. The slow trend with a mean velocity
of ~100 m s is probably attributable to supergranula-
tion convection (Nagovitsyna and Nagovitsyn 1999,

* E-mail address for contacts: nag@gao.spb.ru

1998a). The component of the dynamics that remains
after subtracting the trend is associated with quasi-
hourly spatial tube oscillations with characteristic peri-
ods of 40-100 min (Mashnich and Bashkirtsev 1999).
This phenomenon was first observed by Bashkirtsev
et al. (1983) in longitudinal and torsional prominence
oscillations. Subsequently, it was observed by
Gopasyuk (1985) in torsional oscillations of sunspots
and by Demchenko et al. (1985) in variations of their
area. Approximately at the same time, we detected and
began to study this phenomenon in latitudinal and lon-
gitudinal sunspot oscillations and in radial and azi-
muthal fragment oscillations. On the one hand, frag-
ment oscillations are not synchronized and reflect
asymmetric and nonuniform tube variations, and, on
the other hand, the general component corresponding
to the oscillations of the tube asawhol e can be reveal ed
by averaging (Nagovitsyna 1990).

Based on the observationa data used here, we pre-
vioudly investigated the quasi-periodic dynamics of
fragments by a harmonic analysis (Nagovitsyna and
Nagovitsyn 1998b). Here, we consider it in a nonhar-
monic approximation by analyzing only spatial param-
eters, the oscillation amplitude and orientation on the
solar surface.

OBSERVATIONS AND DATA REDUCTION

Our observations with the special Pulkovo Observa-
tory photoheliograph on June 24, 1989 (06:30-12:10 UT)
yielded a 340-min-long series of photoheliograms
taken at 15-minintervalson 22 FU-5 ORWO (9 x 12 cm?)
plates. Each plate containsthreeimages of thefull solar
disk at 2-min intervals. We measured the plates with a

1063-7737/01/2702-0118%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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universal two-coordinate microscope (UIM-23). The
objects’ heliographic latitudes and longitudes were
determined with an accuracy of 0.05° (~600 km) using
the HELICOR computer-based technique (Nago-
vitsyna and Nagovitsyn 1996). This technique reveals
and corrects the image distortions produced by several
factors: discrepancy of equatorial mounting, differen-
tial atmospheric refraction, lens distortion, instrumen-
tal errors of the optical system (plate tilt, tube flexure,
etc.), and solar-limb distortions (irradiation, differential
extinction, image tremoar).

To study the patterns of motion, we use simplexes—
bipolar and unipolar groups with a simple magnetic
configuration; the major spots are well developed, have
penumbrae, and generally occupy more than 75% of
the group area. Our observational data cover the helio-
graphic coordinates of 19 sunspot centersin 12 groups
and 130 fragments at 22 instants of time for each plate
of the series. The main problem isto identify fragments
on plates: fragments can appear and disappear repeat-
edly, changing their apparent brightness. We first iden-
tified 143 fragments. However, an anaysis of their
coordinates revealed 13 cases of characteristic jumps
suggesting the disappearance of one fragment and the
appearance of another fragment nearby.

We transformed the heliographic coordinates of
fragments to polar r and 6 coordinates relative to the
sunspot centers. Pointing at the optical center of a sun-
spot as at the centroid of its umbra, a customary proce-
dure for observers, is more accurate than might seem at
first glance. Besides, the dispersion of the center coor-
dinates contributes equally to the dispersions of therel-
ative coordinates of all fragments: it raises the lower
dispersion level, but does not form its functional depen-
dence on radial distance.

The fragment azimuth was associated with an abso-
lute coordinate system:

0 = 0°— west (W), 0 = 90°— north (N),
0 = 180° — east (E), (1)
0 = 270° — south (S).

This association enables us to properly allow for asym-
metric effects in sunspots, for example, the east—west
(E-W) asymmetry of the opposite sign in the preceding
(p) and following (f) sunspot of a bipolar group attrib-
utable to tube curvature above the photosphere (Nago-
vitsyna and Nagovitsyn 1999, 1998a), or the latitude—
longitude asymmetry that shows up in ameridiona (N-S)
flattening of sunspots.

The mean radial distance r of fragments was nor-
malized to the radius R of a sunspot with penumbra,
which we define in the symmetric approximation asthe
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radius of acircle equivalent in areato the observed sun-
spot:

o= %, P = %Zr" R (km) = 984./S (ms.h.),
i=1

where S (m.s.h.) is the area of the spot with penumbra,
in millionths of the solar hemisphere. The areas were
measured on plates with the best images and were
assumed to have been constant during the observations.
Note that an error in the measured Seven by 20% intro-
duces an error of Ap = 0.087p in the radia distance of
a fragment, which is equa to <0.03R, <0.09R, and
<0.2R in the sunspot umbra, penumbra, and the pore
zone, respectively, i.e., an order of magnitude smaller
than the sizes of structural sunspot regions. The amount
of available dataallows a parallel analysis and compar-
ison of the results for three independent samples: the
N-hemisphere p sunspots, 41 fragments, six sunspots, and
the mean R = 18 600 km; the S-hemisphere p sunspots,
49 fragments, six sunspots, and the mean R= 14300 km;
and the f spots of both hemispheres, 40 fragments, seven
sunspots, and the mean R= 13700 km.

The linear trend of a fragment can be estimated
using the most prabable radial (V,) and azimuthal (V,)
velocities by least squares from sequences of fragment
r; and 6; coordinates at times t;. The coordinate residu-
als after trend subtraction,

Ary =1, =V, t;—ry, AB; = 6, — Vgt — 0,

1 o 2
@I’Aﬁi, | = 1—22,

contain information about the oscillations of interest.

Ag; =

OSCILLATION AMPLITUDE

The dispersion of the fragment coordinates charac-
terizes the amplitude of their horizontal oscillations.
The dispersion (or, more precisely, the unbiased stan-
dard deviation) of the coordinates is given by the stan-
dard relations

n
2 _ 1 2
Oa = n—1_zlAai ’
i=

wheretheradial (Ar;) and azimuthal (Ag;) residuals are
given by Egs. (2). Thelower o level is410 = 30 km, as
inferred from the three samples. Assuming that it is
completely attributable to the total errors of pointing at
the sunspot and fragment centers during measurements,
we subtract this lower dispersion level from the obser-

vational data as noise: 0 = /0, —410° (which corre-
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Fig. 1. Dispersion of the fragment coordinates verses radial
distance.

sponds to an upper limit of 410/./2 = 290 km on the
error of pointing at the sunspot or fragment center).

In Fig. 1, fragment-coordinate dispersion is plotted
against radial distance; this plot was obtained by linear
three-point smoothing. The pattern can be described as
follows. The umbra: o may decrease insignificantly,
from 1100 to 600 km, as one recedes from the center to
the umbra boundary (p = 0.45). The penumbra: o
monotonically increases, reaching its absolute maxi-
mum o, = 2600 km at p = 0.8, and then gradually
decreases to 400 km in the region of the outer bright
ring (p = 1.6). The pore zone: a double-peak maximum
(Opax1 = 1100 km at p = 2.2 and 0,,,,,, = 900 km at
p = 2.8) associated with the convective roller surround-
ing the sunspot (Nagovitsyna and Nagovitsyn 1999,
1998a) ismost likely localized here; however, this peak
is significant, reaching 1500 km, only for the f sun-
spots. We also see that the f sunspots have a o maxi-
mum in the penumbrathat is narrower than that for the
p sunspots. This generally reflects a weaker develop-
ment of the relatively narrower penumbrain the f sun-
spots.

NAGOVITSYNA, NAGOVITSYN

Assuming a harmonic oscillator, the absolute maxi-
mum of the coordinate dispersion in the penumbra
(2600 km) corresponds to the oscillation amplitude

A= /20 =3700 km,

which accounts for about one-tenth of the sunspot
diameter. For a characteristic oscillation period of T =
50 min [the period at which the energy of a harmonic
oscillator reaches a maximum in the period range 30—
300 min (Nagovitsyna and Nagovitsyn 1998b)], this
corresponds to the velocity amplitude

_ 2mA

T =8 km s

Vimax

Since the oscillations under consideration are not har-
monic, these values are upper limits on the parameters.

The inferred radial variations in fragment oscilla-
tion amplitude qualitatively correspond to the varia-
tions in the magnitude of the velocity of their linear
trends (Nagovitsyna and Nagovitsyn 1999) and to the
variationsin radia velocity of the matter from the sun-
spot, which was deduced spectroscopicaly and is
known as the Evershed effect. Such synchronous varia-
tions in various characteristics of the horizontal veloc-
ity are probably attributable to the three-dimensional
magnetic-field structure or, more specifically, to the
radial variation in theratio of its horizontal and vertical
components (the penumbra field is known to be virtu-
ally horizontal).

OSCILLATION ORIENTATION

As was noted in the Introduction, the tube oscilla-
tions in polar coordinates have both a radial compo-
nent, which shows up in sunspot area variations, and
an azimuthal component, which shows up in torsional
matter oscillations. The coordinate method allows the
ratio of these components in fragment oscillations
to be directly determined, for example, as the angu-
lar deviation of these oscillations from the radial
direction

d = arctanb.

The most probable value of b can be determined by
least squares technique from the system of equations
Aa, = bAr;+c, i = 1-22,

where the experimental radial (Ar;) and azimuthal (Aa)
oscillation components are given by (2). Thus, d is
actually the angle between the principal axis of the
cloud of data points formed by the dispersion of the
fragment coordinates and the radial direction toward
the center of this cloud.

Contrary to our expectations, we could not find any
definite radial-distance dependence of the orientation
of fragment oscillations, much as we did for the orien-
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tation of their linear trends. Note that theradial gradient
in trend orientation allowed usto detect a spiral macro-
structure (Nagovitsyna and Nagovitsyn 1999, 1998a).
At the same time, the azimutha variations, which are
related to heliographic coordinates by (1), proved to be
most pronounced in the oscillation orientation.

In Fig. 2, angular deviation of the oscillations from
theradial direction is plotted against fragment azimuth;
the function d(6) was obtained by linear seven-point
smoothing. We can see that d(8) successively passes
through four extrema of different amplitude and oppo-
site sign: the positive peaks are located roughly north-
east and southwest of the sunspot center, while the neg-
ative peaks lie northwest and southeast. According
to (1), the positive and negative values of d correspond
to counterclockwise and clockwise deviations of the
oscillations from the radial direction, respectively.

MAGNETIC-FIELD STRUCTURE

It would be natural to assume that the azimuthal
variations in the orientation of magnetic-fragment
oscillations are attributabl e to the azimuthally anisotro-
pic magnetic-field structure in the sunspot region. The
experimentally measured angular deviation d(6) (Fig. 2)
can be used to numerically simulate the horizontal con-
figuration of field linesasfollows. For each of the three
samples, wefit d(6) by second- or third-degree polyno-
miasp(0) in four azimuthal sectors containing individ-
ual positive or negative extrema of d and then join the
polynomials at the ends (dashed line in Fig. 2). The
shape of thefield line is modeled as the trgjectory p(t),
B(t) in polar coordinates that is described by a point
moving at angle p(B(t)) to the radial direction (t is the
time). In this case, we introduce discreteness: the point
is assumed to traverse small distances s in time inter-
vals At. Having the polar coordinates p;, 6, at timet;, the
point then moves at angle p(6,) and passes at timet;, | =
t, + At to the position

Pir1 = «/puz +2p;scosp(9;) + 5,
_ ssinp(d;)
D1 =9+ arctanpi ¥ sc0sp(9 )’
The point with the p;, , and 6, , ; coordinates will move
at angle p(6; , ;) and passto the next position, according
to the above recursion relation. Thus, specifying the
initial position at 10° azimuthal intervals, we obtain a
family of tragjectories in the range p = 0.3-3.3, which
corresponds to the observed deviations d(6) in Fig. 2
and are assumed to reflect the horizontal shape of field
lines in the region of the major spots of bipolar groups
(Fig. 3).

Aswe see from Fig. 3, the highest concentration of
field lines, i.e., an increase in magnetic-field strength,
takes place along the E-W axis of the group connecting
the major spots of opposite polarity—thisis a possible
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Fig. 2. Angular deviation of fragment oscillations from the
radial direction versus azimuth. The dashed line indicates a
polynomid fit.

reflection of their opposing inclination due to tube cur-
vature above the photosphere. We can even see that the
concentration of field lines for the p sunspots reaches a
maximum not in the E direction, but at some deviation
(~15°) toward the pole of the hemisphere where the
group is located. This result probably reflects the phe-
nomenon that is known as thettilt of the group axisrel-
ative to the equator: the p sunspots are mostly located
at lower heliographic latitudes than the f sunspots.
According to current views, this effect is assumed to
be due to the Corialis force that acts on the expanding
Q-shaped tube of an active region rising from the depth
of the convection zone.

The meridional flattening of the sunspot magnetic-
field structure (clearly seenin Fig. 3) correspondsto the
above latitude-ongitude asymmetry, which makes
the visible sunspots elliptical in shape. Figure 3 shows
how this effect bends the field lines and proves its
physical reality. However, we cannot yet explain this
phenomenon.
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of magnetic field lines based on the observed oscillation orientation (corresponds to the dashed linein Fig. 2).

Curiously, the distribution of field lines in Fig. 3
generally matches the distribution of bundlesin bipolar
groups: pores are more commonly observed between
the major spots along the E-W axis of the group,
dlightly more rarely westward of the p sunspots and
eastward of the f sunspots, and rarely at markedly dif-
fering latitudes. This relationship may stem from the
fact that the horizontal magnetic field of abipolar group
stabilizes the vertical bundles by compressing them in
the transverse direction and slowing down their decay.

CONCLUSION

Our analysis shows that the photospheric spatia
oscillations of magnetic fragments alow severa fine
features of the magnetic-field structurein active regions
to be traced:

(1) The functional dependence of the oscillation
amplitude on radial distance with a maximum in the
sunspot penumbra may reflect radial variations in the
ratio of the vertical and horizontal magnetic fields.

(2) Thefunctional dependence of the oscillation ori-
entation on azimuth may reflect meridional flattening
of the magnetic-field structure.

(3) The peculiar deviations of oscillations from the
radial direction may reflect tube curvature above the
surface and a tilt of the axis of a sunspot group to the
equator.

The peculiar features of the quasi-periodic dynam-
ics revealed here cannot be accidental in nature,
because they are reproduced for three independent
samples. They come as no surprise to us, because they
are in good agreement with other observational facts.
Unfortunately, the spatial oscillations of magnetic frag-
ments have not yet allowed us to reveal the special evi-
dence of the spiral magnetic-field macrostructure found
in the linear component of their motion (Nagovitsyna
and Nagovitsyn 1999, 1998a).
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Abstract—The plane motion of a mass point inside an inhomogeneous rotating ellipsoidal body with a homo-
thetic density distribution is considered. The force function of the problem is expanded in terms of the ellip-
soid’s second eccentricities up to the fourth order, which are taken as small parameters. \We derive an expression
for the perturbing function and solve the equations of perturbed motion in orbital elements. © 2001 MAIK

“ Nauka/Interperiodica” .

Key words: rotating inhomogeneous ellipsoidal bodies, homothetic (ellipsoidal) density distribution; general

potential, perturbing function

INTRODUCTION

Abalakin (1959) considered the spatial motion of a
mass point inside an inhomogeneous ellipsoidal body
with a homothetic density distribution in a stationary
coordinate system. Periodic solutions were found, and
qualitative studies were carried out. This problem
arises, in particular, when studying the motion of an
individual star inside a star cluster under the gravity of
the entire system. The problem can be solved if semi-
collisions and collisions between cluster stars and their
effects on the motion of this star are disregarded, at
least to afirst approximation (Abalakin 1959).

Such problems are considered when studying the
structures and evolution of galaxies and stellar systems
in arotating coordinate system. Kuzmin (1956) investi-
gated a model of a stationary Galaxy with a gravita-
tional field that, apart from the energy and kinetic-
momentum integrals, admits the third integral of
motion proposed by this author. If the density on the
symmetry axis rapidly decreases with increasing dis-
tance from the center, then the surfaces of constant den-
sity prove to be considerably flattened. In this case, the
density distribution and the corresponding gravitational
potential are generally consistent with the current view
of the Galactic structure.

When studying the structure and evolution of barred
spiral galaxies, Freeman (1966a, 1966b, 1966c) and
Hunter (1974) showed that, in Hubbl€e's classification,
the direction of evolution in conventiona notation is
SBc — SBa.

* E-mail address for contact: gasnizh@sai.msu.ru

Of considerable interest are the works by Tim de
Zeew and others, who considered various models of tri-
axial elipsoidal bodies with gravitational potentialsin
the form of Stéckel’s (1890, 1891) potentia in ellipsoi-
dal coordinates with separable variables. These models
are used to solve problems on the motion of starsinside
elliptical, spiral, and lenticular galaxies and other prob-
lems (Tim de Zeew and Merrit 1983; Tim de Zeew and
Lynden-Bell 1985; Tim de Zeew 19853, 1985b; Tim de
Zeew et al. 1986; Tim de Zeew and Carollo 1996).

In the problem under consideration, our goal is to
solve the eguations of perturbed motion in orbital ele-
ments in a rotating coordinate system. In addition,
terms up to the fourth order inclusive relative to the sec-
ond eccentricities of the ellipsoid in question, which are
assumed to be small parameters, are retained in the per-
turbing function. We al so average the perturbing func-
tion over the rapidly changing angular variable.

STATEMENT OF THE PROBLEM
AND THE FORCE FUNCTION

Consider an inhomogeneous body T bounded by an
ellipsoidal surface

2

+ L+

=1, )]

>

W <
N

Oml NN

assumingthat A>B > C.

Let the density p of this body be afunction of some
parameter p and vary continuously from the center to
the external surface. We assume that the body has a
homothetic (ellipsoidal) density distribution; i.e., its
layers of equal density are bounded by similar ellipsoi-
dal surfaces with the same orientation relative to each
other. Such a density distribution satisfactorily repre-
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sents the density distribution for an ellipsoidal body
that is stationary or rotateswith arelatively low angular
velocity about the polar OZ axis (Abalakin 1959). The
constraint imposed on the angular velocity stems from
the fact that, at a sufficiently high angular velocity of an
inhomogeneous ellipsoidal body, its existence as an
equilibrium figure requires that the interfaces between
the layers of equal density be confocal elipsoids (Tis-
serand 1891).

Consider the motion of a passively gravitating mass
point inside a given dlipsoidal body under the attrac-
tion from this body alone.

Let amass point P move inside an ellipsoidal body
T rotating at a constant and relatively low angular
velocity m about the OZ axis and having a homothetic
density distribution. The x, y, z coordinates of this point
arereferred to arectangular coordinate system with the
origin O at the center of the ellipsoidal body and with
the OX, OY, and OZ axes along the corresponding prin-
cipal axes of the ellipsoid (1).

We can draw an ellipsoidal surface given by the fol-
lowing eguation through point P(X, y, ) at each instant
of timet:

L ! )

This surface separates the elipsoidal inhomogeneous
body T bounded by the ellipsoidal surface (1) into two
parts, E and |. Let V, be the potential at point P pro-
duced by the ellipsoidal body bounded by the surface
(2) and correspond to part E and V, be the potential at
the same point P produced by the ellipsoidal layer con-
fined between the surfaces (1) and (2) and correspond
to part |. Therefore, the total potential V produced by
the ellipsoidal inhomogeneous body T at the internal
point P(x, y, 2) a each instant of timet can be repre-
sented as the sum

V =V +V,. 3)

Note that the potentials V. and V, produced by the in-
homogeneous ellipsoidal body and layer at point P can
be expressed in terms of the well-known potentials pro-
duced by an inhomogeneous ellipsoid at the external
and internal points, respectively. To this end, we con-
sider a homogeneous €llipsoid with a density p
bounded by an ellipsoidal surface

2 2 2
E—+n—+z_2:1, 4)

whose a, 3, and y semiaxes are so far arbitrary. Thefol-
lowing expressions in Dirichlet’s form are known for
the potential of this body:

00

PV, = TrfaBijL(S)K(S)ds 5)
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isthe potential at the external point P(x, y, z), and

[

pV; = mfaByp I L(s)K(s)ds (6)
0

is the potential at the internal point in the same nota-
tion. Here, f isthe gravitational constant, and the func-
tions L(s) and K(s) are given by

_ _ X2 ~ y2 ~ ZZ
He) =1 a’+s B°+s y'+s
1
K(s) = .
J(@® +9) (B2 +5)(y* +9)

The lower limit u of the integral in (5) is a positive
root of the cubic equation for u
2 2
2X + 2y + 2Z
a"+u B°+u y +u
It isafunction of the coordinates of the attracted point
P and the ellipsoid semiaxes.

Consider a layer of the inhomogeneous ellipsoidal
body T with density p(p*) confined between the sur-
faces of the ellipsoids with semiaxes a*, 3*, y* and
o* +da*, B* + dp*, and y* + dy*. The semiaxes of
these ellipsoids are assumed to be functions of the same
parameter p and correspond to its values p* and p* +
dp*. The elementary potentials produced by this infi-
nitely thin layer at the external and internal points for
o* =a, B* =B, and y* =y (p* = p) are (Subbotin 1941)

dv.
dv, = ¢
P(P) g,

If p. and p; correspond to the center and external sur-
face of the ellipsoidal body, respectively, then the total
potential V produced by the inhomogeneous ellipsoidal
body T at the internal point P can be determined, in
view of (3), by integrating and subsequently summing
expressions (8) for homothetic layers over p. In this
case, the integration is performed in the segment

[p., p] for the potential pV, andinthesegment[p, p

2

=1 @)

dv,
dp, dv; = p(p)d—pdp. ®)

for pV; . Here, p isthe value of p corresponding to the

boundary €llipsoidal surface (2). Consequently, the
total potential V is given by

p

Pr
dv. av;
V= —dp+ ——dp. 9
JPip)gpdp Ip(p)dp P ©
Pc p

Assuming that a > 3 > y, we define the second
eccentricities A and u of the ellipsoid (4) by the equa-
tions
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hence, G U 2 2 2
(- Ly X y 2]
V. = 2pL - - _z
o =y’ aen), B =vaan, o F Zp'!:Etz R
(W2 <A’<1). . (17)
We take the ratio of the polar semiaxes of the ellip- XA/ 52 2.’
soidal surfaces (4) and (1) squared as the parameter p; (L+ATE)(L+p7E)

i.e., we set

N

Y
2 (11)

P = p(0) =0, pr=p(C)=1).

In this case, the value p of p can be directly inferred
from (2) using the formula

p:

a

(0sp<=1,

Y1 c
p=5 gz[r2+Zl(—l)k(A”xzw"‘kyz)} (12)

K=

Q<
I

which isderived by expanding the left part of Eg. (2) in
terms of the second eccentricities A and I, in view of
(10) and (11). Since the second eccentricities A and p
coincide for any homothetic ellipsoidal layers, the
semiaxes o and 3 when passing from layer to layer are
functions of p alone. Consequently, the density of the
inhomogeneous €llipsoidal body is a function of p
alone. The density p can therefore be represented as a
converging power series of p:

p=p(p) = Po+ ZDnS”p”, (0<e<1), (13)
n=1

where € isasmall parameter characterizing the density
distribution. In addition, the following conditions are
satisfied:
p(o) = p0>ov p(l) = pfl
(n=1,2,...).

Here, p, and p; are the densities at the center and on the
surface of ellipsoidal body T, respectively.

<0,
P (14)

In expression (5) for the potential pV, of a homo-
geneous €ellipsoid, we introduce a new variable & in
place of the integration variable s, which is given by

- _Y
&= Jz—
y +s
Clearly, & < 1 for s> 0. Therange of the variable s, the

half-segment [u, ], then changesto [U, 0], where U is
given, according to (15), by

(15)

Uu=—Y_ (16)
Y +u

After changing the variable, expression (5) can be
written as

where

G = 47 J(1+ A2 (1+ ).

We take into account ineguality (10) and the condi-
tion |&| < 1. Expanding the coefficients of x> and y? in
formula (17) in a binomia power series of A%€? and
U2&2, we then obtain for the potential pV.,

U 2 00
pV; = %pﬂ‘%—xzz ()" (&)™
0 E' k=0

'y (—1)k(uz>2k—z2} (18)

k=0

% Z (1+aij)\ZiuszZ(Hj))Esz-
i+j=1
The potentia V; at the internal point iseasier to cal-
culate: it will sufficetosetu=0,i.e, U=1,in(5) or
(18). In addition, it may be shown that Eq. (7) definesu
as an implicit holomorphic function of all its argu-
ments. Indeed, in view of Egs. (10) and (16), Eqg. (7)
can be written as
X2 y2 ) y2
+ +2z2° = L. (19)
1+A°U% 1+p°U° u?
Since the second eccentricities are small, we intro-
duce an auxiliary small parameter v:

A% = )\gv, p2 = ugv, (O<v<l). (20)
Then, assuming that
2
—_ 112 _Y _a; 2 Byoo3
w = U", b‘ﬁ’ f(w) = EW —ﬁvw, (21
where
a; = AoX + oy, B = AX +Hgy',  (22)
we derive from Eq. (19)
w—b-vf(w) = 0. (23)

Clearly, the function f(w) given by (21) is a holomor-
phic (even integer) function of its arguments. There-
fore, Eq. (23) hasauniqueroot, which isaholomorphic
(integer) function of b provided that the inequality

[V (w)]

VW <1
lw— bl
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is satisfied on the entire complex plane. Using rela-
tions (21), thisroot can then be represented as a series
(Dubaoshin 1975):

w = b+ vf(b)+vf(b)f'(b)+...
2 2

4 (24)
= y—[l + :’/—4alv + \r/—8(20(f— Blrz)vz},

2
r

where the terms of the third or higher ordersin v were
discarded. Here, a, and (3, are given by (22). Since
U2 =w, we easily find from (24)

U= ‘r—’[1+u1v+uzv2+...], (25)

where

2 4
U, = La, U, =L (7ai-4p,r). (26)
2r 8r

The expansion (24), in which the terms up to v?
inclusive were retained, convergesin view of Egs. (16)
and (20) for al x and y that satisfy the inequality |u| < y>.

Thus, to derive the final expression for the potential
V, requires determining a positive root of the cubic
equation (7) and then, in view of (16), finding the cor-
responding value of U. Integrating expression (18) and
substituting the derived U yields

pVi = P X=X Xy -y Xe-7XD),  27)
wherethe coefficients X, (k=0, 1, 2, 3) are polynomials
for U and the second eccentricities A> and p? (or the
small parameter v), which are presented in Appendix A.
Therefore, theinequality (10) and the convergence con-
dition for the series (25) ensure that the expansion (27)
converges.

Similarly, we obtain for the attractive potential pV;
produced by a homogeneous €llipsoid at the internal
point (U =1)

1 G
pVi =3

wherethe coefficients Y, (k= 0, 1, 2, 3) are polynomials
for the second eccentricities A> and p? (or the small
parameter v), which are also presented in Appendix A.

The convergence of (28) isensured by the same con-
ditions as the convergence of the expansion (27).

Let us substitute the expansions (27) and (28) and
expression (13) for p(p) in formula (9), in which
Egs. (11) and (12) must be taken into account. Perform-
ing elementary operations and transformation of the
integrand, we then obtain, after integration, an expres-
sion for the total potential V. Since we consider a two-
dimensional problem, this expression for V a z = 0
takes the form

PlY*Yo— XY =YY, —2°Ys],  (28)
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_ _ 1 2 2
V=Vs+R, V,= —Q(me + VoY), (29)
R = Z(Rix" + Ryy" + 2Rx’y")
(30)

2
+ S (R + Rey® + 3Ry + BRCY) + .,

where the coefficients V,, ..., Rs, R, are polynomials
for the second eccentricities A? and p?, which are pro-
vided in Appendix A.

UNPERTURBED MOTION OF A MASS POINT
INSIDE AN INHOMOGENEQOUS ELLIPSOID

Consider the plane motion of a mass point P inside
an ellipsoidal body rotating at a constant and relatively
low angular velocity m about the OZ axis. The coordi-
nates x, y, z of this point are referred to a rectangular
coordinate system with origin O at the center of this
ellipsoidal body and with the OX, OY, and OZ axes
along the corresponding principa axes. If point P(X, y, 2)
moves in the equatorial plane of the ellipsoidal body,
which is taken as the principal coordinate plane, then
the problem reduces to solving the system of differen-
tial equations

d’x . dy 2 _ aV
dtz_zmdt_mx_ ox’
d’ d oV ey
ay X mty = &
e +2mdt 3y’

We now turn to expression (29) for the total poten-
tial. Assume that the difference between inhomoge-
neous and homogeneous ellipsoidsis sufficiently small.
Discarding the terms of the order of and higher than €,
we obtain from (29) and (30)

V=V,+R R-= §(R1x4+ Ry + 2Rx%y?). (32)

Therefore, R and V, are called the perturbing function
and the attractive potential in unperturbed motion,
respectively.

Let us now set up the equations of unperturbed
motion. To thisend, we set € = 0 in expression (32) for V.
The system of equations (31) then takes the form

F—Zma +0:x =0,
d2y dx 2 Gy
e t2me 0y =0
Here, we set
gf = VOl—mZ, g§ = Voz—mz. (34)
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Theright parts are positive by virtue of Poincaré'sine-
quality, which is a necessary condition for the equilib-
rium of rotating ellipsoidal figures. Indeed, in our case,
Poincaré's inequality is (Poincaré 1911; Ogorodnikov
1958):
2 G 3,,2, 2
m’ < =22 1- 2+ u)v
(35)

+ ge’é(%é‘ +2hous + 3u§)v2} = ¢".
On the other hand, in view of (10) and (35), we have

m’ < 92 <V <V, gf < 95- (36)
Consequently, Eqg. (34) hold, and the angular velocity m
of the coordinate system satisfies the inequalities (35)
and (36).

We now multiply the first equation by dx/dt and the
second equation by dy/dt. Adding up these equations
and performing integration yield an analog of the
Jacobi integral for the system of equations (33) of
unperturbed motion in the form

X
E%—E+ %’§+gfxz+g§y2 = 26y,

where ¢, > 0 isthe integration constant. It follows from
the integral (37) that

(37

01X +gzy” < 2. (38)
Consequently, in the two-dimensional problem, point P
can move inside the ellipsoid under consideration only
inside the ellipse with the semiaxes

a= @, b = @. (39)
(°]] 0>

We now turn to solving the system of equations (33),
whose characteristic equation can be rewritten as
(Matveev 1967)

A'+(Am° +gr + @A +0ig; = 0. (40)

In view of the conditions (36), this equation has purely
imaginary roots. The solution to the system (33) can
then be represented as (Matveev 1967)

C,cospB; + P,C,sinf3,,
P,C,sinf3; + C,cosf3,,

X
y

(41)

where

B,=6t+0,, (n=12), Pi<P<1. (42

Here, C, and g, are arbitrary constants; the roots /\,f =

-eﬁ of the biquadratic equation (40) and the quantities
P,(n=1,2) aregivenin Appendix A.

GASANOV

The orbit (41) can be interpreted as the trgjectory of
the leading center with frequency 6, along an ellipse
with semiaxes C, and P,C, and as the rotational motion
about this center with frequency 6, aong an ellipse
with semiaxes P,C, and C,. Consequently, the orbit (41)
isan elliptical epicycloid.

Note that, apart from ¢, in Eq. (37), we have four
more arbitrary constants C,, and o, (n = 1, 2). However,
in view of the solution (41), we obtain the relation
between ¢, and the constants C, and C, from the analog
of the Jacobi integral (37):

2c, = (P67 +0;)C; + (P36; +03)Cs

2 2 2. 2 2 2 2.2 (43)
= (61 + P19,)Ci + (6, + P70;)C,.

EQUATIONS OF PERTURBED MOTION
IN ORBITAL ELEMENTS
Consider the system of equations (31) where the

perturbing function R given by (32) is nonzero. The
equations of perturbed motion of point P inside an
ellipsoidal body T then take the form

dx_,dy, 2 - OR
dt’ 2Mge + 9% = 5x
d’ d R “
ay X g2y = &8
dz+2mdt+gzy 3y’

In this case, the necessary condition (35) for the equi-
librium of rotating ellipsoidal figuresis (Poincaré 1911,
Ogorodnikov 1958)

m’<g”-eg’, 45)
where ¢ is given by Eg. (35), and g2 isgiven by
2 G_pl 15,2 2
g - = 20 |:1_ 14(7\0 + HO)V
(46)

+ 2 (5N + 6A G + Su)v° |

Here, we took into account the conditions (14) and (36).

We solve the system (44) by the Lagrangian method
(the method of variation of constants), which yieldsthe
following system of differential equations:

PCdCe _ | 0R
o dt 00’ )
PCdo,  0R a
o dt ~ aC/ (k=1.2).

Here, the quantity o (see Appendix A) depends on m
and the roots 6,. This system is called the system of
equations of perturbed motion. Multiplying thefirst equa
tions by do,/dt and the second equations by —dC, /dt, per-
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forming summation over k = 1, 2, and integrating the
derived equations, we obtain the first integral

(48)

Let us now introduce new action-angle variables L,
Q,andl, q:

R = ¢, = const.

_ 1 2 2 _ 1 2
= 20(P1C1+ P,C3), Q= 20P2C2, 49)
=B, q=pB-PB
The system of equations (47) then takes the form
gl__ = a_l_? g! =0 _a_l_?
dt o’ dt ' oL’
_ (50)

dQ _ 0R dq _ —0.-9 _0R
dt ~ aq’ dt 271 9Q
Thisisthe system of equations of perturbed motion
in the new variables.

Note that for € = 0 (L = const, Q = const), i.e., in
unperturbed motion, the analog of the Jacobi integral
(37) inthe new variablesis

Co = 6,L+(6,-6,)Q. (51)

Now, using Egs. (30) and (41), we express the per-

turbing function R in terms of the action—angle vari-

ablesL, Qand|, qgiven by (49). Averaging R over the
rapidly changing variable | gives

R= Z(R1X4 + Ry + 2R;x°y?)

(52)
= K, + K;sing + K,cos2q,
with
Ko = &(8,Q° + 25,LQ +E5L7),
K, = €(,Q(L-Q), (53)

Ky = eJQ(L-Q)[N,Q+n,(L-Q)].

Thequantities,, &,, ..., ; are provided in Appendix A.
In this case, thefirst integral (48) is

Ko+ K;sing + K,cos2q = ¢, (54)
from which it follows that
K,cos2g = ¢, —K,—K;snq,
2 q 1 0 139Ing (55)
4K,sing = K; + E(Q).
Here,
E(Q) = JQ(L-Q)Y(Q), 56)

Y(Q) = +,/E,Q*+ 2E,Q + E,.

The coefficients E, (k= 0, 1, 2) are given in Appendix A.
Next, substituting the expression for the perturbing
ASTRONOMY LETTERS Vol. 27
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function R from (52) into the system of equations (50)
and taking into account relations (55) in the derived
equationsyield

=0 L =evQF©O),
A= g, +eF,(Q), 99=16,-6,+¢cF,(Q) o7
g - T ERQ gy = 8- 0ireR(Q),
where
F(Q)

= 180 -9 - @+ ni(L-Q) + QT

— 2
FAQ = a0+ aQ+ .

L
_%8]2"'”1_%%“(?)1

_ bz Lone
and the coefficients a, and b, (k= 0, 1, 2) are provided
in Appendix A.

We obtain another first integral directly from the
system (57):

L = const. (59)

We now change the variable Q to the new variable u
by using the substitution

Y(Q) = +.JE,Q*+ 2E,Q +E, = iE(QEz+ E,—u),

2 (60)
(E,>0).
Hence, it follows that
2
u —-2E,u+D 2
Qz——z—éif—_’ D = E;—E,E,>0. (6])
Consequently, (57) transforms to the system
du
= gAdt,
NP (u) (62)
d(u) = —(u" + 05U’ + a,u’ + ogu+ ay),
dl W W3 W4 |:|
+ + +—+ S S
a - o sgN Wau 3 —u u—v,0
dq S
= =0,-06,+ + ot
dt 9.-6, Sg% vl—u u—v, 63)
s>, S0
u-vy u-v,U
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ThequantitiesA,, a,, W, S, and v, are given in Appen-
dix B. The polynomia ®(u) from (62) can be repre-
sented as

®(u) = (Uz—u)(U—uy)(u—u)(u-u,), (64)

whoseroots u, (k= 1, 2, 3, 4) were determined by Fer-
rari’s method and are given in Appendix B. These roots

and the quantities v, satisfy the conditions
Vi>U3>u>U,>v,>0>va>u >u,> v, (65)

Therefore, integrating Eq. (62) yields (Gradshteyn and
Ryzhik 1971)

A (t—-ty) = I«/W

F(9, k),

(66)
_ 2
«/(Us —U;)(Uy—Uy)

where F(¢, k) isan elliptic integral of the first kind. In
addition, we have

_ - (uy—Uy)(uz—)
*= arCS'”J(us—uo(u—uz)’
=/\/(U3_U4)(U1_U2)

(uz—uy)(uy—uy)’

If we use the Jacobi elliptic functions, then we have, in
view of (67),

(67)

sing = snw, w = B,(t—tp),
€ (68)
B, = éAl«/(Us—U1)(U4—U2),
which gives
U = Us(Uy = Up) + Up(Us — Ug) SN°W (69)

u,—u, + (ug— u4)sn w

The last equality can be used to determine the variable
Q from (61). Next, using Egs. (66) and (68), we can
represent the solution of the system (63) as (Gradshteyn
and Ryzhik 1971; Sikorskii 1936; Zhuravskii 1941)

4
| = I0+(91+slo)t+sz 1,1(d, s, K),
n=1 (70)

4

= 0o+ (6,-8, +edo)t+e % JiM(9, o k),
n=1

where
" dw
(¢, Wy, k) = [————,
-([1+Wnsnzw (71)
W, = {sy v} (n=1234)

GASANOV

is an eliptic integral of the third kind, and the coeffi-
cientsly, Jo, |, and J,, aswell as the parameters s, and
Yo (n=1,2,3,4), are provided in Appendix B. Conse-
guently, the solution to the systems of equations (62)
and (63) for Q, |, and g can be represented by Egs. (59),
(61), (69), and (70). Note that in practical problems, its
expansion (Zhuravskii 1941) can be used in place of the
eliptic integral of the third kind:

%lez + gD2k4+

+10B.. (25s—=1) ,2s
2th..2s DKt
The quantitiesD,; (i =1, 2, ...) aregiven in Appendix B.

Thus, the solution to the equations of perturbed
motion (44), in which the perturbing function Risgiven
by Eq. (52), can be represented as

Ao

PP,
= J2P,(L-Q),

Jo [P,Asinl + Bcos(l + )],

NP1P2
B = J2P.Q;

i.e., the solution (41) must be expressed in terms of the
new variablesL, Q, |, and g, which can determined from
the systems of equations (62) and (63) by Egs. (59),
(61), (69), and (70), respectively.

M(, Wy, k) = Do+
(72)

X = ———[Acosl| + P,Bsin(l + )],

(73)

y:

CONCLUSION

We have considered the plane motion of a mass
point inside an inhomogeneous rotating ellipsoidal
body with a homothetic density distribution. The quan-
tity €, which characterizes the difference between inho-
mogeneous and homaogeneous €llipsoids, was taken as
a small parameter. We expanded the force function of
the problem in terms of € to within the second order
inclusive, retaining the fourth-order terms with respect
to the second eccentricities of the ellipsoid in question.
The orbit of the unperturbed motion due to the attrac-
tion from a homogeneous €llipsoid was taken as an
intermediate one. After averaging the perturbing func-
tion, in the expansion of which the terms with €?> and
higher terms were discarded, we solved the differential
equations in orbital elements. In the future, we plan to
carry out qualitative studies.
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APPENDIX A
X, = U[1+U’Eg + U'EgvY,

3

X, = %[1 +U%E, v + U'EVY,
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3

X, = 1+ ULy + U'Env?],
U3
Xg = F[1+ U’Egv + U ExVY,
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1 1
Eor = —5(Ao+ Ho). Eoo = 75(3A0+ 2\gHg + 3Ho),

Exn =—=

3
By =—3

10

9
(3R0+ Ho) Exp = £5(5A + 2AgHo + Ho),

3 9
50+ 3M5), Ex = £2(Ag + 2AHo + 5H),

3 3
Esi = —35(A0 *+ Ho), Eso = £5(3Ao + 2\gHg + 344o),

Yo = 1=2(A+ BV + 25(3N + 2AduE + 3V’

Vo= 3 1= S8 + UV + (s + 20 g + 5oV’

3 9 ]
1-75(3As + Ho)V + 25(5A0 + 2AHo + Ho)V”

3 3 7
125 + MoV + £=(3hg + 2Aolg + 3u3)v2_

G 3
Vg, = %[1—E(3A§+u§)v

+ (5N + A0 + Hav?].

Gp 3
—3—0[1—-16@3 +3p3)V

Vo =
9 .4 2 2 4 2
+ 250+ 20545 + 5V,

Gp, 5 2. 2
= —1-= +
R, . 2[1 14(57\0 Ho)V

# 25(3585 + 10AGHS + 3oV,

_ Gp; 5,2 2
R, = —502[1—1400 +5o)v

+%Bw+mﬁ%+%£wﬂ
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Gp 5
Rs = —?3[1—1—4(37\§+3u§)v
# 55 (5A5 + BAGH; + Sig)v7 .

_ _Gp, 7 2, 2
Ry = _7C4|:1_ 18(7)\0 +Uo)V

+ (630 + 14ATy + 3up)v° |

_ Gp; 7,52 2
Rs = _7C4[1_ 18()\0 +7Ho)V

+éwﬁ+mﬁ%+&%wﬂ

_Gp;

R. =
7t

[1-5(50 +3udv
# 22 (TA + 6NGH; + 3V,
R, = —S-Cp—j[l—-l%mgwug)v
+ g (3N + BN + v,
07 = 2w’ -.Jw’ - 4glgd),

02 = Lwt+ W' —dgled), W = anf+ g+

2mo,
gs-6;

b= 9im6 _
LT 2me,

_@i-g: _ 2m8, _ 2m

P_ = ] - 5
“o2me,  g2_g? 02— 67

2
(0]

& = =Ty
' gpZp?

x [3XP;Ry + 3XP; R, —4P.P,(X + 3P;P,)R,],

P,o°
&, = —5—[3P,(2P,P,~1)

22
1t 2

+3P3(2—-P,P,)R, + 2P, (X + 3P,P,)R,],

2
€5 = —[3R, +3P{R, + 2P{R,],
8P;

X = 1-4P,P,+ P’P5,

2
9) 3
[3P,R, —3Pi1R, =P, (1-PiP;)Ry],

Ny = ————
© o 2p,./P.P,
2
o 3
N, = ———=[3P,R,—3P,R, + P,(1-P,P,)R,],
2P,./P;P,
& = —p.p,13PaR +3PIR— (X + BPiPIR],

E, = (ﬂz—ﬂ1)2—8Z5+811€1,
E, = L[m(nz—m)+4if+811€z],
Eo = N5l +8y(&;L" —cy),

8o = — (81 +28,+ 2E)L — o= (n2+n2),
8%,

a, = —El—ziz—sizl(ni—nf),

nsz
2
a = (& +28,+ &)L _C1+_82Z ,
1
_ L, 2 2
bo = (&1 +2&,)L + 55-(N2—N1),
8¢,
2,2
n,L
b, = &,L%—c¢ +—, b, = —-a,.
1= &3 1782, 2 2
APPENDIX B
N Ny
A =7 Do, = —, (k=0,1,23),
Y8ty Y N

N® = 1622 +d>, N, = 3222d,—4d,d,,
N, = —32Z3(D + 2E,E,L + 2E2) — 4d? — 2Dd,d,,

4D(8L7d;—dody), N, = —D*(16; +dg),

N
dy = nz—m—iﬁ, d; = E;niL—E;(N2—Ny),
d;, = m—mﬂﬁ, d; = E,L + 2E,,

E
Wy = — (& +28,+2&3)L + -E—i(EHZEz)
— L (N +N)LE, Tn,LE,/E + (N2 -n)El,
8E,{,
Wi = sz (2 M), + 8L (s + 28],
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W, = —ggE (M + n0)do + 8L, (E: + 28],

1
8(4(V1—Vy)
(k=1,2),

Wyio = (szlf"'fle—sz)v

L
S = Gr2ete e, 5 =,

(k=1,2),
-1 1 2
Sii2 = 87, V,— 3(thk+2‘*'|'11V|<+2—th),
(k=1,2).
The coefficients &, ..., {;, Ey, E,, and E, are given in

Appendix A. In addition,

2 = nzl—$«/€2,

f, = 16,4, [ (8, + 28, +E;) L —cy] + 2E,n5L7,

h, = n,L ¥ .JE,, hy = 16E,4,(8,L° —cy) + 2E,n; L7,

Vio = Er+E L+ [E,JE,L" + 2E,L +E,,
Vas = E + . JEE,,

1
Uy = 5(=kot ki —4ko),

1 2
U4 = i(_eli A€ —4€),

E.E, >0,

2

=% g, =Ly _q =12 g
P2 2 2tY, Pa 2Y1 1 Po 4Y1 0

Here, y, isone of the real roots of the cubic equation

3 2 2 2
y1— QY + (003 —4d)y; — 0300+ 40, —a; =0

or p; — 4pp, = 0.
In addition, the following conditions are satisfied:
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0,<0, 03>0, 0,>0, a,>0, k;>k,>e,>0,
e,<0, e'—4e,>0, ki-4k,>0, p,>0,
__U4—U3 = u—2 = =
51—u4_u2’ S, 51u31 S3 = Y. S5 = Yo
Vh—U
+ > =
18>0, o = Sipi—7%,
U<uU;<u,su<us;, 1+vy,>0, n=1234,
W W W
lo = Wo+ Wyl + —2+ —2— + —2
u V;—U, Uy—
S . <. S
=S+ +
o = S Vi—U, Zuz—vn’

_ i'«/Ez(Ua—Uz) 1
«/(U3_U1)(U4_U2) EoN

1 = M[(n2+ny)d,+8((&; +28,)],

12 = M=2[(n,+n;)do + 8Z4(E, + 28,)],
243

2E2 1
Iy s (f,v +f v,—Df),),
v v s LA
e = —lsan (k=1,2),
2E,M 1
b2 = (-1)"=3
Ine2 == ) Va=V3a(Vpio—=Up)(Vpyp—Ug)

X (hzvn+2 +h,v,,,—Dhy),
(n=1,2).
The quantities W, S, and f,, h, (k = 1, 2) were
defined above.

1
D, = arctan(,/1 + w,tand),
0 ,—1+Wn n

1+Wn>oa W, = {Smyn}a

To=1¢,

1
Ds+1 = V\_ln(TS_DS)’

2s+1 1

. 2s+1
5et 5 5_25+2005¢Sm ¢.

Ts+1 =

Trandated by A. Kozlenkov
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Nuclear Activity of NGC 4151
as|Inferred from UBVRI Observationsin 1989-2000
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Abstract—We present our broadband UBVRI observations of the nucleus of the Seyfert galaxy NGC 4151
from 1989 until 2000 at three astronomical observatories: the Crimean Station of the Sternberg Astronomical
Ingtitute, the Special Astrophysical Observatory inthe Caucasus, and the Maidanak Observatory of the Ulugbek
Astronomical Institute in Uzbekistan. All data have been reduced to a single system and are given for an
A=27"5 aperture. Regular R and | observations show that the pattern of optical variability isthe samein all
bands; the relative variability amplitude decreases from U to V, but it is even dlightly larger in Rthanin V. The
variability amplitude of the component fluctuating on time scales of several monthsis proportional to the UBV
flux from the component varying on times scal es of several years. The correl ation between the slow and rapid com-
ponents significantly weakens in the red, and no correlation has been found between the flux from the slow com-
ponent and the amplitude of the rapid component in R. The color characteristics correspond to the recombination
radiation from an optically thick plasmabeyond the Bamer limit. © 2001 MAIK “ Nauka/Interperiodica” .
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INTRODUCTION

The Seyfert galaxy NGC 4151 is one of the most
interesting and best studied galaxies with active nuclei.
Substantial nuclear variability of NGC 4151 has been
found in the entire electromagnetic spectrum. Since
much observational data are available on NGC 4151,
this galaxy is used to test various theoretical models.
It istherefore of great interest to systematically supple-
ment the existing database with new observations.

Over the last 30 years, many observations of the
NGC 4151 nucleus have been carried out with a UBV
photometer at the Crimean Station of the Sternberg
Astronomical Institute (SAl). Here, we present our
magnitude estimates for this galaxy not only in UBYV,
but also in the near infrared (Johnson’s Rl bands) made
in 1989-1999 at three observatories. the Crimean Sta-
tion of the SAI (below called Crimea for short), the
Maidanak Observatory of the Ulugbek Astronomical
Ingtitute in Uzbekistan (Maidanak), and the Special
Astrophysicd  Observatory in the Northern Caucasus
(SAO). All data were reduced to a single system. We
briefly describe the telescopes and photometers used dur-
ing the observations, CCD image processing techniques,
and our results. We al so analyze these observations.

* E-mail addressfor contacts; doroshen@sai.crimea.ua

OBSERVATIONS

Most of the data in the wavelength range 3500 to
7000 A with broadband filters were obtained by using
photometers with photomultipliers as the detectors.
However, the wide use of CCD-based solid-state light
detectors in astronomical observations has allowed the
photometric variability of extragalactic objects to be
investigated not only with relatively small telescopes
(D = 40-60 cm), but also over a broader spectral range
up to 20000 A.. With the application of CCD detectors,
it has become possible to obtain reliable results for
objects fainter than 14—15™, which seemed problematic
when using photoel ectric methods of observations.

Crimea

The Crimean observations before 1997 had been
carried out with a photon-counting UBV photometer
attached to a 60-cm Zeiss telescope in an instrumental
system close to Johnson’s standard photometric system
[see Lyuty and Doroshenko (1999) for details].

A photometer with a thermoelectrically cooled ST-6
375 x 242 CCD camerawas put into operation in 1997.
The final image scale on the detector with a reducing
lensis 18 per pixel. The instrumental field of view is
9'5 x 7:2. The photometer is equipped with broadband
filters that reproduce a UBVRI system close to
Johnson’s standard photometric system.
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Maidanak

The observations at the High-Altitude Maidanak
Observatory in Uzbekistan were performed with two
60-cm Zeiss reflectors and a 48-cm reflector (AZT-14).
All three telescopes were equipped with identical
pul se-counting photometers. The detector was a photo-
multiplier (FEU-79). The measurements were made
with standard UBVR filters in Johnson’'s system. The
working apertures were 242, 275, and 26" in diame-
ter for the two Zeiss-600 and AZT-14 telescopes,
respectively. In order to determine the atmospheric
extinction coefficients and the color coefficients of
transformation to Johnson's standard photometric sys-
tem, we observed about ten standard stars from the list
of Landolt (1983) on each night. The photometric
reduction was performed by using the procedures
developed by Nikonov (1976). The observational
errors were no larger than 07035 in U and no larger
than 07015in B, V, and R.

SAO

The need for photometric studies of active extraga-
lactic objects at SAO at a heavy workload of the 1-m
telescope stimulated the creation of a photometric com-
plex based on the Zeiss-600 telescope, which had been
rarely used before 1996. The properties of this tele-
scope in combination with stringent requirements for
the guiding quality necessitated the creation of an auto-
matic photometer with off-axis guiding and a telescope
control system that would allow automatic telescope
guiding during an exposure. Such a photometric com-
plex had been constructed by mid-1997. Using aliquid-
nitrogen-cooled low-noise 1040 x 1160 CCD detector
in combination with the ability to take exposures up to
3040 min without any deterioration of theimage qual-
ity because of guiding allowed stable direct images
with a magnitude limit up to 22™ to be obtained and
18-19™ objects to be photometered with a 0705 accu-
racy (Amirkhanyan et al. 1997).

The detector image scale is 0745 per pixel, and the
full instrumenta field of view is 7.5 x 8.5. A small-
sized CCD array isused asthe guider detector; it issen-
sitive enough to perform reliable guiding with 10-11™
stars at a mean integration time of 2-3 s. Guiding stars
arechosenina~1° field by using atwo-coordinate slide
in polar coordinates.

In order to speed up the signal readout from the
detector and to reconcile the pixel resolution with the
seeing, we used a procedure for the signal addition on
the detector by pairs in each coordinate during our
observations. Asaresult, the data sampling was 079 per
pixel, in good agreement with the mean seeing (15—
2'5).

The photometer is equipped with a set of broadband
BVRI filters. The instrumental photometric system dif-
fers only dlightly from Johnson—Cousins' international
system used in CCD photometry. We derived equations

for transformation of the instrumental system to the
international system by observing several star fields
with measured UBVRI magnitudes for many stars.

Apart from the objects under study, we took expo-
sures of the bright dawn and dusk sky and frames with
only an electronic zero and dark current during our
CCD observations.

DATA REDUCTION TECHNIQUE

The procedure for reducing the photoel ectric obser-
vations performed over almost half a century is stan-
dard and requires no special explanation.

The reduction technique for CCD observations dif-
fers markedly from the methods of reducing photoel ec-
tric observations. However, stable image processing
methods have also been developed over the ten years
of using CCD detectors in astronomy, which have
some peculiarities at each observatory, though. We pro-
cessed our CCD images by using the software devel-
oped at SAO. Its main features were described by
Vlasyuk (1993).

Primary Data Reduction

The primary image processing involves subtracting
a dark frame from the origina image averaged over
several integrations and dividing the result by an image
with a uniformly illuminated field. These procedures
enable us to remove most of the so-called “hot spots,”
i.e., pixelswith an enhanced thermal charge generation,
and to allow for a nonuniform detector sensitivity from
pixel to pixel. Uniformly illuminated fields in each of
the bands can be produced both by integrating the sig-
nal from a sufficiently bright dusk or predawn sky and
from auniformly illuminated screen in the tower.

In general, the sky-background nonuniformity in the
preprocessed images does not exceed afew percent and
mainly results from stray light around bright stars and
in the photometer itself. For the required accuracy of
photometrically measuring the object under study and
reference stars to be achieved, these deviations must be
eliminated. To this end, we broke down the entire
image into 5-7" fragments and estimated the local
background in them. The possible additional contribu-
tion from field objectsto afragment isinferred fromthe
statistical propertiesof itssignal. If theinferenceis pos-
itive, the current fragment is excluded from the subse-
guent analysis. This procedure yields a compressed
image with “clean” background values and with values
marked as “polluted.” Smoothing thisimage and filling
the “polluted” values by fitting the adjacent “clean”
values yield a fairly smooth image. Using the bilinear
interpolation method, we reconstruct the array of the
original size from this compressed image, which is
assumed to be the true background image. Using
adjustment parameters, such as, for example, the size of
the original fragment and the deviation level in astatis-
tical analysis, alows us to cope with residual back-
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ground nonuniformities. When extended sources
whose images occupy much of the frame (as, for exam-
ple, NGC 4151) are measured, the part occupied by the
galaxy imageis separated from theframe and is consid-
ered “polluted” (in the above terminology), while the
smoothed background is constructed from the remain-
ing part of the image, as described above.

CCD Photometry of Objects

The choice of method for photometric measure-
ments of the objects under study was determined by
two factors: the need to measure both extended and
starlike objects and the need to allow for the possible
distortions of the true values due to cosmic-ray particle
hits and residual detector defects.

We used the method that proved to be good in pho-
tographic data reduction after dightly adjusting the
basic parameters. It is based on signal integration in
annuli of increasing size with afixed center at the bary-
center of the measured object. By analyzing the distri-
bution of values in each annulus, we can identify and
remove distorted values. The integration procedure in
increasing annuli terminates when the total flux, which
is compared with the dispersion of the background val-
ues near the measured object, does not increase in the
aperture. Having analyzed the brightness distribution in
the annuli, apart from the object’s total flux and sizes,
we determined its accurate coordinates, shape, and
fluxes in the apertures chosen. The procedures
described above are applied both to the sources under
study and to the reference objects used for photometric
calibration.

Calibration of the Instrumental System

Aswas aready mentioned above, in order to convert
the instrumental ubwvri system for CCD detectors to
Johnson’s (UBVRl ;) or Cousins' (R:lc) standard inter-
national system, star fields with small angular sizes
containing a sufficient number of stars with good pho-
tometric measurements should be observed.

In Crimea, we used the open cluster M 67 for this
purpose, which was observed on five nights during
1998-1999. The seeing on different nights ranged from
1"5t0 3". Inthe observed 4' x 4.5 region, we measured
~20 stars of different spectral types and different
brightness from V= 9770 to V = 147'34. We estimated
the standard UBVRI magnitudes of these stars by aver-
aging data from severa published sources (Johnson
and Sandage 1955; Eggen and Sandage 1964; Schild
1983, 1985; Joner and Taylor 1990; Chevalier and
llovaisky 1991; Gilliland et al. 1991; Montgomery
et al. 1993; Anupamaet al. 1994). Since the methods of
differential photometry are mainly used to process
CCD frames, we measured cluster stars relative to one
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of the stars at the frame center when calibrating the sys-
tem. We sought for alinear relation by least squares:

AVg, = C,Av + C,A(b-vV),
AVyg = C,Av + C,A(v =),
A(B-V) =C,A(b-vV),
A(U-B) = C,A(u-Db),
A(V-R) = C,A(v —r),
A(V-1) = CA(v —1i).

The broadband R and | filters used in Crimea repro-
duce Johnson’s system better. Since the Rand | magni-
tudes of stars in many published sources are given in
Cousins' system, they were first reduced to Johnson’s
system by using equations from Landolt (1983). Asare-
sult, we obtained the following equations for the trans-
formation of instrumental magnitudesto Johnson’s stan-
dard system:

AV,, = 0.987[0.005]Av + 0.083[0.019]A(b— v),
AV, = 0.984[0.005]Av + 0.088[0.018] A(v —r),
A(B-V) = 0.777[0.012]A(b—Vv),

A(U —B) = 0.995[0.047]A(u—b),
A(V—R;) = 0.809[0.016]A(v —r),
A(V —1,) = 1.050[0.008] A(V —i).

Here, ubvri and UBVRI refer to instrumental magni-
tudes and to the standard system, respectively. The
errors in the coefficients are given in sguare brackets.

The BVRI cdibration of the SAO CCD photometer
differsonly in details. For example, the star fieldsin the
clusters NGC 2419, NGC 4147, NGC 7006, and M 92
were used for calibration. According to these observa-
tions, the instrumental photometric system differs from
Johnson (BV)—Cousins' (RI) international system by no
more than 5-7%.

RESULTS

Thus, al observations at the three observatories (the
Crimean Station of the SAI, SAO, and the Maidanak
Observatory) and the subsequent datareduction yielded
several series of internally homogeneous UBVRI mag-
nitude estimates for the nuclear region of NGC 4151.
Our next step was to obtain a single data series as
homogeneous as possible. The point is that the aper-
tures used during the Maidanak, SAO, and Crimean
measurements were dightly different. Consequently,
the actual contribution of the galaxy’s stellar radiation
to each of these series was different, which made the
combined series in each band inhomogeneous. In addi-
tion, despite the reduction of all instrumental photo-
metric systemsto Johnson’s standard system, some dif-
ferences remained in practice. This could also result in
inhomogeneity of the combined data series. So, we
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reduced the problem of producing ahomogeneous UBV
seriesto calculating the coefficients of linear regression
between the Crimean series as the most complete and
homogeneous one, on the one hand, and all the remain-
ing series, on the other hand. The magnitudes werefirst
transformed to fluxes. The most reliable data intercali-
bration is made if there are many common dates of
observations between different observatories.

We encountered some difficulties when matching
the R fluxes, because there were large breaks in the
Maidanak observations started in 1989 and because the
Crimean and Caucasian R observations began only in
1997 and 1998, respectively. On the other hand, the gal-
axy's mean brightness varied nonlinearly in 1989—
1999, and, consequently, a linear interpolation could
not be directly used to join these data. To combine
them, we used the R measurements during 1989-1996
published by Merkulovaand Metik (1993, 1995, 1996)
and unpublished data on the continuum flux near Ha in
1991-1998, which were kindly made available to us by
S.G. Sergeev. These two series helped uscombineall R
observations into a single series. From tactical consid-
erations (because systematical observations of this gal-
axy will also be subsequently carried out in Crimea),
we took the observations at the Crimean Station of the
SAIl with the A = 27".5 aperture as the basis.

In the | band, we have only CCD observations at the
Crimean Station of the SAl (December 1997—October
1999) and the published observations by Merkulova
and Metik from February 1989 until June 1996. How-
ever, these two series cannot be unambiguously joined,
because they do not coincide in time.

The nightly mean combined UBVRI magnitudes of
NGC 4151 in the A = 27"'5 aperture are given in the
table!. The observatories are abbreviated as follows:
SAlp and SAlc for the Crimean photoel ectric and CCD
observations, respectively; and Mdn and SAO for the
Maidanak photoelectric and SAO CCD observations,
respectively.

ANALY SIS

Figure 1 shows the UBVRI light curves of
NGC 4151 as observed from 1989 until early 2000. We
see that, in 1989-1996, the nuclear brightness rose
against the background of significant variations whose
amplitude reached 078 in U, 075in B, and 073 in VRI
during some events (on time scales of several months).
After 1996, the brightness started to gradually decline
together with shorter time variations of approximately
the same amplitude as that during the brightening. The
entire episode of brightness rise and decline in 1989—
2000 [called cycle B by Lyuty and Doroshenko (1999)]
appears as an extraordinary event against the back-
ground of previous (cycle A) photoelectric observa-

1 The table is published in electronic form only and is accessible
via ftp cdsarc.u-strasbg.fr/pub/cats/J (130.79.128.5) or http://
cdsweb.u-strasbg.fr/pub/cats/J.

tions of the galactic nucleus, which are shown for U in
Fig. 2 for comparison. We see from Figs. 1 and 2 that
the nuclear brightness in al bands is currently
approaching its minimum value during the lowest
activity in 1985-1989. The preceding activity cycle
lasted much longer (>20 years), though its amplitude
was much smaller than that of cycle B (1989-2000).
Although the light curvesin al bands are similar, note
that the total amplitude of the slow component (in mag-
nitudes) in Ris larger than that in V. Since the number
of | observations is insufficient, we cannot infer the
total variability amplitude in this band.

For the brightness of the variable nuclear source
itself to be analyzed, the contribution of the stellar radi-
ation within the A = 275 aperture must be eliminated.
In UBV, we used the magnitude estimates for the stellar
component from Lyuty and Doroshenko (1999)
obtained from multi aperture photometry Wlth A=27"5:
U, = 12. 799, By = 12. To1, and V, = 11. 799. To esti-
mate the stellar contribution in Rand I, we used multi-
aperture data from McAlary et al. (1983) and deter-
mined the magnltudes of the galaxy’ S stars W|th
A=27"5R =11. 745+ 0712 and 1, = 10791 + 0712,
A comparison of the R surface brlghtness distribution
deduced from multiaperture observations with the sur-
face brightness distribution measured from CCD obser-
vations (De Robertis etal. 1998) reveded excellent
agreement between these distributions. Having sub-
tracted the corresponding stellar fluxes from the
observed fluxesin A = 27" 5, we obtained the variability
of the central nuclear source in pure form.

Figure 3 shows tempora variations in the UBVR
fluxes from the central source. The minimum fluxes
from the nucleus are ~6-8 mJdy in all UBVR bands. The
maximum UBYV fluxes are about 95-80 mJy; the peak R
fluxes are considerably higher. The jaggedness of the
light curve on its ascending and descending branchesis
virtually the same. In late 1999, the U and B fluxes
amost reached their 1989 levels. However, the nucleus
had not yet faded to its minimum level in R.

The assertion that the light curves for the nuclei of
Seyfert galaxies exhibit at least two types of variability,
a slow variability component on time scales of severa
years and a rapid component in the form of outbursts
lasting for several months, has been universaly
accepted. Almost the entire history of research on the
nuclear variability of Seyfert galaxiesisassociated with
efforts to understand the relationship between these
components. Do they differ in physical nature (in that
case, thereisno relationship between them) or are these
variability components related (in that case, they may
belong, for example, to the same source)?

Lyuty and Doroshenko (1999) assumed the light
variations in the slow component (on time scales of
severa years) to be associated with the state of the
accretion disk. If the more rapid light variations (on
time scales of several months) are also associated with
the processes in this disk, then the amplitude of the
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Fig. 1. UBVRI light curves of NGC 4151 in 1989-2000 with an A = 27".5 aperture.
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Fig. 3. UBVR light curves of the variable source in 1989-2000. The flux in the corresponding band is along the vertical axis. The
intervals for individual events analyzed in the text with event numbers are indicated by horizontal bars.
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equation Fy = aFg + b, (b) for the regression Fg/Fy/, and
(c) for the regression F\/Fr. The event number is along the
horizontal axis. The corresponding parameters averaged
over the entire data set are indicated by dashed lines.

more rapid variability can correlate with the brightness
of the slow component. In order to test this assumption,
we selected 16 small outbursts at different phases of the
11-year “superoutburst.” The time intervals of these
individual events are marked in the U light curve of the
nucleus in Fig. 3 (from N = 0 to N = 15). For these
events, we estimated the mean fluxes and variability
amplitudes and analyzed flux—flux diagrams in al
bands.

Our analysis of the flux—flux diagrams for individ-
ual eventsin the variable source over the entire period
since 1989 shows (Fig. 4) that, within the limits of the
observational errors, the slopes of the regression lines
Fu/Fg, Fg/Fy, and F/Fx for al events are close to the
mean value, with the possible exception of some events
in U on the ascending branch of the light curve. This
implies that, when the brightness changes from one
event to another, the spectral energy distribution of the
central variable source is generaly constant in the
UBVR range. Some difference between the free and
zero terms in the regression equations is most likely
attributable to small errors in the contribution of the
underlying galaxy (from 2 to 19% for the bands
fromU toR).

On the other hand, the amplitude of outbursts on
time scales of several months (in mJy) in UBV was
found to correlate well with the mean flux during out-
burst: the brighter the nucleus, on the average, the more
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Fig. 5. Correlation between the variability amplitude during
each individual event and the mean flux for UBVR (r isthe
correlation coefficient with its error).

intense are its outbursts. This is not the case in R, as
shownin Fig. 5. We cannot reach any definitive conclu-
sions regarding the behavior in |, because the number
of observations is insufficient. The coefficients of cor-
relation between the amplitude and the mean flux dur-
ing outbursts for UBVR are 0.85 + 0.08, 0.86 + 0.07,
0.76+£0.12, and 0.33 = 0.26, respectively. Such an anal-
ysisfor cycle A in UBV for 14 events on the sametime
scale revealed a correlation between the mean fluxes
and amplitudes of outburstsin U (r = 0.76 £ 0.12) and
alesssignificant correlationinBand V (r =0.66 £ 0.16
and r = 0.68  0.16, respectively). It should be noted
that the total amplitude of the Slow variationsin cycle A
is haf that in cycle B. On the one hand, this may be
the reason why this correlation is less pronounced
in BV, but, on the other hand, there may also be other
objective factors that cause the correlation between the
outburst amplitude and the mean flux during outburst to
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gradually weaken from U to V. The flux fluctuations on
time scales of severa months appear to be actually
related in some way to the slow (on time scales of sev-
eral years) UBV flux variations.

Note that Lyuty and Oknyanskij (1987) previously
found asimilar correlationin U for cycle A whileinves-
tigating outbursts with amplitudes AU > 07'3. They also
concluded that, the higher the mean level of the slow
component, the larger the outburst amplitudein U; i.e.,
the outburst amplitude is modulated by the phase of the
slow variations. Our data independently confirm this
correlation in U for cycle A. For cycle B, itis seenin
UB and V. However, a gradual weakening of this corre-
lation from U to V and the absence of any correlationin
R may imply that a different factor, which breaks the
detected correlations for UBV, begins to dominate as
one goes to the red spectral range. Such afactor can be
the presence of another independent variable source,
which shows up precisely in the near infrared and whose
existence was hypothesized by Lyuty et al. (1998).

For the 14 events of cycle B under consideration, we
constructed two-color (U-B)—«B-V) and (B-V)«V-R)

diagrams. The interstellar extinction toward and inside
the galaxy was discussed by Lyuty and Doroshenko
(1999), who assumed it to be A, = 1™. We corrected the
colors for this extinction when constructing the two-
color diagrams. Since our | observations are few, we
combined the | magnitudes into six groups in order of
declining brightness and included the corresponding
U-B and V-I colors in the (U-B)—(V-l) diagram. The
diagrams are shown in Fig. 6. It follows from an analy-
sis of the diagrams that the points corresponding to the
colors of the NGC 4151 nucleus lie above the line for
synchrotron radiation and a blackbody. A comparison
of these diagrams with the diagrams for different types
of radiation for Chalenko (1999) leads us to conclude
that the colors of the NGC 4151 nucleus most likely
correspond to the radiation from an optically thick
plasma beyond the Balmer limit.

CONCLUSION

We have presented our observations of the nucleus
of the Seyfert galaxy NGC 4151 from 1989 until 2000
ASTRONOMY LETTERS Vol. 27
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at three astronomical observatories: the Crimean Sta-
tion of the SAI, the Special Astrophysical Observatory
in the Northern Caucasus, and the Maidanak Observa-
tory of the Ulugbek Astronomical Institute in Uzbeki-
stan. All data were reduced to a single system and are
given for an A = 275 aperture. As a result, we were
able to obtain a homogeneous 10-year-long series of
UBVRI magnitude estimates for the nucleus. Adding RI
observations shows that the pattern of optical variabil-
ity in al bands is the same; the relative variability
amplitude decreases from U to V, but it is larger in R
than in V. The variability amplitude of the component
fluctuating on times scales of several monthsis propor-
tional to the UBV flux from the component varying on
time scales of several years. The correlation between
the slow and rapid components significantly weakens
in R, in which no correlation was found between the
flux from the slow component and the amplitude of the
rapid component. The color properties of the radiation
correspond to the recombination radiation from an opti-
cally thick plasma beyond the Balmer limit. This is
consistent with the previous assumption (Lyuty and
Doroshenko 1999) that the increasein optical luminos-
ity of the nucleusfrom 1989 until 1996 resulted from an
increase in the size of the accretion disk around a mas-
sive black hole at the center of NGC 4151. Thefact that
some peculiar features in the behavior of the variable
source (for example, the absence of any correlation
between the variability amplitude of the fluctuating
component and the flux from the slow component)
show up in R may be attributable to the effect of an
intermediate source, which manifestsitself in the wave-
length range 0.5-1 um. This source was investigated by
Lyuty et al. (1998).
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A Photometric Study
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Abstract—We analyze our BVR, photometry for UGC 5600, a candidate polar ring galaxy, obtained with the
6-m telescope. We have confirmed the existence of an inner polar ring and show that the outer ring-shaped struc-
ture represents spiral arms; i.e., UGC 5600 belongs to the rare class of gas-rich spiral galaxieswith inner polar

rings. © 2001 MAIK “ Nauka/lInterperiodica” .
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INTRODUCTION

In the catalog of polar ring galaxies (Whitmore et al .,
1990), the peculiar galaxy UGC 5600 was included in
group B, composed of the most likely candidates for
polar ring galaxies. Its main body is an amorphous
40" x 30" disk surrounded by an outer clumpy ring
seen almost face-on. It is noted in the catal og that there
isanarrow inner polar ring in a direction perpendicular
to themagjor axis. The distance to the galaxy is 37.6 Mpc
(for Hy, = 75 km s Mpc™); the scale corresponding to
thisdistanceis0.18 kpcin 1".

UGC 5600 isamember of adouble system (VV 330).
Its companion, the galaxy UGC 5609, lies at a distance
of 1'4 (~15 kpc in projection onto the plane of the sky)
to the southeast and has a radial velocity differing by
~100 km s (de Vaucouleurs et al. 1991; RC3).

Spectroscopic  observations (Reshetnikov and
Combes 1994) show that the inner and outer rings are
rich in gas. Along an axis close to the major axis of the
inner ring, the emission lines extend to a distance of 6
kpc; the changesin radia velocity can be explained by
rotation of the gaseous component around the galaxy’s
major axis. The radial-velocity curve along the major
axisis complex in structure. The emission spectrum of
the nuclear region in UGC 5600 is characteristic of
giant H Il complexes.

Since this galaxy has not been photometrically
studied in detail, we have included it in our program
of observations of polar ring galaxies under way at
the Astronomical Institute of St. Petersburg State
University.

* E-mail address for contacts: narka@gong.astro.spbu.ru

OBSERVATIONS AND DATA REDUCTION

Our photometric observations of UGC 5600 were
preformed with the 6-m Special Astrophysical Obser-
vatory (SAO) telescopein Johnson’s B and V and Cous-
ins's R, bands. A log of observationsisgivenin Table 1.
In all cases, the seeing was ~2".

The detectors were two CCD arrays. The 1996
image was obtained using a K983 530 x 580 CCD
(pixel size 18 x 24 um) with areadout noise of 12-20 €.
The pixel angular sizewas0" 15 x 020, and the field of
view was 1'3 x 2!0. The 1997-1998 observations were
carried out using an ISDO17A 1050 x 1170 CCD array
(pixel size16 x 16 um, or 0" 14 x 0" 14 in angular units)
with a readout noise of 7 e~. During each night, we
observed standard starsfrom thelistsby Landolt (1983)
and Smith et al. (1991) for calibration. Mean transpar-
ency coefficientsfor the SAO were used to correct mag-
nitudes for the atmosphere.

The observations were reduced at the Astronomical
Institute of St. Petersburg State University using the
ESO-MIDAS software package.

We added up the images in each of the color bands
and used only the three total images in the subsequent
analysis.

RESULTS AND DISCUSSION
The General Photometric Structure

A reproduction of the B-band image for the galaxy
isshown in Fig. 1. The galaxy’s main body, 40" x 30"
in size, is surrounded by a broad outer ring. The inner
boundary of the ring is blurred, whereas its outer
boundary is sharp, as clearly seen in the photometric
profilesalong the major (Fig. 2) and minor (Fig. 3) axes

1063-7737/01/2702-0074%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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Table 1. Observationa data

Table 2. Basic parameters of UGC 5600

Date Band Exposure, s z, deg
Apr. 23, 1996 \% 600 46
Feb. 4, 1997 B 400 35
B 400 35
\% 600 35
Y, 600 35
Re 600 35
June 24, 1998 B 600 56
\% 600 56
R. 300 56

Distance 37.6 Mpc (0.18 kpcin 1)
Eg v (RCI) 0.00

By 14.45

Vi 13.87
(R 13.35
(B-V) 0.58
(VR 0.52

MO’ B _18.8

Main body: disk

Ho 19.7 m (arcsec)
h 1kpc
Outer ring: spiral arms

Hg 24.5 m (arcsec) 2
B-V 0.3-04

(in both cases, the profiles were constructed by averag-
ing within 1"). The outer size of thering along its major
axis (based onthe26™/0" isophote) is80", and itswidth
is15"-18". Thering structure is clumpy, but the bright-
ness differences are modest. The mean B surface
brightness of the ring is247'5/0".

Structural features of the galaxy’s main body are
better seen on isophotes (Fig. 4). Since the structure of
the galaxy is amost the same in all color bands, we
consider only B-band isophotes.

The inner isophotes have a fairly regular elliptical
shape with dlight distortions on their southern side
approximately to a surface brightness of 222/,
Between the 2272/0" and 2371/0" isophotes, the
brightenings attributable to the inner ring are observed
in the east—west direction roughly parallel to the minor
axis. (Note that a fairly red foreground star distorting
the isophotes is projected onto the ring at a distance of
10" to the west of the nucleus.) A more detailed analy-
sis of the galaxy’s image with different contrast levels
shows that the brightenings can be traced up to the
outer ring; they are lost further out. However, a bright-
ening, which may be an extension of the ring, is
observed in the western part at a distance of 20".

For isophotes fainter than 23"7'5/0", the axial ratio
b/a of the elipses inscribed in the isophotes increases
(0.75 instead of 0.65), and the position angle of the
ellipse magjor axis decreases (—10° instead of 0°). The
changes clearly stem from the fact that these parame-
ters characterize different structures (the main body
and the outer ring) at different distances. Basic charac-
teristics of UGC 5600 are listed in Table 2.

Integrated Characteristics

The galaxy’s total asymptotic apparent magni-
tudes were determined by multiaperture photometry.
We plotted the curves of brightness rise, which agree
with the standard aperture relations for Scd galaxies
from RC3. The following integrated characteristics

ASTRONOMY LETTERS Vol. 27

No. 2 2001

were obtained for UGC 5600: B, = 14.45 £ 0.1, (B-V), =
0.58+0.1, (V-R));=0.52+0.1. Our B, islarger than that
in RC3 (B, = 14.19), but agrees well with that in UGC
(B, =14.4). According to RC3, there is no Galactic inter-
stellar extinction. The derived total colors of UGC 5600
are slightly redder than the mean colors for Scd galax-
ies, although this difference, given the error in the total
color, is unlikely to be statistically significant. If, nev-
ertheless, the reddening is assumed to be dueto internal
extinction in the galaxy, then the extinction in the B
band is ~0.4, and we obtain M, g = —18.8 for the gal-
axy's absolute magnitude, typical of late-type spirals.

E\/N

n .
10, « % A

Fig. 1. A reproduction of the B-band image for UGC 5600.
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Fig. 2. The brightness (a) and color (b) distributions aong the major axis.

The Brightness and Color Distributions

The photometric profiles of the galaxy’s main body
provide evidence for the absence of abulge. InFig. 5, the
profile along the mgjor axis is represented by a disk with
the parameters i, = 19.7 m(arcsec)? and h=5" (~1 kpc).
The central brightness exceeds the mean for normal

gaaxies, |, = 21.7 m (arcsec)? (Simien and de Vau-
couleurs 1986), but is not unusud for interacting galaxies.
The blue regions at a distance of 5" on both sides of
the nucleus, to the south and to the north, are the most
remarkable feature of the color distribution in UGC 5600
(see Fig. 6, which shows the B-V distribution). They
are also clearly seen in Fig. 2 (especidly in B-V). This
ASTRONOMY LETTERS Vol. 27

No. 2 2001
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Fig. 3. The brightness (&) and color (b) distributions along the minor axis.

is evidently a manifestation of the blue inner ring,
which is observed not exactly edge-on. The band is har-
rower and has sharp edges to the south of the nucleus
and broader and more blurred to the north. We can
assume that the blue ring is projected onto the red body
of the galaxy to the north of the nucleus and is seen

ASTRONOMY LETTERS Vol. 27

No. 2 2001

through the galaxy to the south, so that some features
areblurred. That theinternal extinctionin UGC 5600is
modest follows from the two-color diagramsin Fig. 7:
they do not show any noticeable elongation along the
reddening line (several pointsin the lower right corner
of Fig. 7a represent the nucleus itself, where redder
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Fig. 4. The galaxy’s isophotes in three bands at 030"
intervals. The ranges in the bands are from 2071/0" to
25 r315/5” in B; from 19 r.n6/D" to 25 r316/5” in V: and from
1876/0" t0252/0" inR.

1
0 5 10 15 20
R, arcsec

Fig. 5. Representation of the galaxy’s profile along the
major axis (dots) by adisk (solid line).

'

Fig. 6. The B-V distribution over the galaxy (the larger the
color index, the darker the shading).

stars may concentrate). The blue color of theinner ring
is also confirmed by the fact that the observed color in
the regions corresponding to theisophote swellings due
to the inner ring is bluer than that in the adjacent
regions to the south and to the north.

InFig. 7, the datafor the galaxy’s central part (Fig. 7a)
and for the outer ring (Fig. 7b) are plotted separately to
emphasize the differences between the diagrams. Since
the brightness of the outer ring is low, the errors in the
colorsarelarge, causing aconsiderabl e scatter of points
in Fig. 7b. Nevertheless, we can assert that the outer
ring isthe galaxy’sbluest region. The mean color inthis
ring matchesthe colorsof the spiral arms (B-V = 0.3-0.4).
A comparison of Figs. 1 and 6 showsthat the color vari-
ations have nothing to do with the clumpy structuresin

ASTRONOMY LETTERS Vol. 27 No.2 2001
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Fig. 7. Two-color diagrams (a) for the galaxy’s central region and (b) for the outer ring (the direction of the reddening lineisindi-

cated by the segment).

the ring. The latter can be explained by the fact that the
brightnessrise in some regions of the outer ring is most
likely due to fluctuations in stellar density.

A more detailed study of the outer structure indi-
catesthat thisis probably not aring, but spiral arms. To

10”

e

Fig. 8. The B-band brightness distribution with the contribu-
tion from the galaxy’s disk subtracted.

ASTRONOMY LETTERS Vol. 27 No.2 2001

increase the contrast of these features, we subtracted
the galaxy’s disk contribution from the origina imagein
the region of surface brightness higher than p 2272/0"
by using our values for the disk parameters and data on
the galaxy’s flattening. Figure 8 shows the brightness
distribution in the residual image. In this figure, the
structures resembling two arms wound counterclock-
wise around the galaxy’s main body show up more
clearly. One of them begins from its southwestern part,
and the other begins from the northeastern part.

CONCLUSION

Our photometric study has shown that UGC 5600 is
most likely a dust-poor late-type spiral. The inner ring
is apparently a polar ring seen at an angle to the plane
of the sky; it is projected onto the main body on the
northern side and is seen through it on the southern
side. A final confirmation requires data on the rotation
of the stellar component in the galaxy’s main body. The
presence of a polar ring in the late-type spiral, which,
according to spectroscopic observations, isrich in gas,
comes as a surprise. Classica polar-ring galaxies usu-
ally belong to the SO type.
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onto a Neutron Star after Gravitational Collapse
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Abstract—We analytically generalize the well-known solution of steady supersonic spherically symmetric gas
accretion onto a star (Bondi 1952) for an iron atmosphere with completely degenerate electrons with an arbi-
trary degree of relativity. This solution is used for typical physical conditions in the vicinity of protoneutron
stars produced by gravitational collapse with masses M, = (1.4-1.8)Mg and over awide range of nonzero “iron
gas’ densitiesat infinity, p,, = (10°=5 x 10%) g cm3. Under these conditions, we determine all accretion param-

eters, including the accretion rate, whose value is ~(10-50)Mg s at M, = 1.8M, (it isafactor of 1.7 lower for

My = 1.4M,, because the accretion rate is exactly O Mg ). We take into account the effect of accreting-gasrota-
tion in a quasi-one-dimensional approximation, which has generally proved to be marginal with respect to the

accretion rate. © 2001 MAIK “ Nauka/Interperiodica” .

Key words: supernovae and supernova remnants, plasma astrophysics, hydrodynamics, and shock waves

INTRODUCTION

The problem of “iron gas’ accretion onto the so-
called protoneutron star produced by the gravitational
collapse of a stellar iron core arose when one-dimen-
siona hydrodynamic calculations of this process were
performed. It has been found that collapse develops
homologically only within the interior part of a stellar
iron core with mass Mz, = (0.6-0.8)My (see, eg.,
Nadyozhin 1998), while its remaining exterior part
[with Mg, = Mg, — Mg, 0(0.4-1.4)M, because the stel-
lar mass is taken in a wide range, Mg, = (1.2-2.0)Mg]
lags behind in this process and undergoes compara
tively slow gas-dynamical accretion onto the proto-
neutron-star embryo. Accretion for the largest mass
Mg, = 2Mg with neutrino energy losses was computed
by Nadyozhin (1977) for neutrino-transparency condi-
tions. He obtained a characteristictimet,.. (010 s, i.e,

M 00.1Mg s™. The hydrodynamic computation itself
lasted up to ~3 s. The importance of postshock accre-
tion (arebound shock from collapseis generated at the
instant a homogeneous protoneutron-star embryo
forms and generally turns into an accretion shock) was
pointed out in connection with the probable formation
of a black hole in the remnant of SN 1987A (Brown
et al. 1992). Clearly, accretion can facilitate the forma-
tion of ablack hole, at least by increasing the mass of
the central embryo. Estimates of the various authors

* E-mail address for contacts: imshennik@vxitep.itep.ru

cited in the above paper are based on the well-known
steady-state solution by Bondi (1952), because direct
hydrodynamic computations of collapse extend over no
more than 10 s, while the characteristic times in these
estimates are considerably longer, ~10° s.

A similar problem of accretion of the “iron gas’ left
from the exterior part of a collapsing iron core aso
arose when rotation effects were considered. Based on
a quasi-one-dimensional model, Imshennik and Nadyo-
zhin (1992) showed that, for sufficiently rapid initial
rotation of an iron core with Mg, = 2My and with a
proper allowance for neutrino processes, an iron atmo-
sphere with a mass of (0.1-0.2)M, distributed fairly
uniformly over the entire cavity of the initial iron core
with an outer radius Ry, = 4.38 x 10® cm, i.e,, with a
mean density p g, [(5.66 x 10°-1.13 x 10°) g cm3, was
formed. The presumed long lifetime of abinary of neu-
tron stars, which can be produced by the fragmentation
of arapidly rotating protoneutron star with atotal mass
of (1.8-1.9)My, implies that the steady-state one-
dimensional problem of “iron gas’ accretion onto the
more massive neutron star, whose mass is estimated to
be (1.4-1.8)M, (Imshennik and Manukovskii 2000), is
of considerable interest. In this one-dimensional prob-
lem, it also makes sense to take into account rotation by
using the previously developed quasi-one-dimensional
model. It should beimmediately noted that the analysis
may be restricted to a cold (at zero temperature) “iron
gas’, but with an arbitrary degree of relativity of its
degenerate electrons. Clearly, this problem cannot be
reduced to a simple polytropic approximation with a
constant adiabatic index, in which the well-known

1063-7737/01/2702-0081$21.00 © 2001 MAIK “Nauka/Interperiodica’
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solution was obtained (Bondi 1952). Here, we never-
theless analytically generalize the latter solution,
because the specific enthalpy of a completely ionized
degenerate electron gas in an iron atmosphere with an
arbitrary degree of relativity of itselectronsisvery sim-
plein form. The ion component of the “iron gas’ con-
tributes nothing to the equation of state. Note that the
type of ions or even any their mixtureinstead of theiron
ionswith A =56 and Z = 26 considered below is of no
importance for our solution.

STATEMENT OF THE PROBLEM
The System of Hydrodynamic Equations

The system of hydrodynamic equations that
describes the accretion of degenerate matter onto a star
with mass M, in the absence of radiation and without
allowance for the intrinsic magnetic field and the cir-
cumstellar-matter mass compared to M, is

EEH, o

30, divov =
3t +divpV = 0, 2)

V _ 1 ﬂ;‘Mo
— +(VO)V = _BDP_D = —

P = P(p). 3
Here, [, Ois the radial component of the centrifugal

force averaged over the solid angle. It is given by
(Imshennik and Nadyozhin 1992)

2000fo

0= 55

“4)
where theinitial angular velocity wy, with which all the
matter far from the star rotates is constant and does not

depend onangle 6, and j, = worg isthe specific angular
momentum of the matter rotating with angular velocity
w, on the equator.

Equations (1) and (2) can be significantly simpli-
fied, becausethe problem is steady state and spherically
symmetric. In this case, Egs. (1) and (2) take the form
withV, =V

av _ l.d_E_GMo 2Jo
Var = pdr ~ 2 3% ©)
for which
1d,.2 _
r—za(f pV) = 0. (6)

We may write the continuity equation (6) as
M = 41r’pV = const (7

and introduce aconstant A = MT[ , which determines the
rate of gas accretion. The quantity A isthe most impor-

tant parameter of the problem and must be determined
when solving the system of equations (5) and (7).

The Equation of Sate

Below, we use the equation of state for acompletely
degenerate (ideal) electron gaswith an arbitrary degree
of relativity; i.e., weimply azero entropy of the matter
composed of >°Fe. The matter is considered to be com-
pletely degenerate if the following degeneracy condition
(Landau and Lifshitz 1951, pp. 185-192) is satisfied:

(3m>° #° 23
2 kgm, °°

In our case, the condition (8) is always satisfied for the
following reasons. The gas temperature is moderately
high far from the neutron star, <10° K (Imshennik and
Manukovskii 2000), and the condition (8) is valid, for
example, at atypical value of p = 10° g cm™, so n,
2.80 x 10% cm= and, hence, T, = 1.80 x 10° K. Asthe
star is approached, the densty of the matter rises,
increasing its degeneracy temperature. Therefore,
approximately the same rise in gas temperature for
isoentropic compression does not affect the validity of
(8) and has no significant effect on the course of accre-
tion. Thus, the electron density in such a completely
ionized iron plasma (“iron gas’) is
_ p26

Ne m,56’ ©
where m, is the atomic mass unit. In this case, the pres-
sure P and specific internal energy € are given by
(Landau and Lifshitz 1951)

= C[EFD?EF_IDB\/]-"'EF"' arcsinh§ } (10)
£ = g[EF(222+1)«/1+E§—arcsnth] (11)

where the dimensionless Fermi momentum (in units
of mg) is

T < ®)

& = Bp”, (12)
and the constants B and C take on the well-known values

_omhp 39 (10

_ -3 -13
= mcloamD 7.792%x10 "cmg 7,

2

2CH ~ 1 801 x 10® gem ™ s

C-= nmec ﬁD

It is easy to verify that the functions (10) and (11),
as should be the case, satisfy the thermodynamic rela-
tion

_ 2de
P=p dp’ (13)
ASTRONOMY LETTERS Vol. 27
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because the specific entropy, according to Egs. (10) and
(11), is constant and zero.

Subseguent cal cul ations can be substantially simpli-
fied by using a simple representation of the derivatives
of pressure (Imshennik and Manukovskii 2000):

oP _ 0P
where n is an arbitrary parameter, and M can be
expressed in terms of the constants B and C introduced
above:

o = J1+B%p”, (14)

M = 2CB° = 227210 em” s

We emphasize that the function @ has the meaning
of dimensionless specific enthalpy of a completely
degenerate electron gas, as can be easily verified using
Egs. (10) and (11) by adding up € and P/p, i.e, € +
P/p =M.

Inthelimiting cases, the pressure (10) for the degree
of relativity & > 1 and &z < 1 can be represented in a
form convenient for the subsequent calculations as fol-
lows:

7 713

_..p - 8CBP” By
g <LP=FFt o0 (15)
§.>1:P = %f—:(B“p“B-BZp%). (16)

The Equation of “ Iron Gas” Accretion

Let us rewrite the Euler equation (5) by using rela-
tion(14) an=ras

dv _ _\d®_GM,_ 2j,
3%

dr dr 2

(17)

whence the Bernoulli integral can be easily obtained.
Thisintegral, together with the continuity equation (7)
and the definition of constant A, gives the system of
equations that completely determines spherically sym-
metric steady “iron gas’ accretion:

A _ GM, io
> +Md = 3+ . 3 (18)
V=5, (19)
pr

where 3 is the integration constant, and the specific
enthalpy M® naturally enters into the Bernoulli integral
(Landau and Lifshitz 1987). The constant 3 is deter-
mined by the gas density for r — o, whereV — 0.
Indeed, taking r — oo in Egs. (18) and (19) yields at

P, Z0
B = Mo, = mJ1+B°pZ. (20)
ASTRONOMY LETTERS Vol. 27 No. 2 2001

It should be immediately noted that the inequality
3> M follows from (20). The constant 3 can be deter-
mined by specifying the density p, a somefinite pointr,,.
However, wewill not consider this method of determin-
ing 3, because the solution becomes considerably more
complicated and because the results differ only sightly
from the results of the method outlined above.

Finally, we derive ageneral expression for the speed
of sound, which isrequired for the subsequent analysis:

2_@Pg _dP
Lopll  dp’
For an “iron gas” it can be uniquely represented,

according to (14) at n = p, as afunction of dimension-
less specific enthalpy @:

21)

(22)

THE METHOD OF SOLUTION AND RESULTS
Passage through the Speed of Sound

Following Bondi (1952), we seek the point of pas-
sage through the speed of sound (sonic point) by
assuming that this passage occurs under the additional
condition for the first derivatives of all quantities being
equal. This condition was justified by Zel'dovich and
Novikov (1971) in their qualitative analysis of the sys-
tem of equations (18) and (19). Setting V=ain (18) and
(19) and using (22), we find that the following relations
hold at the sonic point:

M7®%>-1 _ _ GM, g
) —B"’—r‘—‘r—z, (23)
M(d?-1)"  A%B®
-§( CD ) = ek (24)
r

Here, the density p is expressed in terms of @ as p* =
(®P>-1)°B, according to (14). Differentiating (23) and
(24) with respect to r and eliminating the derivative

% from the derived expressions and using (24) yield

(25)

Note that precisely the same expression for the
speed of sound at the sonic point would aso be
obtained for the polytropic equation of state P =

Py DB(E for agas (Lipunov 1987), suggesting that this

solution is similar to the solution of Bondi (1952).
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From (23) and (25) and using (22) for r = r,, we derive
the system of equations for the sonic pointr =r,

2

M = p+SoMo_Jo (26)
4rs 6rs
Mq)2_1 = GMO_j_g (27)

3 @ 2r,

3r32’
whence, after eliminating the sought-for quantity ®, we
obtain an algebraic equation for r:

144(B°—M°)r{ + [96B 5~ 8L(GM,)Ire

2 4 (28)
+108j2GM,r,—20jg = 0.

The solution of this equation for r, with each pair of
B and j, valuesin this problem is unique. It defines the
congtant A for the accretion rate viar, according to (24):

2

A= —s
- BMe
M, 200 3GM, |2 s @
x |- dof e s Jom 2|
02rs 3o 4 ' erlD

The criterion for selecting the only root for r, from
(28) is discussed below.

Constraining the Angular Momentum

Note that a constraint on j, follows from the Ber-
noulli integral (18). Indeed, theleft part of thisequation
is positive; therefore, its right part must also be greater
than zero for al r, including the smallest distancer = R,
where R is the neutron-star radius. Thus, the following
inequality must hold:

GM; o
B+ ——=>0.
R R2

(30)

Since, according to (20), B > M, the maximum pos-
sible specific angular momentum of the gas at infinity

- Mmax

jo  can beexpressed as

jo™ = 3MR® + 3RGM,. 31)

For theinequality (30) to hold, it will clearly suffice
that the specified j, be smaller than jo° (31).

Thej, = 0 Case
If there is no rotation, EQ. (28) takes a simple form:

144(B° = M?)rs —=81(GM,)°r? = 0. (32)

This equation can be easily solved, and the only physi-
cally reasonableroot is

.= 3GM,

s bl ————
4> -M?

The accretion rate (29) then explicitly dependson (3,

(G|Z|0)3 3 /BZ—M2+3B)3/2,
4B°M

(33)

A =

(34)

which follows from a substitution of r (33) in (29) for
jo=0.

Limiting Cases of the Equation of State

Assuming, as before, that j, = 0, we derive expres-
sions for r, and A in the two limiting cases of the gen-
eral equation of state (10), &> 1 and & < 1, with only
the first expansion terms from (15) and (16) being
retained in (26) and (27). According to (15), P =

5 5/3

8CE°p
3 5

viously, the radius r, of the sonic point and using the
2 23

2
lowing. The radius r of the point of passage through
the speed of sound completely drops out of the system
of equations (26) and (27), which yields 3 = M aone.
Formula (33) is therefore inapplicable in this case, and
r, can be determined only from Eq. (28) by setting3=M
andj, = 0. Thus, wefind that r, = 0, and the flow is sub-
sonic everywhere, because it is subsonic by the mean-
ing of the boundary condition (20) whenr — . Note
that this result is consistent with Eq. (32), which, apart
from the root given by (33), has the second root r, = 0.
The accretion rate in this limiting case does not depend
on 3 at all and is given by

A - (GMo)’ 13§
/ - .
%~ T,4E° MO

for & < 1; attempting to determine, as pre-

factthat @ =1+

in this case, we obtain the fol -

(35)

It may be shown that in this special case, the accre-
tion rate follows not only from the general formula (29)
(at j, = 0) with a substitution of the root found r —
r, =0, but also from formula (34), in which the other
root r, from (33) has already been substituted. Thisis
one of the properties of the special case under consid-
eration. According to (16), P = %: B*p*? in the other
limiting case & > 1, and no such complications arise.
Aswith the general equation of stateand j, # 0, we eas-
ily find that, for ® = Bp'? and B > M and according
to (33),
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_ 3GM,
re = T (36)
We then derive from (34)
GM 2
Ay = ( o) EABZB;’ : (37)

i.e., the accretion rate exceeds As; by a factor of

2

E%Bg > 1 inthislimiting case. Notethat (37) closely
matches Bondi’s solution for y = 4/3 (Spitzer 1981,
pp. 309-311). We see from (34), (35), and (37) that the
accretion rate increases with 3. The value of A = A;;
reachesaminimum at 3 = M and then increasesinitially
according to (34) and, at large 3, according to (37). This
tendency is aso preserved for a nonzero angular
momentum j,; only the rotation dightly slows down its
growth. If one expansion term in (15) is retained, then
Eq. (28) does not have any real solutions at al for j, # 0.
This implies that, if the equation of state is P Cp 7,
then the rotation cannot be specified in the above way.
This difficulty can be circumvented by retaining the
second term in the expansion (15), asis done below.

Critical Radiusr,

Theradius up to which the gas density is essentialy
constant and equal to p,, can be determined by using
Egs. (18) and (19) (Ze'dovich and Novikov 1971).
Substituting (19) in (18) and assuming that p = p,, yield
the equation for r,

.2 2
(3 Jo P2 A
¢ 3GM, ° ZpiGMO

If j, = 0, then an exact expression for r, can be
derived from (38) by taking into account relation (34)
for A:

= 0. (38)

3GM,

2%/ZBM2 o GRE L

Since introducing the critical radius r. alows the
notion of infinity to be excluded, in a sense, this prob-
lem may be considered in a bounded region of space
without taking care of other effects in this space. An
analysis actually shows that the derivative dp/dr does
not become zeroatr >r..

39)

C

Dimensionless Equations

Before turning to numerical estimates, wetransform
the basic equations to dimensionless ones. Let us first
consider Eqg. (28), which is to be solved numerically.
Clearly,

= f(B,GMy, jo, M); (40)
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i.e., r, can beafunction of al four dimensional param-
etersin the derived equation. Their dimensions, includ-
ingr,, are

L3 2

[r =L, [GM,] = 7 [M] = [B] = =. (4D)

We see from the dimensiona formulas (41) that
only two of the four parameters have independent
dimensions. Indeed, taking GM,, and M as these two
parameters, wethen easily find that [3] = [M] and [ j,] =
[GM,] [GM,]
[M 12 ° [M]

tary dimensional theory (Sedov 1957), Eqg. (32) can
thus be represented in dimensionless form:

while[r,] = .According to the elemen-

P = f(P,P,), (42)
where P =f, P,, P, are dimensionless quantities, which
are defined according to the above dimensions as

rM joM
f:S_ P1:E PZ:JO—

, : (43)
M (GM,)*

Using the definitions (43), we can write Eq. (28) in
dimensionless form as

144(P? - 1) f* + (96P,P, - 81) f*

, (44)
+108P,f —20P; = 0.

Let us now make the first numerical estimates. We
consider a hot neutron star (protoneutron star) with
radiusR= 60 km and massM, = 1.8M, (or M, = 1.4M,)
asthe accreting star. The range of P, is chosen from the
following considerations. The parameter P, is always
greater than unity because of the constraint 3 > M, but
differs only dlightly from unity at p,, < 10° g cm=. We
may assume that 1 < P, < 1.268. The parameter P,

changesfromzeroat j,=0to P," at jo= jo
ingto (31), jo . =6.576 x 10 cm? s (at M, = 1.8M,)

or jo o =5.805 x 10'6 cm? s (at M, = 1.4M,) for the
selected neutron-star radius. Note that these maximum
values correspond to our estimates of the total angular
momentum J, = (1.2-2.6) x 10* erg sfor the above iron-
atmosphere mass in the range (0.1-0.2)Mg. Thus, the
range of P, isaso narrow: 0 < P, < 0.017 (M, = 1.8My)
and 0 < P, £0.022 (M, = 1.4Mg). We may therefore
assume that r, and r, cannot differ greatly from their
values at j, = 0. This can serve as a criterion when
choosing the roots of Egs. (28) and (38) for a nonzero
angular momentum of the gas at infinity. The smallness
of P, implies that the rotation effect is a small correc-
tion in the problem under consideration. According

. Accord-
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to (29), the dimensionlessfunction f determinesthe accre-
tion rate. Introducing a dimensionless parameter

256,43
P, = A‘B M4, 43)
(GMy)
we derive from (29):
Dl__ Per 47
agv AT o 1}. (46)

Using the same procedure to make Eq. (38) dimen-
sionlessyields

P P
-Fe-——= =0 @47)
2(P1-1)
reM . .
whereg = M , and we took into account the obvious
0

relation poo = (P1 —1)’B.

In order to obtain the profiles of fall velocity V(r)
and speed of sound a(r) and the dependence p(r), the
system of equations (18) and (19) should be reduced to
asingle dimensionless equation. To this end, we substi-
tute (19) in (18), use the fact that by definition p? = (D2 —
1)°B, and introduce a dimensionless independent

varigble h = 2™ We then find that the sought-for

GM,
function @ SaIISerS the following equation with the
independent variable h:

oD —1)+__E:> 1 P

-——%cp ~1°= 0. 48)

This is an agebraic equation of the seventh degree
whose even powers all have coefficients dependent on h,
P,, and P, (a dependence on P; also appears for a zero
power of @), whilethe odd powers of ® are constant.

The function ® = ®(h) of interest can be numeri-
cally found from Eq. (48). After changing to a dimen-

G'\';/'Oh, this function

sional independent variable r =

alows us to determine the dependence p(r) = (®? -
1)*?B~3 and then V(r) from (19) and a(r) from (22). We
emphasize that these calculations are in no way related
to the previous solution for the parameters of the sonic
point, but the dimensionless parameter P, was taken
precisely from the latter as the accretion rate.

Accretion Rate

According to Eqg. (46), P, and P, determine the
dimensionless radius of the sonic point f and, conse-
guently, according to (46), the parameter P;, i.e., the
accretion rate. It is of interest to compare the accretion
rates A for different general equations of state and dif-
ferent rotation effects. As has already been mentioned

above, the polytropic case with P [p 33 and j, # 0 can-
not be realized for the method of allowance for rotation
under consideration. Thisdifficulty can be overcome by
assuming that the equation of state is given by the full
two-term expression (15). Similar to the above proce-
dure, we then find for the general equation of state and
its limiting cases that the dimensionless radius of the
sonic point f can be determined from the equation of the
fourth degree

jglfg ¥ :~;6PZD1D3 + (96P; P, — 102P, + 81)DlEF
L ) (49)
+432(P; ~ 1) + 576(P, ~ 1)’ ~ 288(P, ~1) = 0

The accretion rate, as before, is given by (46). If,
however, we set P, =0in (49), then it iseasy to find that
the solution of the quadratic equation without rotation is

(50)

_ 3
4. /P, —1(J2-2,/P,—1)
We see from (50) that the approximate equation of
state (15) isapplicablefor 1 < P, < 1.5. Thisresult near
the lower limit of P, matches the root (33) for the gen-
eral equation of state. If, alternatively, we assume that
& > 1, then it will suffice to take only the first expan-
sion term in (16) in order to obtain A for all possible
values of P, and P,. In this case, the equation for the
radius of the sonic point is
12P,f?—9f + 10P, = 0. (51)
It iseasy to seethat (36) followsfrom (51) at P, = 0.
The accretion rate, as before, is given by (46).

Thus, expression (46) is valid for any of the equa-
tions of state under consideration, but the values of fin
(46) for each of them can be determined from the cor-
responding Egs. (44), (49), and (51).

Numerical Results

We numerically solved Egs. (44), (47), and (48),
which yielded the full pattern of spherically symmetric
supersonic steady “iron gas’ accretion. Our main
resultsaregivenin Tables 1 and 2. Notethat thelast two
rows in both tables refer to M, = 1.4M,, because the
range of P, is extended for such a neutron-star mass.
The remaining dimensionless parameters in Tables 1
and 2 are the same for M, = 1.8Mg and M, = 1.4M,.

Below, we provide formulas for transforming the
dimensionless parameters in the tables to dimensional
quantities. For M, = 1.8M, they appear as

r = 1.052x 10°f cm,
r=1052x10°hcm, A= 1116x1033Pi’2g st

= 1.052 x 10°g cm,

17 12 2 -
jo = 5.014 x 107PY? cm? s, (52)
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and dlightly differently for My = 1.4Mg:
ro = 8185x10°f cm, r, = 8.185x 10°g cm,

r=8185x10°hcm, A=6.753x107P,* g s™,
1712 2

jo = 3.900 x 107'PY2 cm? s, (53)

We clearly seefrom Tables 1 and 2 that the accretion
rate dramatically increases with p,,, but the sonic point
approaches the star, and the accretion region becomes
more compact. At the same time, introducing an aver-
age centrifugal force reduces the accretion rate at each
given density p,,. However, because of the significant
constraint (35), the effect of given rotation is margina
and cannot offset the rise in accretion rate due to an
increase in p,,; rotation has an appreciable effect only

whenj,iscloseto jo- .

The profiles of fall velocity V(r), speed of sound
a(r), and density p(r) were obtained by solving Eg. (48)
with specified P, and P, for adl hwithR<r <r_.. The
results are presented in Figs. 1-4. Figure 1 shows the
density profilesand &(r) for various cases of “iron gas’
accretion at P, = 1.19. We see thdt, if the gas has an
angular momentum at infinity, the density near the star
is appreciably higher and exceeds the density of the gas
with a zero angular momentum up to the sonic point;
this difference is barely noticeable after this point. The
Bernoulli integral (19) in dimensionless form can be
written as

1+¢+%—E-P-°’_3_4_%+%E§=P1, (54)
(®"-1)'h h
where the terms in the left part have the meaning of
dimensionless enthalpy, kinetic energy, gravitational
energy, and rotational energy, respectively. For the
energy characterization of the contribution of rotation
to the accretion solution, specific numerical values of
these terms in the case P, = 1.19 under consideration
(Table 2 and Figs. 1, 2) can be compared for two

values of P,: P, = 0 and P, = 0.015. It is natural to
make this comparison at the sonic points with dimen-

sionless coordinatesh =f, wheref = 1.164, f =1.141

and P; = 10.41, P3 = 10.23. The four corresponding
terms from (54) are given in Table 3. Note that the sum
of al four termsisP, —1 = 0.19, the enthal py at infinity.
In particular, the enthalpy at the sonic point for the
abovetwo values of P, increased in aratio ®/(P, — 1) of
4.39 and 4.45, respectively. At the same time, the
kinetic, gravitational (in magnitude), and rotational
energies account for 0.258 and 0.257, 1.030 and 1.037,
and amere 0.005 of thisenthal py, respectively. The energy
effect of rotation at the sonic point is less than 1%. We
may also compare the rotation velocity V, = jo/r with

the fall velocity V; = M2P3? (@2 — 1322, so that
V,/V; 00.163.
ASTRONOMY LETTERS Vol. 27
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Table 1. Basic dimensionless parameters f, P3, and g for our nu-

merical solutions at R = 60 km and p,, = 10% g cm™ (P, = 1.014)
versus P,

P, f Py g
0 4.469 2.785 39.647
0.0001 4.468 2.785 39.647
0.001 4.465 2.785 39.643
0.005 4.452 2.781 39.628
0.01 4.435 2,777 39.609
0.012 4.428 2.775 39.601
0.015 4.418 2.773 39.589
0.017 4411 2771 39.581
0.02 4.401 2.769 39.570
0.022 4.394 2.767 39.562

Table2. Sameas Table 1 for p,, = 5.66 x 10° g cm™ (P; = 1.190)

P2 f P4 g
0 1.164 10.410 4.174
0.0001 1.164 10.409 4.174
0.001 1.162 10.398 4172
0.005 1.156 10.350 4.166
0.01 1.149 10.290 4.159
0.012 1.146 10.266 4.156
0.015 1141 10.230 4.151
0.017 1.138 10.204 4.148
0.02 1.133 10.170 4,144
0.022 1.130 10.144 4.140

Figure 1 also shows the density profiles for the free
fall of a gas both with and without an angular momen-
tum. These solutions can be easily obtained from the
Bernoulli integral for a zero enthalpy of the matter and
zero fall velocity at infinity in Egs. (18) and (19):

.2
V = ZGMO_gj_g, p = AZ
r 3r Vr

For a comparison with the accretion solutions under
consideration, it would be natural to use the same
accretion rates A in (55).

Figure 2 shows the V(r) and a(r) profiles for a gas
with a zero angular momentum. We clearly see the
sonic point after which the accretion becomes super-
sonic. The fall velocity near the star continues to
increase. Also shown in the figure is the profile of the
gas fall velocity, which is higher than the accretion
velocity everywhere and exceeds it by a factor of a
mere 1.051 at r = R= 60 km. Figure 3 presents the V(r)
and a(r) profiles for a gas with an angular momentum
that is sufficiently close the maximum possible value.
The principal difference between Figs. 3 and 2 is

(55)
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12

Fig. 1. The profiles of dimensionless density pB> and
enthalpy ® for an“iron gas’ in the general case of accretion
described by (18) and (19) and for a free fall with various
rotation effectsat P; = 1.190 (cf. Table 2). Thethin solid line
and squares represent the @ profile for the general case of
accretion at P, = 0 and 0.015, respectively; the dotted line
and circlesrepresent the @ profilefor afreefall at P, =0 and
0.015; the heavy solid line and crosses represent the pB>

profilefor the general case of accretion at P, = 0 and 0.015;

and the dashed line and triangles represent the pB? profile
for afreefall at P, = 0 and 0.015.

—_
—_
1

N
F=F-F

Fig. 3. SameasFig. 2 for P, = 0.015 and P; = 10.23.

observed near the star. The gas fall velocity decreases
sharply in this region, with the speed of sound increas-
ing slightly more rapidly than that in Fig. 2 because of
the rise in density. The sharp and nonmonotonic
decrease in fall velocity near the star can be explained
by the strong effect of the average centrifugal force at
small r, which decelerates the falling gaswhileincreas-
ing the density of the gasitself (see Fig. 1).

In Fig. 4, accretion rate (or, more precisely, Ps) is
plotted against P, and P, (the two main parameters of
the problem), which determine the entire gas flow, for

20
18+

Fig. 2. The profiles of fall velocity V (heavy solid line) and
speed of sound a (thin solid line) for an “iron gas’ in the
genera case of accretion and the profile of fall velocity Vfor an
“iron gas’ in the case of afreefal (dashed line) when the gas
has a zero angular momentum &t infinity P, = 0for P; = 1.190
and P; = 10.41 (cf. Table 2). The unlts of measurement for
the vel ocitiesare[V]=[a]=[V] =

Ays3

20

/’ A5/3 +7/3

Py

Fig. 4. Parameter P3, which determines the accretion rate,
versus P; for the rotation parameter P, = 0 (lines) and 0.015
(symbols) for various equations of state. A is the accretion
rate for the general equation of state (10) (heavy solid line
and square@) As 3 is the accretion rate for the equation of
state P [p 13 (thm solid line ) A3 isthe accretion rate for
the equation of state P O ¥ (dotted line and circles), and
As3 . 73 isthe accretion rate for the equation of state (15)
(dashed line and crosses).

various equations of state. We seethat the accretion rate
considerably increaseswith P, for all equationsof state,
except, of course, the special case of P [p 3. Figure 4
also showsthat anonzero angular momentum of the gas
reduces, though only slightly, the accretion rate for all
equations of state, except the same special caseof P [p -,
As would be expected, the equations of state (15) and
(16) approximate well the general equation of state at
low (small P,) and high (large P,) densities p.,, respec-
tively. It should be emphasized that only the general
equation of state (10) can describe the entire accretion
No. 2
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Table 3. Dimensionlessterms of the Bernoulli integral at the sonic
point with and without rotation (example€)

1 P3 1 1P,
P, [} > 5 3 —= -— f
2 f4 ( qu ~1) f 3 f2
0 0.834 0.215 -0.859 | O 1.164
0.015 | 0.845 0.217 —0.876 | 0.004 1.141

Table 4. Accretion rate versus initial densities p,, without rotation

P | Pogom™ P3 AAy3 M( A;:ﬁi;;%? 1
1.014 10* | 2785 | 0.445 11.724
1.040 5x10% | 3946 | 0510 13.955
1.063 10° | 4.882 | 0548 15.522
1.190 | 566x10° | 10.410 | 0.677 22.665
1.268 10 | 14.466 | 0.725 26.718
1.666 5x10% | 45459 | 0.854 47.362

process, for the gasfall isaccompanied by arisein gas
density. All inall, Fig. 4 may be considered as a depen-
dence of the maximum accretion rate on the gas density
at infinity p,, in the limiting case of a zero entropy.
Clearly, the disregarded nonzero-temperature effects
reduce the accretion rate. In addition, Fig. 4 showswhat
equation of state can describe an “iron gas’ as a func-
tion of p,,, which mainly determines p.

CONCLUSION

Table 4, which gives accretion rates over a wide
range of possible initial densities p,, from 10* to 5 x
10° g cm~3 in the iron atmosphere of a protoneutron star
without rotation (j, = 0), shows that steady accretion
proceeds at ahigh rate, at least about 1M in 0.1 s. The
rotation that we took into account above could be con-
sidered as an obstacle to accretion, but, as we see from
Tables 1 and 2 [for the characteristic values of P, cor-
responding to p,, = 10* g cm3 (Table 1) and p,, = 5.66 x
10° g cm3 (Table 2)], it is marginal: the accretion rate

decreasesas Péj ? from 0.3% (Table1) to 1.3% (Table 2)

at an almost maximum possible value of P, = 0.022. We
emphasi ze that areduction in accretion rate due to non-
relativistic effects in “iron gas’ electrons compared to
the well-known estimate based on Bondi’s formula, to
which the above asymptotic of A,; corresponds, plays
no significant role either. However, because of this
reduction, the accretion velocity at the sonic point is
almost half the free-fall velocity (see Figs. 2, 3).
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Thus, according to our solutions, the lifetime of a
protoneutron-star iron atmosphere is short for spheri-
cally symmetric steady accretion, despite the centrifu-
ga force impeding the accretion. Nevertheless, the
important question as to the time scales on which our
steady-state solution is established should be analyzed.
The calculated parametersf and g, even for p,, = 5.66 X

10° g cm3, primarily suggest that the region of the
steady-state solution far exceeds in characteristic size
the cavity of the initial stellar iron core, according to
relations (52). We obtain r, = 1.18 x 10° cm and r. =
4.39 x 10° cm for the above density, while the cavity
radius is Rg, = 4.38 x 10% cm. In other words, the
steady-state solution does not fit into the core cavity,
and, therefore, cannot be established even on time

1.2 x 10°

r r
scalest, 0= 0O - ~3sandt, 0 ~12s

Vs 48x10 Ve
However, a toroidal equilibrium iron atmosphere can
be formed (given the rotation effects) on these time
scales, which was considered in detail by Imshennik
and Manukovskii (2000). It lies within the iron-core
cavity, and the rotational effects in it a a given total
angular momentum J, (0(1-5) x 10* erg s completely
balance the iron atmosphere with the general equation of
state of acompletely ionized and degenerate electron gas.

The additional condition for the derivatives of the
fall velocity and of the speed of sound being equal at
the sonic velocity used here, which is equivalent to the
condition for the derivative of the Mach number being
zero, should also be further analyzed. As our calcula-
tions of the flow itself show, this condition is consistent
with our computational data (see Figs. 2, 3) not only in
parameters of the sonic point, but also in the fact that
the V(r) and a(r) curves arein contact at the sonic point
(of course, in aqualitative sense). Our technique allows
the complex procedure of seeking for the unique solu-
tion (Spitzer 1981) to be avoided for the complex equa-
tion of state that we used.
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Abstract—Based on numerical simulations, we show that the oscillatory propagation of a plane-parallel ion-
ization-shock front is possible for atypical dependence of the interstellar-medium cooling function on density
and temperature. In this case, the oscillation amplitude of the shock position in the presence of an ionization
front can be severa timeslarger than its value for asingle shock wave. The variationsin neutral and ionized gas
velocities attributable to oscill ations are comparabl e in order of magnitude and agree with the random vel ocities
observed in H 1l regions. © 2001 MAIK “ Nauka/Interperiodica” .

Key words: interstellar medium, H Il regions, shock waves, ionization fronts, instability

INTRODUCTION

In theliterature, much attention is currently given to
shock stability under conditions of strong radiative
cooling of the postshock gas. The interest in this prob-
lem stems from the numerous astrophysical phenom-
ena characterized by the propagation and interaction of
radiative shock waves (supernova remnant expansion,
interactions of stellar winds with circumstellar gas, and
accretion flows).

A linear analysis and direct numerical calculations
by Langer et al. (1981), Chevalier and Imamura (1982),
Imamura et al. (1984), and Strickland and Blondin
(1995) indicate that plane one-dimensional shocks can
be unstable in a gas with radiative cooling if the
increase in cooling rate with temperature behind the
shock front is not too rapid. In this case, finite-ampli-
tude oscillations in the shock position arise at the non-
linear stage of instability development. Such an effect
also takes place in the presence of a magnetic field
(Kimoto and Chernoff 1997) and when the postshock
flow is sphericaly symmetric (Walder and Follini
1996).

However, the above results refer to the stability of
single shock waves, whereas actual flows often include
aset of discontinuities (shock wave, tangential discon-
tinuity, ionization and photodissociation fronts, etc.).
We therefore consider below the possibility of oscilla-
tory propagation of a shock wave—-ionization front sys-
tem (ionization—shock front), which is typica of
expanding H Il regions. Our goal is to determine the
effect of an ionization front (I-front) and the form of the
cooling function on the perturbation amplitude and
spectrum, as well as to estimate the possible contribu-

* E-mail addressfor contacts; vkkaor22@mtu-net.ru

tion of oscillations to the observed gas velocity varia-
tionsin H Il regions.

STRUCTURE OF THE POSTSHOCK FLOW
IN A GAS WITH RADIATIVE COOLING
AND THE INSTABILITY DEVELOPMENT
MECHANISM

The general pattern of variations in postshock gas
parameters with allowance for radiative cooling is well
known (see, e.g., the monograph by Baranov and Kras-
nobaev 1977): a zone of dramatic increase in density p
and decrease in temperature T and particle velocity u at
a relatively modest increase in pressure p (relaxation
zone) immediately follows an adiabatic discontinuity.

Nevertheless, to determine the relaxation-zone size
L. and the distribution of gas-dynamical quantities
inside this zone requires analyzing the flow properties
in more detail.

Let us consider a plane one-dimensional unsteady

gas motion with volume heat losses through radiative
cooling. The system of equations for thismotion is

a_p+aﬂ'1:0
ot  0x '
ou, Qu, 10p _
ot +u6x+pax =0
1
ED_BJ 65191 pou _ A .
oty —1p1" “axy—1p pox  p’
:ka
P Hmy’

where t and x are the time and spatial coordinate,
respectively; y = 5/3 is the adiabatic index; A is the
amount of energy lost by a unit gas volume per unit
time through radiative processes; k is the Boltzmann
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constant; | is the mean molecular weight of gas parti-
cles, which below is taken to be unity unless specified
otherwise; and my, is the hydrogen atomic mass. Next,
we assumethat A = A(p, T); for typical interstellar con-
ditions, we can also assume that A = p?¢(T) (Kaplan
and Pikel’ ner 1979) and that ¢(T) is proportional to the
cooling efficiency (Bochkarev 1992).

Let the shock coordinate in a steady state, when
0/0t = 0, be x, = 0 and the parameters of the incoming

homogeneous flow be py, Uy, Ty, M2 = poUs /0, @ X < 0.
We denote the corresponding quantities immediately
behind the adiabatic discontinuity by p., ug, T, and M.,
We can then easily estimate L, from the energy equa-
tion (Strickland and Blondin 1995)

_ KT

L, = PsUs

—_—— 2
M AP T @

We see from (2) that, if the characteristic cooling
time L./ug increases with shock velocity (i.e., with Ty),
an excess (relative to the steady state corresponding to
the changed discontinuity velocity) pressure arises
behind the discontinuity. Having reflected from the
boundary of the region occupied by a dense cold gas,
this pressure perturbation is capable of accelerating the
shock front further (Strickland and Blondin 1995). Of
course, this instability mechanism is efficient only in
the presence of a sufficiently sharp transition zone
between the heated and cold gas. The variations of p, u,
and T in this zone can be easily determined by numeri-
caly integrating the system of equations (1), which
reduces to a system of ordinary differential equations
for steady motion. However, let us derive an approxi-
mate analytic dependence of p, u, and T on x, which is
especially useful in selecting parameters of numerical
simulations for the oscillatory propagation of a shock
wave or a set of discontinuities with the relaxation
zone. For this purpose, we take into account the fact
that, as was mentioned above, the pressure change in
the relaxation zone is not too large, and, to a first
approximation, we can assume that p = p; = const at all
x > 0. We then derive the following equation for T(x)
from (1):

Y- 1|:Trs|:| dXErI—sD ¢(Ts).
Integrating (3) yields
T/Ts¢(T ) D2
X __ Y ST 40T 0
Lo v-ilemondyn @
1

Relation (4) allows us to determine the value of x = x;
at which the postshock gas temperature is equal to T,
and further cooling isinsignificant (x. is often taken as
the exact coordinate of the relaxation-zone boundary).
Specificaly, for apower law ¢(T) O T, we find that

- Y1)

Ralags
L. y-13-a } 3)

070

Formula (5) clearly gives a dlightly overestimated
value of x.. However, it differs from the results of
numerical calculationsonly dlightly in the a range—1/2
to 1/2 of interest. The existence (at x = X)) of a narrow
zone with steep T, p, and u gradients when M, > 1 pre-
dicted by relation (4) is also corroborated by calcula-
tions.

EFFECTS OF THE COOLING EFFICIENCY
ON SINGLE-SHOCK OSCILLATIONS

The nonlinear stage of perturbation development
was extensively studied by Strickland and Blondin
(1995) for ¢ O T* and 0 < a < 1. Instability manifested
itself at sufficiently large M, for a < 0.75. Kimoto and
Chernoff (1997) used amore complex form of the cool-
ing function, including negative a, when taking into
account a magnetic field. However, their calculations
were mainly applied to the dynamics of supernovarem-
nants, so the shock velocity was 150-240 km s and
the cooling was disregarded if T <2 x 10* K. However,
the shock velocity is ~10-20 km st and T, ~ 10*> K
when H 1l regions expand. Naturally, the temperature
dependence of the cooling efficiency is also different.
Therefore, before considering the motion of an ioniza-
tion—shock front, we turn to our calculations of the
propagation of asingle shock in the circumstellar gas.

The calculations were performed by using a mono-
tonic difference scheme of the second approximation
order. An adaptive movable grid was used to increase
the calculation accuracy in the vicinity of x = x.. The
cooling was assumed to beinsignificant if T < T,. How-
ever, for convenience of calculations, we assumed that
the ambient temperature could not fall below T,,.

We performed a test calculation with parameters
close to those used by Strickland and Blondin (1995):
o = 0.0 and M, = 40. At the initial instant of time, an
impermeable wall was placed in the flow behind the
shock at a distance x = 0.08L.. Figure 1 plots x(t)
(below, X5 and t are given in units of L. and L./u,,
respectively). We can see that, despite some differences
in the statement of the boundary conditions, the oscil-
lation amplitude and period satisfactorily agree with
those obtained previously by different methods (Imam-
ura et al. 1984; Wolf et al. 1989; Strickland and Blon-
din 1995).

As applied to the expansion of H Il regions, let us
consider the temperature dependence of the cooling
function, which corresponds to the well-known (below
denoted by ¢,,,,) cooling efficiency of the interstellar
medium [see, eg., the monographs by Kaplan and
Pikel’ ner (1979), Spitzer (1981), and Bochkarev (1992)].

Thefunction ¢;,,, is characterized by the presence of
aplateau at temperatures dightly lower than 10* K and
by a sharp decrease with decreasing temperature at T <
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103 K. Conseguently, one might expect the oscillations
in shock front position to have afairly large amplitude
only if the shock velocity (and, hence, Ty is high
enough. In this case, T, of course, cannot exceed the
values corresponding to the sharp risein ¢,,,, a T= 10* K
due to the excitation of the hydrogen second level.

This assumption is corroborated by direct calcula-
tions. The function ¢,,,, was chosen according to data
from the monograph of Spitzer (1981) and wasinterpo-
lated by using a Lagrange polynomial. The degree of
ionization of the gas incident on the shock front was
taken to be 10~2. The calculated x(t) is shown in Fig. 2
for u, =10 and 17 km s (T, are 2.33 x 10° and 6.74 x
10° K, respectively; M, = 10). We can see that the oscil-
lation amplitude considerably increases when Tgliesin
the ¢,,,,, plateau region.

It should be noted that the curvesin Fig. 2 were con-
structed by using “soft” boundary conditionsat x = 10L...
Theinitial conditions were the same as those in Strick-
land and Blondin (1995), but the “ compression” coeffi-
cient along the x coordinate was taken to be 0.95.

IONIZATION-SHOCK FRONT OSCILLATIONS

Comparing the perturbation amplitudes and spectra
of X(t) in Figs. 1 and 2, we can easily see how signifi-
cant the conditions of pressure-wave reflection from the
boundaries of the region occupied by a dense cold gas
are. Thus, the ionization front located at some distance
from the shock can appreciably affect the oscillation
characteristics. A linear analysis of the interaction
between a shock wave-ionization front system and an
inhomogeneous interstellar medium (Krasnobaev et al.
1994) aso pointsto asimilar possibility.

Let, as above, x(0) = 0 in an unperturbed state and
the I-front coordinate be x,(0) = L. We assume that, at
the initial instant of time, the front velocities are the
same, the plasma behind the I-front is completely ion-
ized (i.e., 1 = 1/2) and transparent to the ionizing radi-
ation, and its motion is isothermal.

Since the ionization front is considered as a discon-
tinuity, it is convenient to change to new variables ¢, T
in(1):t=1andx= & + X (t) —%(0). Theionization front
coordinate in &, T variables is fixed. This allows us to
use the above method of calculation (only the ordinary
conditions of passage through the I-front, which is
assumed to be a D-type front, are added).

Asour calculations indicate, the effect of the |-front
on the behavior of xg(t) and x(t) is largely determined
by the separation L between the fronts at the initial
instant of time. Thiseffect isillustrated by Fig. 3, which
shows the positions of the shock and ionization fronts
for L equal to 1.05 and 1.15. In this case, we used the
sameinitial and boundary conditions asthosein Fig. 2:
U, =17 km st and M, = 10. Theratio of the neutral and
ionized gas densities A at t = 0 is taken to be 80.

A comparison of the curves in Figs. 2 and 3 indi-
cates that the presence of an I-front can increase the
ASTRONOMY LETTERS Vol. 27
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Fig. 1. The x4(t) curvein the case of a supersonic onflow on
thewall.
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Fig. 2. Oscillationsin the position of a single shock.

oscillation amplitude severafold. Waves with periods
close to the main period (according to the classification
of the linear theory, the main period is approximately
equal to 21L./u,) are generated when the shock velocity
issuch that Tsliesin the ¢,,, plateau region. Asfollows
from the curvesin Fig. 2, the higher frequency compo-
nents dominate in the front oscillation spectrum at
lower T, Another important feature of the motion is
that the variations in neutral (u,) and ionized (u;) gas
velocities are of approximately the same order of mag-
nitude, with the variations for u, being even dlightly
larger than those for u; (Fig. 4 shows u, and u; in the
immediate vicinity of the ionization front at L = 1.15;
the remaining parameters are the same asthosein Fig. 3).
We emphasize that u;/u, = A > 1 in an unperturbed flow.

Thus, despite the fairly complex form of the cooling
function, the oscillatory propagation of an ionization—
shock front can take place for typical conditionsin the
interstellar medium.

DISCUSSION AND CONCLUSIONS

It is well known that to maintain the observed ran-
dom motions in H Il regions requires an energy input
from external sources. These can be produced, in par-
ticular, by gas outflow from neutral condensations, stel-
lar wind outflow, and the devel opment of some instabil-
ity. Our results are therefore of considerable interest,
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Fig. 3. Shock x4(t) and ionization x;(t) front coordinates ver-
sustime.

because acoustic (or weak shock) waves can be gener-
ated in H 11 regions.

Let us estimate the characteristic scales of the per-
turbations produced by ionization—shock front oscilla-
tions and the amplitude of velocity variations by using the
results of our caculations. For ¢ = ,,,, Uy = 17 km s,
and M, = 10, wethen obtain L, = 1.2 x 10'® my/p,. The
corresponding lengths of the waves penetrating into H 11
regionsare about 10L or smaller, and the velocity devi-
ations from the mean are 1 km s, in agreement with
velocity-dispersion observationsin H |1 regions (although
higher random velocities are also observed). Thus, the
H 11 region boundary can serve as the source of turbu-
lent motions both in the ionized gas and in the neutral
gas compressed by a shock wave.

In conclusion, we note that it makes sense to further
generalize the flow model used above. Thus, the fact
should be taken into account that the ionization- and
shock-front velocities slightly differ for expanding H 11
regions, whereas they were assumed to be equal in our
calculations. A change in plasma ionization composi-
tion under the effect of energetic photons leaving the
H 11 region, whose mean free path in aneutra gas exceeds
the ionization-front thickness, can also affect the oscil-
lation characteristics. The establishment of thermal and
ionization balance near the I-front can also have a sig-
nificant effect (Krasnobaev and Tarev 1997).

In general, our calculations lead us to the following
conclusions.

(1) The oscillatory propagation of an ionization—
shock front is possible for atypical dependence of the
cooling function for the interstellar medium on density
and temperature.

(2) At the saturation stage, the characteristic pertur-
bation scale and amplitude are determined by wave
interferencein thelayer between thefronts. Inthiscase,
the oscillation amplitude of the shock position in the

0.4

0.2

Fig. 4. Temporal variationsin neutral and ionized gasveloc-
ities (in units of uy) on both sides of the ionization front.

presence of an I-front can increase severalfold and be
comparable to the cooling zone size.

(3) The variations in neutral and ionized gas veloci-
ties attributable to oscillations are of the order of the
observed random velocities. Thus, the ionization—
shock front instability can be considered as one of the
turbulization mechanismsfor H 11 regions.
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Infrared Speckle Interferometry of Eleven Binaries
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Abstract—Infrared speckle-masking observations of eleven binary systemswith the 6-m Special Astrophysical
Observatory telescope are presented. A resolution of 43 masin J (1.25 um) and 76 masin K (2.2 pum) has been
achieved in reconstructed images. Accurate magnitude differences, separations, and position angles have been
determined for all the resolved binaries. The pair HR 1071 with an abnormally low lithium abundance is con-
sidered in more detail. © 2001 MAIK “ Nauka/Interperiodica” .

Key words: binaries, speckle interferometry

INTRODUCTION

Speckle interferometry alows one to significantly
increase the angular resolution and accuracy of bina
ries’ measurements and to fill the gap between spectro-
scopic and visual pairs. The most interesting binaries
with rapid orbital motion are regularly observed inter-
ferometrically with the world's largest telescopes.
However, most of the results are currently published
with a £180° uncertainty in the position angle and are
not accompanied by relative photometry of the compo-
nents. At the same time, speckle masking (Weigelt
1977; Lohmann et al. 1983; Hofmann and Weigelt
1986) provides ameansfor obtaining the real images of
multiple stars and, hence, eliminates the position-angle
uncertainty and makes it possible to estimate the mag-
nitude difference.

Below, we present the first results of our image
reconstruction by speckle masking for eleven binary
systems observed with the 6-m telescope in the infra-
red. The diffraction-limited resolution for a 6-m aper-
ture was achieved for all the binaries studied.

OBSERVATIONS AND DATA REDUCTION

We obtained speckle data with the 6-m telescopein
April and October 1996 and in October 1997. Speckle
interferograms were taken through infrared J, H, and K
filters with the following central wavelengths and half-
widths: 1238/276 nm (J), 1613/304 nm (H), 2165/328 nm
(K, and 2191/411 nm (K). The detector was a
NICMOS-3 camera (a 256 x 256 HgCdTe array sensi-
tiveintherange 1to 2.5 um with aframerate of 2 s!).

* E-mail address for contacts: balega@sao.ru

The detector pixel size corresponds to 15 mas in J,
20masinH and K', and 31 masin K. Thefield of view
is378,5"1,5"1,and 7"9 in J, H, K, and K, respec-
tively. During our observations, we estimated the see-
ing corrected for low-frequency fluctuationsto bein the
range 0”9 to 179 (FWHM). From 150 to 780 speckle
interferograms were taken for each object with expo-
sures from 50 to 300 ms.

The images were reconstructed with a diffraction-
limited resolution by speckle masking. The sequence of
image-reconstruction steps was described by Hofmann
et al. (1995). The bispectrum of each frame consisted
of 30—100 million pixels. No image postprocessing was
performed; we achieved adiffraction-limited resolution
of 43 masinJ, 57 masin H, and 76 masin K.

The geometric calibration was based on observa-
tions of binaries with accurately determined relative
positions: Kui 8 and 15, as well asADS 3734, 11558,
12239, 14575, 7704, 8708, 10184, and 10850. Data
on these pairs were taken from the Washington Visual
Double Star Catalog (Worley and Douglas 1997). The
scale calibration error is £0.2%. Intensity ratios, sepa-
rations, and position angles for the components were
estimated from measurements of the objects’ visibility
function by least squares. The visibility function of an
object is the average power spectrum of speckle inter-
ferometry (Labeyrie 1970) divided by the atmospheric
transfer function, which can be determined from obser-
vations of a star unresolvable by the telescope.

RESULTS AND DISCUSSION

Our measurements of the relative positions and
magnitude differences for eleven binaries are presented
in the table. The first three columns contain, respec-
tively, the Washington Catalog numbers (Worley and

1063-7737/01/2702-0095%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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Astrometry and photometry for the observed binaries

BALEGA et al.

Cogg(')%?a Name/catalog Discoverer |Epoch1990+| 8,deg | ggo | p,mas | 0, mas| Am Oam Band

03337+5752 HR 1071 CHR 117 6.750 2741 | 1.0 | 1365 20 0.45 0.18 J
7.808 2870 | 15 | 1261 20 0.10 0.20 K'

03448+4602 GL 150.2 Bag 8 6.750 922 | 1.0 | 2437 15 1.67 0.12 J
04044+2406 36 Tau A McA 13 7.808 UR K'
04063+1952 BD+19662 Bag 4 7.808 *2769 | 20 58.2 4.0 0.57 0.30 K'
04356+1010 88 Tau A CHR 18 7.791 1340 | 1.0 | 2114 25 1.29 0.12 K'
7.791 1343 | 1.0 | 209.9 25 137 0.15 H

88 TauB 7.791 UR K'

15521+1043 GL 600 Bag 7 6.260 684 | 1.0 | 1153 20 0.20 0.14 K
16 584+3943 BD+393062 Cou 1289 6.260 246.7 | 15 | 1179 3.0 0.66 0.20 K
18001+8000 41 Dra Bag 6 6.260 3211 | 1.0 | 1113 15 0.47 0.12 K
6.747 3253 | 1.0 | 1086 15 0.51 0.12 K

6.747 3250 | 1.0 | 109.1 15 0.46 0.12 K'

6.747 3252 | 1.0 | 1083 15 0.63 0.14 J

19391+7625 GL 765.2 Mlr 224 7.789 3033 | 1.0 | 165.7 15 0.42 0.20 K'
7.789 303.0 | 1.0 | 1659 15 0.47 0.20 J

21118+5959 ADS 14 749 Stf 2780 7.789 2145 | 1.0 |1023.9 3.0 132 0.12 H
7.789 2146 | 1.0 |1026.0 3.0 1.06 0.12 K'

ADS 14 749A McA 67 7.789 *158.1 | 2.0 37.8 3.0 0.51 0.30 H

22388+4419 ADS 16138 Ho 295 6.750 1354 | 20 46.7 20 0.30 0.14 J

Douglas 1997) or coordinates for the epoch 2000, the
star names or cataloged numbers, and the discoverers.
The fourth column gives the epochs of observations, in
fractions of a Bessel year. The next four columns list
the measured position angles 8, angular separations p,
and the corresponding errors. The magnitude differ-
ences and errors are given in the next two columns.
When determining the total error, we took into account
the reconstruction and calibration errors. The retained
+180° position-angle uncertainty for very close pairsis
marked by an asterisk. Finally, the last column lists the
filtersused. The note“UR” isused for unresolved stars.
Commentsto some measurements are given below. The
images reconstructed with a diffraction-limited resolu-
tion by speckle interferometry and bispectral estima-
tion are shown in the figure.

CHR 117. This lithium-poor star belonging to the
old disk population was studied in detail by McAlister
et al. (1992). Based on eight speckle observations of
the pair, they determined a preliminary orbit with a
period of 13.8 years. Recently, Soederhjelm (1999) has
proposed a new orbit solution based on the same
ground-based speckle data and Hipparcos astrometric
measurements. Since the solution was obtained for a
fixed mass ratio, the total error of the orbital elements
is too large for a detailed astrophysical analysis of the
binary. Our J and K' measurements of the pair, which
almost complete a full orbital ellipse, confirm a small
magnitude difference between the components (mean
Am = 0.30), as suggested by McAlister et al. (1992)
using V speckle measurements. Given these new data,
the adjusted orbital elements for CHR 117 are very
close to the solution of Soederhjelm (1999); only the

period can be determined more accurately: P = 14.46 +
0.07 years. Therefore, Soederhjelm’s parallax and sum
of masses for this binary may be considered to be real-
istic enough.

McAlister et al. (1992) discussed an interesting
guestion of the lithium deficiency in the spectrum of
CHR 117. The constant magnitude difference over a
wide spectral range leads us to conclude that the pair's
components are of approximately the same spectra
type. It is therefore unlikely that the rise in continuum
due to the presence of a companion with the resulting
decrease in line equivalent width could be responsible
for the low Li abundance. Because of the slow rotation
of both components (5 km s?), the meridional circula
tion responsible for the mixing of stellar matter in the
emitting envelope cannot be considered as a cause of
the anomalous Li abundance on the stellar surface
either. A plausible explanation could be atidal interac-
tion between the components, which enhances turbu-
lent gas mixing accompanied by lithium destruction.
Indeed, a comparison of the He, C, and N abundances
in single and binary main-sequence stars reveals a cor-
relation between chemical anomalies and the presence
of acompanion (Leushin 1989). The strength of anom-
alies depends on tidal deceleration, which is related to
the separation between the components and to their
evolutionary status. Whether tidal decelerationisthemain
mechanism of gas mixing in binary systems with separa-
tions of 4 or 5 AU, asin the case of CHR 117, can be
directly determined by using spectroscopic observations.

Bag 8. The close separation between the compo-
nents at a magnitude difference of 2™ could be the rea-
ASTRONOMY LETTERS  Vol. 27

No. 2 2001
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son why Hipparcos did not resolve this binary. Relative
J photometry supports the assumption that the compan-
ionisalate K or early M dwarf. Since the first resolu-
tion in 1993.8, the relative motion has been too modest
to determine a preliminary orbit. Conflicting data are
published on the parallax of Bag 8. Balegaet al. (1997)
estimated the photometric parallax from the absolute
magnitude and the components magnitude difference
to be 52 mas. The recently published Yale Catalog of
Parallaxes (van Altena et al. 1995) gives a trigonomet-
ric parallax of 49 + 15 masfor this star, whereas Eggen
(1998) included the star in his stellar kinematic and
metallicity survey in the solar neighborhood with a
photometric parallax of 43 mas. However, the Hippar-
cos parallax is considerably smaller: 37.6 £ 1.1 mas.
This discrepancy is difficult to explain even if the
orbital motion in the binary system is assumed to have
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affected the Hipparcos determination of the star image
photocenter. Over the period of the Hipparcos mission,
the companion’srel ative motion could lead to adisplace-
ment of the image centroid by approximately 5 mas.

McA 13. During our observations, the components
were too close to be resolvable with the 6-m telescope
inK'".

Bag 4. Lunar-occultation observations yielded a
magnitude difference of 0.18-0.47 in the wavelength
range 500610 nm (Schmidtke and Afrikano 1984,
Evans et al. 1985), while our estimate in K' is Am =
0.57 £ 0.30. Assuming a total spectral type of FOV, a

visual magnitude of 8766, and Am = 0.4, we roughly
estimated the binary’s parallax to be t= 5 mas. Based
on twelve speckle measurements of the pair, we com-

puted a preliminary circular orbit: P = 30968, T =
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1990.96, e=0.045, a=79mas, i = 128°, Q = 50°, and
w = 32°. However, we will have to wait for another
~10 years to obtain areliable solution. It is difficult to
explain why Bag 4 was not resolved with the 4-m Kitt
Peak National Observatory telescope in 1991.8 and
1993.2, when the separation in the pair exceeded 60 mas
(Mason 1996). This epoch of observations can be use-
ful for improving the orbit quality.

Bag 7. The small K magnitude difference confirms
the identification of this star with the double-lined
spectroscopic pair first discovered by Tokovinin
(Balega et al. 1991). At present, a combined speckle
spectroscopic orbit with a period of 1000 days can be
determined for the binary.

Cou 1289. The expected orbital period for this GO
binary liesin the range 1540 years. The scatter of rel-
ative-position measurementsisso far too largeto obtain
an acceptable orbit solution.

Bag 6. There is a dight discrepancy between the
Hipparcos parallax of 18.8 mas and the dynamical par-
alax of 22.9 mas following from the orbit of Balega
et al. (1997).

MIr 224. A refined orbit solution for this pair with
allowance for radial-velocity measurements is being
prepared.

McA 67. This pair of massive BO Il starsis amem-
ber of the multiple system ADS 14749 lying 1° from
the center of the Cepheus OB2 association, which was
formed during the fragmentation of a giant expanding
gaseous envelope. The star is partialy resolved only in H.
From a position-angle change of ~3° in a year, one
might expect the orbital period to be about 120 years.
The visual companion of ADS 14 749B is unresolvable
with the 6-m telescope in the infrared.

CONCLUSION

Thelimiting angular resolution of the 6-m telescope
in the infrared K band (2165 nm) corresponds to the
resolution of a 1.5-m telescope in the green visible
band. The accuracy of determining the relative posi-
tions of components is also lower. At the same time,
infrared observations of binaries can aso be performed
when visible interferometry becomes virtually inappli-
cable because of atmospheric conditions. The proce-
dure for subtracting shiftsin the image power spectrum
caused by photon and detector noise simplifies signifi-
cantly in the infrared. As aresult, the accuracy of esti-
mating the magnitude difference between components
increases.

Currently, the interest in infrared observations of
close binaries has increased due to the refinement of
physical characteristics for lower-main-sequence low-
mass stars and the search for brown dwarfs, which can
be members of known multiple systems.

We have shown the ability of the 6-m telescope to
measure the relative positions of multiple stars and
the magnitude difference in the wavelength range

1.2-2.2 um. The error of position measurements is
0" 002, and the mean photometric error is 0.15 mag.

Our data confirm the orbital parameters for the
binary CHR 117 with a low lithium abundance in its
spectrum (McAlister et al. 1992) and suggest that its
anomalous chemical composition may be associated
with its binary nature.

We have established a significant discrepancy
between the parallax of the pair Bag 8 (GL 150.2) and
the Hipparcos data.

We have estimated the orbital period T for the binary
Bag 4 of spectral type FOV to be ~30 years.
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Abstract—Photoelectric UBV observations of V886 Her in 1998-1999 have shown that the pattern of its vari-
ability isretained: irregular rapid light variations with an amplitude up to 0. 3 in V and the absence of any cor-
relation between color and magnitude. As previoudly, the amplitude was at a maximum in U, which is most
likely attributable to the variable Balmer continuum emitted by stellar wind. A high-resol ution spectrum of the
star isidentified. The overwhelming majority of absorption lines, apart from H | and Hel, belongto O I1, N 1,
C I, and Si I1l. The profiles of hydrogen and helium lines are a superposition of a stellar absorption line with
comparatively broad wings and a narrow strong emission feature of the envelope. The He | 5016, 5876, and
7065 A lineshave P Cyg profiles, whereas the remaining helium lines are seen in absorption. The emission spec-
trum of the envelope is represented by numerous permitted and forbidden lines of ionized metals and by [N 11],
[SI1],and [OI] linestypica of planetary-nebula spectra, aswell asby strong O I, N |, and S |1 lines. There are no
[O 1] lines. Theradial velocity of the system measured from photospheric absorption featuresis [V, (NII, OII,
CII, Silll) = +55.72 km s, while the mean radial velocity as measured from emission features of the envelope
is+50.95 km s!. The object is most likely an extremely young planetary nebula. © 2001 MAIK “ Nauka/ I nter-

periodica” .

Key words: protoplanetary objects: photometric observations, spectra

INTRODUCTION

The infrared source IRAS 18 062+2410 was classi-
fied as a candidate for protoplanetary objects, future
planetary nebulae, in accordance with the criteria for
selecting such objects by infrared color indices in the
range 10-100 um (Volk and Kwok 1989). It was opti-
cally identified with the fairly bright star SAO 85 766=
HDE 341617.

Optical photometric observations in the mid-1990s
(Arkhipova et al. 1996, 1998) show that HDE 341617
is presently a hot star with supergiant characteristics,
exhibits light variations within afew tenths of amagni-
tude, and, most importantly, is evolving “before our
very eyes’. Available observationa data indicate that
over a period of 150 years (since the epoch of BD), its
temperature has gradudly increased, while its mean
brightness has varied in accordance with the variation of
bolometric correction if the star is assumed to evolve at a
constant bolometric luminosity. In the Catalog of Variable
Stars, IRAS 18062+2410 was designated VV 886 Her.

The mass of the star was estimated by comparing
observationswith the theory of post-AGB stellar evolu-

* E-mail address for contacts; vera@sai.msu.ru

tion (Blocker 1995) to be ~0.7M,. Calculations of the
future evolution of V886 Her predict that it will become
the nucleus of ayoung planetary nebulawith atempera-
ture of ~50000 K in 100 years (Arkhipovaet al. 1998).

Here, weidentify linesin the spectrum of V886 Her,
measure its radial velocities, and present new photo-
electric UBV observations of the star in 1998-1999.

UBV OBSERVATIONS IN 1998-1999

Aspreviously, we carried out our photoelectric UBV
observations of V886 Her in 1998-1999 at the Crimean
Station of the Sternberg Astronomical Institute (SAI)
using a 60-cm reflector with a standard UBV photome-
ter. Theresultsare givenin Table 1. Previous photomet-
ric data were published by Arkhipova et al. (1996,
1998). Figure 1 shows the star’s light and color curves
for the entire period of our observations.

The pattern of photometric variability in 1998-1999
remained as before: irregular rapid light variations with

an amplitude upto 0”3 in V, which are probably attrib-
utable to a variable mass-loss rate. Thereis no correla
tion between color and magnitude. The amplitude was
at amaximum in U, whichismost likely dueto the vari-
able Balmer continuum emitted by the wind.

1063-7737/01/2702-0099$21.00 © 2001 MAIK “Nauka/Interperiodica’
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Fig. 1. Vlight and color variationsin IRAS 18062+2410 = V886 Her during 1995-1999.

LINE IDENTIFICATION

On February 26, 1997, a CCD spectrum of
V886 Her was obtained at the prime focus of the 6-m
Special Astrophysical Observatory (SAO) telescope
with the PFES echelle spectrograph (Panchuk et al. 1998).
The 4340-7600 A spectrum consists of 23 echelle
orders, ~200 A long each with an overlapping of ~25 A.
The three-pixel resolution (projected entrance dlit
width) is~R = 15000.

The line spectrum of V886 Her is represented by
two components: the absorption spectrum of a B1-1.5
supergiant (Arkhipovaet al. 1998) and the rich emission
spectrum of a gaseous envel ope superimposed onit.

Using thetables by Moore (1945) and the Catal og of
Emission Lines by Meinel et al. (1969), we identified
lines in the spectrum of V886 Her. Lines in the wave-
length range 4340-6500 A are listed in Table 2%, The
first column gives the instrumental wavelengths of
spectral lines. They were not corrected for the shifts
associated with instrumental corrections and the
Earth’'s motion. The subscript “a’ or “€” near a wave-
length denotes the type of feature: absorption or emis-
sion, respectively. The second column contains identi-
fication results: the laboratory wavel engths and multip-

L Table 2 is published in electronic form only and is accessible
via ftp at cdsarc.u—strasbg.fr/pub/cats/J (130.79.128.5) or http://
cdsweb.u—strashg.fr/pub/cats/J.
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Table 1. UBV observations of V886 Her in 1998-1999
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JD 2400000 + U B \% U-B B-V
50 949.439 10.850 11.585 11.515 -0.735 0.070
50 956.330 10.764 11.561 11.483 -0.797 0.078
50 958.325 11.103 11.773 11.726 —-0.670 0.047
50 987.389 10.746 11.503 11.438 -0.757 0.065
50 988.308 10.676 11.441 11.373 —-0.765 0.068
50 989.313 10.788 11.538 11.480 —0.750 0.058
50 992.387 10.747 11.498 11.427 -0.751 0.071
50 993.299 10.720 11.602 11.547 —0.882 0.055
50 993.313 10.790 11.556 11.486 —0.766 0.070
50 994.304 10.897 11.627 11.550 —0.730 0.077
50 995.322 10.903 11.613 11.550 -0.710 0.063
50 996.326 10.860 11.595 11.533 -0.735 0.062
50 997.305 10.856 11.575 11.518 -0.719 0.057
50 998.383 10.861 11.607 11.549 —0.746 0.058
51000.366 10.814 11.575 11.526 —-0.761 0.049
51010.427 10.871 11.620 11.555 —0.749 0.065
51010.433 10.911 11.640 11.539 -0.729 0.101
51013.450 10.812 11.555 11.460 —-0.743 0.095
51013.456 10.811 11.546 11.468 -0.735 0.078
51014.310 10.913 11.696 11.599 —-0.783 0.097
51014.315 10.869 11.624 11.596 —0.755 0.100
51015.312 10.939 11.660 11.607 -0.721 0.053
51015.318 10.960 11.667 11.619 -0.707 0.048
51016.421 10.899 11.622 11.572 -0.723 0.050
51017.353 10.963 11.705 11.639 —-0.742 0.066
51018.467 11.022 11.694 11.608 —-0.672 0.086
51020.330 11.120 11.804 11.736 —0.684 0.068
51021.328 10.833 11.578 11.509 —0.745 0.069
51021.334 10.817 11.591 11.520 -0.774 0.071
51022.294 10.780 11.546 11.461 —0.766 0.085
51022.299 10.775 11.542 11.468 -0.767 0.074
51022.307 10.742 11.523 11.464 —-0.781 0.059
51023.294 10.884 11.643 11.591 —0.759 0.052
51023.299 10.902 11.657 11.601 —0.755 0.056
51024.287 10.762 11.514 11.475 —0.752 0.039
51024.292 10.769 11.529 11.482 —0.760 0.047
51024.298 10.745 11.532 11.472 -0.787 0.060
51026.278 10.805 11.545 11.469 —0.740 0.076
51026.283 10.807 11.533 11.490 -0.726 0.043
51078.253 10.848 11.591 11.526 -0.743 0.065
51081.273 10.835 11.586 11.536 -0.751 0.050
51101.194 10.788 11.534 11.475 —0.746 0.059
51109.194 10.793 11.531 11.462 —-0.738 0.069
51112.193 10.877 11.620 11.553 -0.743 0.067
51115.193 10.914 11.649 11611 -0.735 0.038
51336.449 10.891 11.625 11.575 -0.734 0.050
51345.430 10.903 11.630 11.578 -0.727 0.052
51347.423 10.911 11.651 11.619 —0.740 0.032

ASTRONOMY LETTERS Vol. 27 No.2 2001



102

Table1. (Contd.)

ARKHIPOVA et al.

JD 2400000 + U B \% u-B B-V
51351.430 10.980 11.698 11.636 -0.718 0.062
51364.354 10.850 11.602 11.537 -0.752 0.065
51370.428 10.834 11.589 11.517 -0.754 0.072
51400.381 10.882 11.647 11.602 —0.765 0.045
51402.403 10.984 11.720 11.659 —0.736 0.061
51403.278 11.000 11.750 11.687 —0.750 0.063
51407.313 10.957 11.701 11.650 -0.744 0.051
51409.302 10.981 11.691 11.633 -0.710 0.058
51411.292 10.925 11.667 11.617 —-0.742 0.050
51412.292 10.960 11.699 11.644 -0.739 0.055
51452.252 10.784 11.533 11.460 —-0.749 0.073
51459.214 11.082 11.785 11.730 —-0.703 0.055

let numbers of the main line, as well as additional
contributors, if any. A blend is denoted by “bl.” The
instrumental wavelengths at the edges of an echelle
frame are considerably less accurate than they areinthe
central part because of the distortionsintroduced by the
dispersion curve. In several cases, the accuracy reached
even 0.5 A. Linesin unfavorable portions of the frame
are marked with stars (x). Some emission lines, for
example, [Fe 11] 4413.8, 4416.3, and 4639.7 A, are

severely distorted by the stellar O 11 4414.9, 4417.0, and
4641.8 A absorption features in their wings, which
introduces an error in the wavelength of both the emis-
sion peak and the absorption-line position (Fig. 2).

SPECTRUM OF THE CENTRAL STAR

The stellar component of the V886 Her spectrum
represents the spectrum of ahot B1 11 supergiant with a

1150 T T

[Fe 1] (4)

1050

9501

NI (5) + C II (45)

Relative intensity

s50l O (1)

7508 o1 (1)

650

Ol (1)

[Fe TIT] (3)

[Fe IT] (4)

O (1) or ()

| |
4625 4635 4645

| |
4655 4665 4675

>

Fig. 2. The 4625-4675 A spectrum of V886 Her.
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Fig. 3. The HPB profile in the V886 Her spectrum.

temperature of ~25000 K (Arkhipova et al. 1998), the
future nucleus of a planetary nebula. The overwhelm-
ing majority of absorption linesin the stellar spectrum,
apart fromH | and Hel lines, belong to O 11 (52 lines),
N 11 (60 lines), C 1l (~30 lines), and Si Il (5 lines); we
also identified Mg |1, Call, and Al 11l lines. There are
weak Si IV, SII, CI, NI, and O | absorption features.

The hydrogen- and helium-line profiles are com-
plex. They are a superposition of a stellar absorption
line with comparatively broad wings and a narrow
strong emission feature of the envel ope. Figure 3 shows
the HP profile. The width of the H3 absorption wings
points to a not-too-low value of logg. The Ha lineis
entirely filled with emission (Fig. 4), and no absorption
component is seen. An emission component is also
present in Hy. The He | 5016, 5876 (Fig. 5), and 7065 A
lines exhibit P Cyg profiles with intense emission com-
ponents. The remaining helium lines at 4388, 4437,
4471, 4713, 4922, 5048, and 6678 A are seen in absorp-
tion.

SPECTRUM OF THE ENVELOPE

Apart from hydrogen and helium lines, the emission
spectrum of the envel ope shows numerous metal lines.
The hydrogen lines apparently have P Cyg profiles,
although the emission feature dominates. For this rea-
son, the total HB profile is dightly asymmetric about
the central emission peak (Fig. 3). The emission spec-

ASTRONOMY LETTERS Vol. 27
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trum of the envelope is not yet typical of even the low-
est excitation planetary nebula. Thisis mainly because
the nebular [O 111] 4959, 5007 (see Fig. 6), and 4363 A
lines are absent (see Fig. 6) and because strong emis-
sion features of singly ionized metals are present.

Table2. Mean radia velocities of V886 Her as measured from
lines of variousions

Species | Emission/absorption %Pm?g V,[Jkms™
HI Emission Ha, Hp, Hy 3 51.72+1.20
Hel Absorption 4 4512+ 1.30
Hel Emission 2 60.30+ 1.60
N 11 Absorption 8 57.18+ 1.50
ol Absorption 8 57.60+ 1.50
Cll Absorption 2 52.85+ 1.20
Si I Absorption 4 55.60 + 1.00
ol Emission 2 49.19+ 2.00
[on Emission 1 52.65

NI Emission 3 43.40+5.00
Sill Emission 4 53.00+ 1.00
[Fell] Emission 28 51.81+0.80
[Felll] | Emission 2 54.22 + 5.00
Fell Emission 2 51.58 + 1.20
IS Absorption 5 -1255+0.70
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Fig. 4. The Ha profile in the V886 Her spectrum.
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Fig. 5. The A\5870-5910 A spectrum of V886 Her. The Nal D, and D, and He | A5876 A lines are marked.

The emission spectrum of the envelopeisformedby and [Mn 1], as well as of neutral metals [Ni 1], [Cr 1],
numerous permitted and forbidden lines of ionized and[Til]. Thereare[N II], [S1l],and[O I] emission fea
metals [Fe II], Fe Il, [Fe Ill] (and, possibly, Fe Ill), turescharacterigtic of the spectra of low-excitation plane-
[Cr, [TiN], Ti L, [V U],V I, [Ze 1], [Ni H], [Cull], tary nebulaeand strong O, N I, and Si |1 emission lines.
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Fig. 6. The 4880-5020 A spectra for V886 Her taken on (a) February 26, 1997, and (b) July 8, 1998, and (c) for HD 51 585.

TheNal D, 5890 A line has a P Cyg profile with a
weak emission component and a noticeably blueshifted
strong absorption component (Fig. 5).

Previoudly (Arkhipova et al. 1998), we measured
the fluxes from the envelope in some emission linesin
order to determineits parameters. In particular, we esti-
mated the gas el ectron density and el ectron temperature
from the measured intensity ratio of the [S11] doublet
lines in the red spectral range and from the measured
intensity ratio of the auroral and nebular [N 1] lines,
respectively. We also measured the red fluxesin thefor-
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bidden [O 11] 7320-31 A lines and the permitted
O1 7002, 7254 A and N | 7423, 7442, and 7468 A lines.

HELIOCENTRIC RADIAL VELOCITIES
OF V886 HER

Having identified the spectrum of V886 Her, we
measured its radial velocities from the positions of
about 100 most reliable emission and absorption lines.
However, the wavelengths of some forbidden lines are
not accurate enough even at present. The systematic
corrections (Delta V, — X coord) along echelle orders
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Fig. 7. The 6500-6690 A spectra for V886 Her taken on (a) February 26, 1997, and (b) July 8, 1998, and (c) for HD 51585. Note
that a narrow absorption feature of the P Cyg profile appeared in Ha of the V886 Her envelope in 1998.

were determined from the positions of telluric linesin
the spectrum and then applied.

We estimated the mean radial velocity from lines of
each element at various ionization stages. The results
aregivenin Table 2.

The mean velocity as measured from the main
absorption linesis WV, (N II, O II, C II, Si III) [ = +55.72 £
1.60 km s and correspondsto theradial velocity of the
star itself. The velocities measured from He | absorp-
tion lines deviate significantly (by more than 30) from
the above value. This may be because the envelope's

emission line having a P Cyg profile with its absorption
component on the short-wavelength side is superim-
posed on the stellar absorption feature. There is excel-
lent agreement between the mean velocities measured
from H I, [Fe ll], and Fe Il emission lines, suggesting
that they originate in the same ionization zone. The
mean velocity measured from all emission lines is
V,HLOL[OI], Si I, Fe II, [Fe I1], [Fe IT])[ = +50.95 +
1.54 kmst,

The difference between theradial velocity measured
from emission features of the envelope and the star's
No. 2
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velocity may result from the shielding of the envelope's
back side by the star. This effect shows up only for an
envelope radius comparable to the stellar radius.

Diffuse interstellar bands (DIBs) and intense Na | D,
and D, absorption lines are clearly seen in the spectrum of
V886 Her. The mean velocity of cloudsontheline of sght
was estimated from the 5780.41, 5797.03, 6195.95,
6203.19, and 6613.63 A DIBs to be —12.55 km s™.
The velocity measured from the Na | absorption com-
ponentswas found to belarger: -8.6 km s fromD, and
—6.9 km s from D,. The Nal linesin the spectrum are
more intense than might be expected for the estimated
interstellar extinction toward V886 Her. The measured
equivalent width of the D, line is W, = 0.36 A. The
color excess for IRAS 18062+2410 is E(B-V) = 0.3
(Arkhipovaet al. 1998); theinterstellar medium and the
circumstellar dust envel ope apparently account for 0.1
and 0.2 of this excess, respectively. It should then be
recognized that there is also a circumstellar absorption
component in the Na | line profile, which affects the
radial-velocity determination.

COMPARISON OF V886 Her WITH HD 51585

V886 Her is similar in pattern of photometric vari-
ability and spectrum to HD 51585 = OY Gem, another
candidate for protoplanetary objects (Arkhipova 1989;
Arkhipova and Ikonnikova 1992). HD 51585 also
exhibits irregular light variations caused by a variable
stellar wind, which is also confirmed by variations in
the Ha emission profile. There are also cold and hot
dust envelopes. The spectrum of HD 51585 contains
numerous emission lines.

The spectra of V886 Her and HD 51585 in some
representative wavelength ranges are compared in Figs. 6
and 7; for V886 Her, we also show the July 8, 1998,
spectrum taken with the 6-m telescope (Fig. 7b). All
spectrawere obtained with the same observational con-
figuration.

A detailed comparison of the spectra reveals sev-
eral significant differences. First, the spectrum of the
HD 51585 envelope exhibits the [O I11] 4959, 5007,
and 4363 A lines (Fig. 6) and, possibly, He Il lines
(Jaschek et al. 1996). This points to a higher degree of
ionization in the HD 51585 envelope than that for
V886 Her and a higher temperature of theionizing star.
Observations of HD 51585 revealed a systematic flux
rise in hydrogen and helium lines, which strongly sug-
gests the ongoing envel ope ionization.

Second, no absorption lines were observed in the
HD 51585 spectrum, except the absorption components
of the P Cyg profiles for several emission features
(Jaschek et al. 1996). Third, the hydrogen and helium
emission lines in HD 51585 have broad wings, up to
3000 kms™, at zero Ha intensity (Swingsand Andrillat
1981) (Fig. 7), suggesting a significant role of the stel-
lar wind in forming the stellar spectrum. It may be
assumed that the central star of the future planetary
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nebulain HD 51585 will have or aready has WR char-
acteristics. By contrast, V886 Her still hasacentral star
with absorption lines. However, our 1998 observations
of V886 Her reveal an enhancement of the emission
spectrum (Figs. 6, 7). V886 Her may evolve toward the
state of HD 51585.

TheHel linesin the spectraof both starshave P Cyg
profiles. In the later spectrum of V886 Her, this feature
is considerably more pronounced than it is at an earlier
time of observations. In 1998, we also see a narrow
absorption component of the P Cyg profile in the Ha
emission line (Fig. 7) belonging to the envelope. The
intensity of emission linesin the 1998 spectrum gener-
aly increased.

Since the two stars are undoubtedly of great interest
as likely representatives of the initial planetary-nebula
stage, their further photometric and spectroscopic mon-
itoring is highly desirable.
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