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Abstract—Kormendy’s relation (pe—logR,) is used to investigate the structure of the compact Ursa Major
supercluster of galaxies (11"30™ + 55°, cz= 18 000 kms™); thisrelation allowsthe distances of early-type galaxies
to be estimated. Therelative distances of 13 clustersin the supercluster and their peculiar velocities are determined
with amean statistical accuracy of 6%. In general, the supercluster obeysthe Hubblerelation between radial veloc-
ity and distance. However, there is reason to suggest that the supercluster consists of two subsystems with mean
radial velocities of 16 200 and 19700 km s, For avelocity dispersionin the subsystems of ~1100 km s, thefact
that each of them is gravitationally bound is not ruled out. © 2001 MAIK “ Nauka/Interperiodica” .
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INTRODUCTION

The distribution of galaxies and clusters of galaxies
isrevealed by redshift measurements. Its pattern isdis-
torted by peculiar motions additional to the Hubble
expansion that arise as space structures grow due to
gravitation. The most contrasting structures on scales
of 30—-300 Mpc are superclusters of galaxies. It follows
from galaxy redshift surveysthat the sizes of superclus-
ters reach 20100 Mpc and their masses are ~10'°M,
(below, weuse H, =50 km s Mpc! and q, = 0.5). The
growth of nonuniformities in the matter distribution at
the linear stage of the development of gravitational
instability or at the onset of gravitational collapsein the
most compact systems can be traced by the distribution
and motion of clustersin superclusters.

The observationally determined peculiar velocities
of galaxy clusters generally do not exceed 1000 km s,
One might expect larger velocitiesin rare, compact, and
rich superclusters of galaxies, which exhibit elongation
along the line of sight if their distances are assumed to
be directly proportional to the redshifts of their constit-
uent galaxy clusters. The UrsaMgjor and CoronaBore-
alis superclusters in the northern sky are of greatest
interest in this respect (Rood 1992).

For the component additional to the Hubble compo-
nent (peculiar velocity) to be separated from the
directly observed velocity (c2), the positions of clusters
within the supercluster along the line of sight must be
determined by a method independent of redshift deter-
mination. We used Kormendy's relation for early-type
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(E and S0) galaxies, which dominate at the cluster cen-
ter, as this method.

Using this purely photometric method, we investi-
gated the structure and peculiar motionsin various sys-
tems of galaxies: in two compact superclusters of gal-
axies and in the system of galaxy clusters surrounding
a void (Kopylov and Kopylova 1998). Our sample
includes 39 clusters, in which we measured ~440 gal-
axiesin total. Our study of the compact Corona Borea-
lis supercluster (Kopylova and Kopylov 1998) shows
that the nucleus of this system composed of eight rich
Abell clusters is gravitationally bound and is at the
stage of gravitational collapse. Preliminary estimates of
peculiar cluster motions around the void revealed a small
outward-directed motion of clusters (Kopylov and Kopy-
lova 1998). Here, our god is to determine the structure
(dong the line of sight) of the second compact superclus-
ter in the northern sky, Ursa Mgor (11"30™ + 55°,
cz=18000 km s™). In comparison with our previous
paper (Kopylov and Kopylova 1996), we made more
accurate measurements for alarger number of galaxies
and added two additional clusters (A1452 and A1507)
located on the periphery of the supercluster.

OBSERVATIONS
AND PHOTOMETRIC MEASUREMENTS

UrsaMajor is one of the nearest (z = 0.06) compact
superclusters. Figure 1 shows the cluster positions in
the sky in equatorial coordinates. As we see from the
figure, the supercluster is a compact group of clusters,
at least in projection onto the sky. The apparent density
contrast of the system, if it is determined with respect
to the number of Abell clusters in the surrounding
region of ~200 Mpc in size, is 30. A more detailed
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Fig. 1. The positions of clusters from the UrsaMajor super-
cluster in equatorial coordinates at epoch B1950. Cluster num-
bers and mean radial velocities rounded off to 100 km s are
shown. Clusters from the catalog by Abell et al. (1989) are
marked by circled crosses, other clusters (Baier 1980;
Shectman 1985) are marked by circles.

description of the clusters in the supercluster and their
luminosity function can be found in Kopylov and
Kopylova(2001), where the sample of objects (bright E
and SO galaxies in clusters) was drawn by using the B-R
color index. We determined the redshifts of galaxies
and clusters from the spectra taken in 1991-1993 with
a 1024-channel photon counter—the scanner (1PSC)
mounted at the Nasmyth-1 focus of the 6-m telescope
on the SP-124 spectrograph (Drabek et al. 1986;
Afanas ev et al. 1986). The observations were carried
out with the B1 grating (600 lines mm™) in the spec-
tral range 3600 to 5500 A with a dispersion of
1.9 A per channel. The accuracy of measuring radial
velocities was 100-200 km s™.

We determined the photometric parameters for
107 galaxiesin 13 clustersfrom direct (Cron—-Cousins) R,
images obtained with the 6-m Special Astrophysical
Observatory (SAO) telescope in 1992—-1994 and with
a 1-m telescope in 1996-1998. The images were

obtained at amean seeing of 1”7 + 0" 3 measured asthe
FWHM profiles of stars. We used an ISDO15A 520 x
580 CCD array with a pixel size of 18 x 24 um, which
corresponded to angular sizes of 0728 x 0737 and
0"154 x 0”205 on the 1-m and 6-m tel escopes, respec-
tively. The exposure time was 200 and 500 s on the 6-
m and 1-m telescopes, respectively. For photometric
calibration, standard stars from Landolt (1992) were
observed several times during each night. The 1-mtele-
scope observations were performed on most of the pho-
tometric nights.
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The observational data were reduced with the
PC VISTA (Treffers and Richmond 1989) and MIDAS
(Munich Image DataAnalysis System) (Grosbol 1989)
packages. We also used the RING code (Georgiev
1991), which we adapted for surface photometry of gal-
axies through circular apertures. The standard image
processing procedures were applied: median-dark-
frame subtraction, flat fielding, and subtraction of the
sky background fitted by a second-degree surface.
Based on multi-aperture photometry, we determined
the asymptotic total magnitudes of galaxies. The total
magnitude was then used to determine the effective
radius r, at which the galaxy luminosity decreased by
half and the effective surface brightness . at thisradius
[see Kopylova and Kopylov (1998) for more details on
this technique]. The photometric parameters were cor-
rected for seeing by the method described in Saglia
etal. (1993). By comparing independent measure-
mentsfor 15 galaxiesthat we observed twice, we found

the rms measurement errors of i, and logr, to be 0709
and 0.02, respectively.

For several large galaxies with extended envel opes,
i.e., those of type cD (these include galaxies 61 in
Anonl, 157 and 97in A1377,and 80 and 19in A1318),
we determined the parameters by fitting an r'/# profile
(de Vaucouleurs 1948) to the observed surface bright-
ness profile. We had to do this, because the extended
envelopes of these galaxies were partially outside our
images.

Our photometrlc and spectroscopic measurements
are givenin Table 1.1 Thetablelists the following gal-
axy parameters. Abell cluster numbers; galaxy num-
bers [all numbers correspond to those from Kopylov
and Kopylova (2001)]; galaxy equatorial coordinates at
epoch B1950; total (asymptotic) R. magnitudes; helio-
centric radial velocities, in km s; effective galaxy
radii, in arcseconds, corrected for seeing; effective sur-
face brightnesses (mag arcsec™) at the effective radius
corrected for seeing; and mean effective surface bright-
nesses (mag arcsec™) within the effective radius cor-
rected for seeing. INnA1377, the radial velocitiesfor the
four galaxies marked in Table 1 by an asterisk were
taken from Humason et al. (1956). In the same cluster,
we give the coordinates for two other galaxies, desig-
nated as D45 and D47, from Dressler (1980). They are
located near the region we studied (Kopylov and Kopy-
lova 2001) and were additionally included in thelist for
CCD photometry, because they were classified by
Dressler (1980) as SO and E, respectively.

Data for the two additional clusters, A1452 and
A1507, which we have not studied previoudly, are pre-
sented in Table 2. It gives the same parameters as those
in Table 1 and the coordinates of galaxies at epoch
B1950. The radial velocities for the galaxies in A1452

LTable 1 is published in electronic form only and is acces
sible via ftp cdsarc.u-strasbg.fr/pub/cats/J (130.79.128.5) or at
http://cdsweb.u-strasbg.fr/pub/cats/J.
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Table 2. Datafor two additional clusters
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Cluster Galaxy a 5 Vi, kms™ fo He M0
A1452 2 12"00M34523| 51°57'12" 3 14.00 19014 8"97 22.03 20.74
12005548 | 515937.8 14.04 18272 7.18 21.64 20.30

5 120049.46 | 520557.4 15.34 18333 248 20.56 19.29

10 120036.85 | 5157228 15.77 18173 2.72 21.19 19.94

A1507 5 12122183 | 6011015 13.91 18100 9.02 21.83 20.67
12125281 | 6014422 14.43 18106 5.26 21.17 20.03

10 12135745 | 6018334 15.03 2.79 20.55 19.26

8 12130150 | 601551.3 15.11 18045 251 20.31 19.10

11 12122489 | 601109.3 15.21 18348 3.38 21.09 19.86

and A1507 were measured by Ulrich (1978) and
Huchra et al. (1990), respectively.

Our measured radia velocities for several galaxies
that were not observed with the CCD array arelistedin
Table 3. Most of these galaxies are either field galaxies
or cluster members of late morphological types (spira
and irregular). In addition to the cluster and galaxy
numbers, Table 3 givesthe heliocentric radial velocities
of galaxies and an indication (column 4) of whether
they belong to the foreground (fg) or background (bg)
relative to the corresponding cluster. Coordinates of
these galaxies can be found in Kopylov and Kopylova
(2001).

DETERMINING THE DISTANCES
AND PECULIAR VELOCITIES

The relation of Kormendy (1977) relates the effec-
tive radius R, within which half of the light from the
galaxy is contained to the effective surface brightness
e at this radius (or the mean effective surface bright-
ness within this radius). Being the projection of the
“fundamental plane,” which is specified by adding a
third parameter: the central velocity dispersion of gal-
axy stars (Dressler et al. 1987; Djorgovski and Davis
1987), onto the plane specified by the photometrically
determined parameters |, and logR,, Kormendy’'s

relation (KR) allows cluster distancesto be estimatedin
asimpler way.

KRis
He = AlogR. +C. )

The free term in this relation (C) changes with dis-
tance. When using KR, the following assumptions are
made: (1) KR isthesamefor al clusters; (2) all clusters
are studied in their central parts, with the size of the
selected region being =3 x 3 Mpc; and (3) amagnitude
of =215 ischosen asthelimit, because galaxiesfainter
than this magnitude deviate greatly from KR.

ASTRONOMY LETTERS Vol. 27

No. 6 2001

Figure 2 shows a common plogR, diagram for

our entire sample (434 galaxies from 39 clusters
reduced to the same distance by applying cosmological
corrections corresponding to our measured individual
cluster distance to the measured magnitudes). Relativ-

Table 3. Additional radial velocities

Cluster| Galaxy | | o1 5 % Cluster|Galaxy || -1 5 %
8s 85

Anonl 28 | 21568 A1318 66 |22120| bg

" 38 | 21045 " 85 [20756| bg

" 66 | 19957 " 97 | 17540

" 94 | 21349 " 105 |18760:| bg
Anon2 39 [12655| fg ||A1377 22 |14408
Anon3 20 [14240| fg " 23 14332

" 59 [19930 " 76 |14110

" 60 8240| fg " 88 [15373

" 73 [11490| fg " 107 |23440| bg
Anon4 30 | 18796 " 112 | 23397 | bg

" 34 | 18950: " 113 | 14671
Sh166 95 [19350| bg " 115 | 14874
A1270 25 (19930 " 124 | 14700

" 93 | 20150 126 | 15507
A1291 17 |22070| bg 127 | 23364 | bg

" 18 |14850 " 161 | 14916

" 31 [21367:| bg ||A1383 55 [16972

" 106 6101 | fg " 98 | 18613

" 120 |15109 A1436 30 | 18895

" 132 | 15950 " 47 |21515| bg
A1318 13 5574 | fg " 52 |18860

" 24 17543 " 73 [20995| bg

40 | s5749| fg " | 100 |18950
" 54 17100
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Fig. 2. The (logR,—e) diagram for our 434 program galaxies. Thefilled circles, open circles, and crosses denote, respectively, gal-

axies brighter than -2375, with—21"'5 < Mg < -23"'5, and fainter than—21"'5. The strai ght lines represent the regression relations:
direct (2) (thinline) and inverse (3) (heavy line). The cosmological corrections correspondto Zg.. The datawere corrected for seeing.

istic effects and changes in the geometry of the Uni-
verse determine the correction O, = 101og(1 + z..),
where z,.. is the measured redshift that includes the
object’s peculiar velocity. We denote the redshift corre-
sponding to the actua cosmological distance by z,,,.
We also applied the K correction [Kg(2) = 1.12]. The
angular sizer, was converted to the linear size R, (in kpc).
The galaxy parameters were corrected for seeing by the
method described in Sagliaet al. (1993). Thus, dl datain
Fig. 2 are shown in a comoving coordinate system for the
“gtandard” cosmologicd mode (H, = 50 km s Mpc!,
Qo = 0.5). All the data shown in Fig. 2 were obtained at
seeing 171-2"0. The thin line in Fig. 2 indicates the
direct regression relation

L, = 2.437(+0.054)l0gR, + 18.976(£0.266), (2)

which was constructed by using 381 galaxies from our

entire sample brighter than—21"'5. Theerror inthe free
term is given per single galaxy.
Theinverserelation (heavy linein Fig. 2) is

logR, = 0.3468(+0.0080) 1, — 6.4588(+0.100). (3)

The rms scatter determined from the direct and
inverse relations for the selected limit is equivalent to
the error in the distance estimated from a single galaxy
and is 25 and 23%, respectively (uncorrected for pecu-
liar velocities). We see from the figure that galaxies
brighter than —23"'5 (filled circles) are better described
by the direct regression (these are the brightest galaxies
with one to three galaxies in each cluster). At the same
time, as our determinations show, the error in the dis-

tance estimated from a single galaxy and the total for-
mal error in the cluster distance are smaller than those
inferred from the inverse regression, because most of
the galaxies are fainter. To determine cluster distances,
we took the mean coefficients between the direct and
inverse regressions and derived KR in the final form

logR, = 0.3786, - 7.123. 4)

The coefficient and the free term depend on the
selected limit. If we take a different magnitude limit,

for example, —220, then the coefficientsin the direct (2)
and inverse (3) relations will be 2.555 and 0.338,
respectively, while the errors in the distance estimated
from a single galaxy will be 23 and 21%, respectively.

In Fig. 2, galaxies fainter than ~—21"'5 (crosses) devi-
ate from KR, as was previously noted by Capaccioli
et al. (1992). Figure 3 shows KR for the Ursa Mgjor
supercluster (open circles) against the background of
the complete sample.

Figure 4 illustrates the displacement of galaxies of
individual clustersin the ps—logR, diagram from the

mean regression relation (4) under the assumption that
the cluster distances follow the Hubble law (the cosmo-
logical corrections were determined from z,..). We did
not use galaxies outside the 2.50 range. They are
marked by crossesin Fig. 4 and include galaxies 40 in
A1270, 73, 74, and 85 in A1291, and 49 in Sh166.
Three of them (40, 74, 49) areradio galaxies, 74 and 73
are interacting galaxies, and 85 is probably a back-
ground galaxy. In addition, the crosses mark galaxies
within the 2.50 range, but with different peculiarities:
51 in Anon3 and 27 and 24 in Sh166 are, respectively,

ASTRONOMY LETTERS Vol. 27

No. 6 2001



THE URSA MAJOR SUPERCLUSTER OF GALAXIES

0.4

0.6

0.8

!
1.0

|
1.2 1.4 1.6

logR, [kpc]

1.8 2.0

349

Fig. 3. The same as Fig. 2, but the galaxies belonging to the Ursa Major supercluster are indicated by open circles. The straight line
represents the regression relation (4).
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Fig. 4. Individual (logR.-U) diagramsfor 13 clustersinthe UrsaMajor supercluster. The straight lineindicates the mean regression

relation (4), which corresponds to the mean supercluster distance. The galaxies that were not involved in determining the cluster
distances are marked by crosses. The cosmological corrections correspond to zgyec.
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Fig. 5. Residuals from Kormendy'srelation. The heavy lineindicatesthefit: logR, - 0.3786e + 7.123 = 2.00Mg + 0.042 M ré +23.95.

a high-surface-brightness galaxy, an interacting galaxy,
and a high-surface-brightness radio galaxy.

Since al cluster members are roughly at the same
distance, we can perform averaging over severa galax-
ies (from 5 to 20, depending on the cluster richness)
and considerably increase the statistical accuracy of
determining the distance to the cluster as a whole. To
determine the distances for each of the clusters, we cal-
culated the mean value of the free term in relation (4),

Cims = l0gR, — 0.3786,, Which must be the same for

al clusters when there no deviations from the Hubble
relation between velocity and distance.

The residuals from KR are defined asA = logR, -

0.3786, + 7.123, and, consequently, the measured dis-
tances depend on the galaxy magnitude. This makesthe
method of determining distances in question sensitive
to sample incompleteness (generally at faint magni-
tudes), which was also pointed out by Scodeggio et al.
(1997). Figure 5 shows this effect, and it may be noted
that this relation is nearly quadratic. In order to reduce
the sensitivity to sample incompleteness, we fitted the
relation in Fig. 5 by a second-degree polynomial:

logR,—0.3786, + 7.123 = alMR+a2M§+a3. (5)

We obtained the following coefficients: a, = —2.001820,
a,=-0.041696, a; = —23.949609. The rms deviation of
the regression is 0.081. The mean statistical error in C,
when averaged over 5 to 14 cluster galaxies is 0.033
(8%) and 0.026 (6%) without and with allowance for
the galaxy magnitude, respectively. The derived C,

for each cluster was used to determine the deviation
from the mean supercluster distance C,,,, and to calcu-
late the photometric redshift

Cmean_crms
thol = Zspec x 10 ’ (6)
i.e., theredshift that correspondsto the cosmological dis-
tance of the cluster when there is no peculiar velocity
caused by gravitational interaction in the supercluster.

Table 4 contains the following data: Abell cluster
numbers; the number of galaxies with measured photo-
metric parameters, mean relative distances with their
errors, Zg,e and éahot determined from the redshift and
the photometric distance, respectively; peculiar cluster
velocities relative to the supercluster centroid, which
were calculated from the formula

Vpec = (Czspec - Czphol)/(l + thot)
and their errors V.

The Hubble diagram for the Ursa Mgjor superclus-
ter that corresponds to Table 4 is shown in Fig. 6. An
analysis of thisfigure leads us to the following conclu-
sions. In general, the supercluster obeys the Hubble
relation between radial velocity and distance. However,
thereisasignificant gap at zy,., ~ 0.06 that separatesthe
supercluster into two subsystems composed of five and
eight clusters with mean radial velocities of 16 200 and
19700 km s. The statistical significance of this sepa-
ration israther low, because the gap is comparable with
the distance measurement error and is determined by
the distance estimates for a mere two or three clusters

(7
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Table 4. Peculiar velocitiesin the Ursa Mgjor supercluster
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Cluster N Cq Zopec Zhot Voec Npec
A1377 1 —7.106+ 0.033 0.0507 0.0505 53 +1140
Sh166 6 —7.137 £ 0.015 0.0512 0.0548 -1023 +570
A1291 8 —7.104 + 0.039 0.0550 0.0546 124 +1500
A1318 8 —7.103+0.035 0.0572 0.0566 170 +1380
A1507 5 —7.059 + 0.024 0.0592 0.0530 1768 +900
A1383 10 —7.127+0.019 0.0603 0.0631 —787 +840
Anond —7.168+ 0.023 0.0614 0.0705 —2583 +1260
Al452 —7.107+0.031 0.0631 0.0630 25 +1350
A1436 12 —7.117+0.036 0.0642 0.0656 -387 +1620
Anon3 7 —7.080 + 0.029 0.0683 0.0641 1190 +1140
A1270 6 —7.119+ 0.020 0.0689 0.0707 —-502 +990
Anonl 7 —7.113+0.022 0.0699 0.0708 —242 +1080
Anon2 5 —7.059 + 0.016 0.0703 0.0629 2080 +690
with Zg,e. ~ 0.06. If the subsystems are redl, then, for a CONCLUSION

velocity dispersion of ~1100 km s in each of them,
each of the subsystems may be gravitationally bound.
Judging by the deviation of the subsystem centroids
from the Hubbl e relation, the interaction between them
appears to be insignificant.

Note that the five poorest clusters (Kopylov and
Kopylova 2001)—Anon2, Anon3, Anon4, Sh166, and
A1507—exhibit the largest peculiar velocities. In these
cases, the derived peculiar velocities may be affected
by an age difference between the stellar populations of
galaxies in poor and rich galaxies (Jorgensen and
Jonch-Sorensen 1998).

T T T
0.07 s
N 0.06 .
A1377 //Sh166
0.05F s
1 1 1
0.05 0.06 0.07

thot

Fig. 6. The Hubble diagram for the UrsaMajor supercluster.
The errors correspond to the error in the mean cluster dis-
tance. The two clusters lying aside (in projection onto the
sky) are marked by open circles.
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We have obtained photometric parameters (mg, He,
logr,) of 107 galaxies (CCD measurements virtually

for all galaxies and spectroscopic measurements for
90% of the galaxies have been made for the first time)
in the R, band for 13 clusters of the Ursa Mgjor super-
cluster. We have al so estimated for thefirst time the rel-
ative distances and peculiar velocitiesin this superclus-
ter using Kormendy's relation by taking into account
the dependence of residuals from KR on the galaxy
absolute magnitude. The photometrically measured
cluster distances alowed us to estimate the dynamical
state of the supercluster more accurately and to deter-
mine the peculiar velocity field within it.

The strong correlation between distance and veloc-
ity leads us to conclude that the Hubble expansion law
holds, within the limits of the measurement errors, for
the Ursa Mgjor supercluster (Fig. 6). The apparent
compactness of the Ursa Major supercluster in the sky
results from a chance line-of-sight projection of an
elongated supercluster, which may consist of two sub-
systems. However, even in this case, the volume density
contrast for the supercluster is high (~7). This provides
evidence that the supercluster is actually a physicaly
isolated system rather than a chance association of
clusters.
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Abstract—Themodel of apresupernova’s carbon—oxygen (C-O) corewith aninitial massof 1.33Mg, aninitia

carbon abundance X(Co) = 0.27, and a mean rate of increasein mass of 5 x 107 M, yr~ through accretionin a

binary system evolved from the central density and temperature p, = 10° gcm=and T, = 2.05 x 108 K, respec-
tively, by forming a convective core and its subsequent expansion to an explosive fuel ignition at the center. The
evolution and explosion equations included only the carbon burning reaction '2C + >C with energy release cor-

responding to the complete conversion of carbon and oxygen (at the same rate as that of carbon) into >°Ni. The
ratio of mixing length to convection-zone size o, was chosen as the parameter. Although the model assumptions

were crude, we obtained an acceptable (for the theory of supernovage) pattern of explosion with astrong depen-
dence of its duration on a.. In our calculations with sufficiently large values of this parameter, o, = 4.0 x 10~
and 3.0 x 1073, fuel burned in the regime of prompt detonation. Intherange2.0 x 10 > o, > 3.0 x 1074, therewas

initially a deflagration with the generation of model pul sations whose amplitude gradually increased. Eventually,
the detonation regime of burning arose, which was triggered from the model surface layers (with m = 1.33Mg)

and propagated deep into the model up to the deflagration front. The generation of model pulsations and the for-
mation of adetonation front are described in detail for a. = 1.0 x 1073, © 2001 MAIK “ Nauka/Interperiodica’ .

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

onation and deflagration

INTRODUCTION

The evolution of a degenerate stellar C-O core with
amass close to the Chandrasekhar limit of 1.43M, for
a carbon white dwarf (see, Bisnovatyi-Kogan 1989)
leads to the growth of thermal instability and an explo-
sion. Thecritical central density p, ., a which an explo-
sion begins can take on values from ~2 x 10° to
~10'° g cm3. It grows with decreasing rate of increase

in core mass M, which is given by the Paczyhski—-Uus
relation (Paczyhski 1970) in a single asymptotic-giant-
branch (AGB) star:

M = 6x 10" (M/My—0.5)M, year ", (1)

and can take on values from 10 to 5 x 107’Mg, in an
accreting white dwarf (1ben 1982; Hachisu et al. 1996).

Here, we chose M =5 x 10-’"M, which may corre-

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

spond both to asingle AGB star and to a component of
abinary system.

Explosion calculations, including those with con-
vection, have been performed repeatedly (Arnett 1969;
Ivanova et al. 1974; Nomoto et al. 1976; see aso the
review by Niemeyer and Woodley 1997). In lvanova
et al. (1974), carbon burned in the deflagration regime
with the generation of pulsations, but these authors
ignored convection at the supernova stage and obtained
the initial temperature profile by estimating the contri-
bution of convection rather than evolutionarily.

Woosley (1997) performed a series of one-dimen-
sional explosion calculations for accreting white
dwarfs (unfortunately, this author gave no accretion
rates) with critical central densities from 2 x 10° to
8.2 x 10° g cm™ and with the inclusion of nucleosyn-
thesis for 442 isotopes. However, he considered only
adiabatic convection at the presupernova stage, with
convection being artificially turned off (because main-
taining an adiabatic temperature gradient in his model
any further would result in a prompt detonation) at the
onset of athermal flash (at T, =7 x 108 K). The burning-

1063-7737/01/2706-0353%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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front velocity was determined as prescribed by Woos-
ley and Timmes (1992) by taking into account the frac-
tal dimension of the front.

BASIC EQUATIONS FOR A CONVECTIVE
HYDRODYNAMIC MODEL

When calculating the evolution of a presupernova
(on time scales of ~10* years), most authors (see, e.g.,
Iben 1982) use a hydrostatic system of equations with
adiabatic convection in the stellar core, which isjustifi-
able at this stage but can be too crude for atransition to
an explosion. Here, based on the hydrodynamic model
previously developed by Blinnikov and Rudzskii
(1984), Blinnikov and Bartunov (1993), and Blinnikov
and Dunina-Barkovskaya (1993, 1994), we performed
calculations both at the presupernova stage and at the
stage of explosive burning. In the latter two papers, this
hydrodynamic model was used to calculate the evolu-
tion of white dwarfs. Our equations also included non-
adiabatic unsteady convection in the standard mixing-
length approximation:

or _
3 v, (2)
Jv _ Gm 20P
%" = —4mr I 3)
oT 3(r*Foom)
at [8“” —AT5n
) 4)
—4T[a(r Frad) i| |]9E|:|
om EBTD’
aXC _ @XCD
3t —Xclee t Oat 0, (5)
0u, _ 2(ve—u;) ©
ot e

where X is the mass fraction of '°C, €. is the energy
rel ease through carbon burning, €, are the standard neu-
trino energy losses [calculated from the formulas of
Schinder et al. (1987); see also Haft et al. (1994)], €, is
the energy release through gravitational contractlon
F..q is the radiative energy flux, F,,, is the convective
energy flux, u, is the velocity of unsteady convection,
and v, isthe velocity of steady convection in the mix-
ing-length approximation calculated from the follow-
ing formula (see, e.g., Bisnovatyi-Kogan 1989):

v @PInp  @Inpo ] mix o
Ogr " Oor O 2

The convective energy flux F_,,, and the quantity
(0Xc/0t).onv» Which is equal to the change in carbon
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mass fraction X through convection, were calculated
by using the formulas

F D]]}TD aT[PPpuclmlx (8)
ow = [Tpri,~ord 2
fPXeg  _ 0Xcr
S i T ©

The arrangement and sizes of (generally several) con-
vection zones are determined by the Schwarzschild cri-
terion [in accordance with Egs. (7) and (8)]. Unsteady
convection was disregarded at the presupernova stage,
while Egs. (8) and (9) included v, from Eg. (7) instead
of u,. The calculations with steady and unsteady con-
vection at the presupernova stage are compared in Dun-
ina-Barkovskaya and Imshennik (2000).
@)

The mixing length in the ith mass zone, |, IS
given by

i InP
10, = mnB] 9l 3 |D| O(CArCEr

(10)

where Ar, is the size of the convection zone that
includes the ith zone, and ap was taken to be unity in
our calculations.

Thermodynamic quantities (pressure P, entropy S
etc.) were calculated for an electron-positron gas by
using Nadyozhin's asymptotics described in Blinnikov
et al. (1996) and for an ion gas with screening by using
the formulas of Yakovlev and Shalybkov (1988).

INITIAL AND BOUNDARY CONDITIONS.
CALCULATIONS AT THE PRESUPERNOVA STAGE

It is appropriate to choose the initial state of a pre-
supernova's C-O core from reliable evolution calcula-
tions. We began our calculation with the central density
p. = 10° g cm3. At this density, the central temperature

must be approximately equal to T” =2.05 x 108K, as
follows from the calculations of I1ben (1982). Below, by
the onset of explosion and, accordingly, by the end of
the presupernova stage, we arbitrarily mean the instant
in time when the temperature in the central mass zone
reaches 5 x 10° K.

The initial carbon mass fraction X(O) = 0.27 (con-

stant throughout the C-O core) was chosen to be the
same as that in lben (1982). With the above centra
parameters of the C-O core and with a total mass of
1.33Mg, we calculated a hydrostatically equilibrium
adiabatic configuration, which was used below as the
initial condition. Note that its deviation from the model
of Iben (1982) is most likely insignificant.

When calculating the evolution of this model with a
constant mass accretion rate of 5 x 107 Mg, yr=2, which
may betypical of accreting white dwarfsin binary sys-
tems (see above), it makes sense to specify a nonzero
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external boundary condition for the pressure. Previ-
ously (Dunina-Barkovskaya and Imshennik 2000), we
included the entire accreted massin the external bound-
ary condition for the relatively small changes in total
mass before the onset of explosion confirmed by calcu-
lations.

This condition can be straightforwardly derived in
the approximation of athin (AR/R < 1), light (AM/M < 1)
envelope. Indeed, integrating the equation of hydro-
static equilibrium

_dP _ Gm
amr’

dm
over the envel ope thicknessyields an expression for the
pressure P, at the outer boundary of the zone with
Lagrangian coordinate M:

M+ AM
Py(M) = E mdm: G (mz)mwM
am r* s8R’
M (11)
My,
4R

where AM = Mt and R = R(t) during the hydrostatic
evolution; i.e., the external pressure P, (11) increases
through accretion with time t measured from the initial
time of the C-O core calculation. In this case, the total
mass My, + AM (where My, isthe mass of N Lagrangian
zones included in the hydrodynamic model) increased
to ~1.351M; accordingly, the evolution time is 4.25 x

10* years (Dunina-Barkovskaya and Imshennik 2000).

Here [by analogy with Woosley (1997)], we gradu-
ally, in the course of accretion, added new Lagrangian
zones to the model; their mass decreased in geometric
progression from 7.83 x 10>M (zone no. 151) to
7.50 x 10°M, (the last zone no. 170). The equality (11)
was found to be inaccurate (clearly because AR/R was
not small enough), and, as a result, the evolution time
at the presupernova stage aimost doubled. For our cal-
culations with nonzero o, the model mass reached
1.3658M, int = 7.2 x 10* years, and the number of
Lagrangian zones was N = 170. Subsequently, we
added no Lagrangian zones and modeled the accretion
by increasing the boundary pressure. At the time of
explosion (t = 7.9 x 10* years after the beginning of our
calculations), the boundary pressure corresponded to
an additional externa mass from 2.316 x 10-3M, (for
a.=3.0x%x10%102.342 x 10°M,, (for o, =4.0 x 10-3).
In the check calculation with o = 0, the temperature in
the central zoneroseto 5 x 10° K in 6.789 x 10* years;
therefore, the model mass had time to increase only to
1.3636M,, which corresponded to the number of zones
N = 161.

Let us consider the boundary condition (11) during
an explosion for the calculation with o, = 1.0 x 10~
when AM =2.338 x 10°My and R, = 1.85 x 10% cm
(seeFig. 1):
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Fig. 1. The evolution of a presupernova after the formation
of aconvective core: central temperature T, central density pe,

convective-core mass M., and radius Ry of the last (Nth)
mass zone versus time for o, = 1.0 x 107,

4
P,(1.33M,) = POE%‘E , (12)
where P, = 5.72 x 10%* dynes cm. This value should
be compared with the central density of a C-O core,
which has the standard lower limit, P(0) > GM?%/(8TiR?).
The boundary-to-central pressure ratio, P,(M)/P.(0) <
2AM/M = 3.42 x 1073, is then definitely small at the
onset of explosion. Subsequently, it certainly changes
and can increase several-fold when pulsations emerge,
but it still remains small enough, as we see from this
calculation.

It iseasy to estimate that the relative contribution of
the inertial term to the boundary condition (12) with
characteristic pulsation parameters of a C-O core

(4vp/rp)(R§ /(GM)] is minor, no more than a few per-
cent. Thisjustifies ignoring this term in Eq. (11) even
for the largest pulsation amplitude AR = R, and 1, = 5
by the end of deflagration (see Fig. 4). The close match
between this boundary condition attributable to mass
accretion onto the surface of a C-O core and the exter-
nal boundary condition assumed previously (lvanova
et al. 1974, 19774) islucky: with the same dependence
onouter radiusR, P,(M) 0 R* (Eq. (12)). Recall that in
the cited papers, this external pressure simulated the
presence of an outer envelope of the stellar C-O core,
and it was taken to be small enough, approximately
twicethevalueof Eq. (12). Thus, the effect of the exter-
nal boundary condition in the above papers was more
pronounced than here, but less pronounced than in



356

T,=5x10°K

1.0p

T,10° K

0 1
0.0001 0.001

ol vl vl
0.01 0.1 1
m,M@

Fig. 2. Temperature profiles at the onset of supernovaexplo-
sion (at the times when the central temperature reaches 5 x
10° K) for various a,.
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Fig. 4. ThesameasFig. 3fora, = 2.0 x 10~ and 1.0 x 10~
(pulsational deflagration with delayed detonation).

Dunina-Barkovskaya and Imshennik (2000). It should
also be noted that the presence of an external pressure,
P,(M) # 0, violates the energy conservation law during
an explosion (see Figs. 4, 5) when pulsations emerge
and when the radius of the C-O core R changes. Natu-
rally, allowance for the accreted matter in the external
boundary condition (11) and (12) impliesitsaddition to

DUNINA-BARKOVSKAYA et al.

15
M
2
=
10
5
on
B
S ok & coeoe 0,=3.0x103
5 ' satan 0, =4.0% 1073
i
-5 LA 1 1 1
0 0.1 0.2 0.3 0.4 0.5
f,s

Fig. 3. Central temperature T, and total energy E,, of aC-O
core versus time for a, = 4.0 x 10~ and 3.0 x 107> (rapid
detonation).
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Fig. 5. Thesame as Fig. 3for a,, = 3.0 x 10~ (defl agration—
pulsational regime with delayed detonation).

the evolving C-O core without any additional energy
release, i.e.,, simply adhesion. In redlity, this matter,
which generally has a different chemical composition,
can experience thermonuclear reactions with energy
release and even with the partial outward ejection of
accreted matter. Of course, we ignore such processes.
On the other hand, the external boundary condition (12)
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playsacrucia role during an explosion, especially dur-
ing the formation of a detonation wave from the surface
(see below).

DISCUSSION

Here, we systematically and numerically analyzed
models with various values of a, in the mixing length
(10): 4.0 x 1073, 3.0 x 1073,2.0 x 1073, 1.0 x 103, and
3.0 x 10*. From a physical point of view, it is difficult
to prefer any o, from this wide range in the approxi-
mate theory of nonadiabatic convection we use. The
energy release in the thermonuclear reaction of carbon
burning, 1>C + 2C —» 2*Mg + Y, was taken, first, from
the crude formula derived by Fowler and Hoyle (1965)
with the electron screening factor from Salpeter (1954)
(see also Salpeter and Van Horn 1969; Arnett 1969)
and, second, with the maximum possible energy release
of burning corresponding to instantaneous burning of
the entire carbon-oxygen mixture up to Ni. The
energy release used here was taken from Ivanova et al.
(1974), but with a correction for the presence of oxygen
in the fuel. It is convenient for the subsequent compar-
ison of al previous calculations with those performed
here. This simplification of thermonuclear energy
release cannot significantly affect our results, because
the ignition conditions for a C-O mixture are only
dlightly sensitiveto all pre-exponentia quantitiesinthe
expression for the rate of thermonuclear burning.

Our caculations of a presupernova’s evolution
revealed that the density dightly decreased immedi-
ately before the onset of explosion; this decrease
depended nonmonotonically on o, and was at a maxi-
mum for a,=4.0 x 1073. Theinitia critica central density,
Peero = (1.88-2.03) (inunitsof 10° gcm3) provesto be
close to that taken by Ivanova et al. (1974, 1977a)
(P = 2.33) as the initial one, although it is dightly
lower. Recall that at that time, the view of the evolution
of intermediate-mass single stars along the convergent
track of Paczyhski (1970) after the formation of a car-
bon (or carbon-oxygen) core was most popular. The
current interpretation of presupernovae suggests their
evolution in a close binary system with an accreting
whitedwarf. Inthis case, according to Yungelson (1998),
all main-sequence stars with massesin the range 2.5 <
M/Mg, < 10, which differs only slightly from the same
range for previously considered single stars, 3.5 <
M/Mg, < 8 (Paczyhski 1970), can become carbon-oxy-
gen white dwarfsin close binary systems.

Figure 1 shows some of the quantities that charac-
terize astellar C-O core before the onset of explosion:
mass M, Of the convective core, central temperature T,
central density p., and radius Ry of the C-O core in the
evolution time from 6 x 10* years (the beginning of the
C-O core formation) to 7.87 x 10* yearsfor a, = 1.0 x
1073, The small jumps in radius Ry of the last (Nth)
mass zone (see Fig. 2) clearly demonstrate the above
procedure of adding new Lagrangian zones. The phase
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of the star’'s ow expansion before its explosion (see
above) is barely noticeable in this figure, because its
duration (~3 x 10? years) is short compared to the total
evolution time (during which the star dowly con-
tracted) and isvirtualy independent of a.. By the onset
of explosion, convection encompasses the entire C-O
core; i.e., M, = 1.3658M, for al thevaluesof a, Z0
considered. In the immediate vicinity of a, = 0, the
development of the convective core is incomplete—it
does not reach the C-O core surface, and no explosion
occurs (see below).

Figure 2 shows temperature profiles as a function of
mass coordinate at the time of explosion onset corre-
sponding to the specified o, (see above). The temperature
for the calculations with convection is seen to be apprecia-
bly higher within the convective core than that for the cal-
culation without convection. Even at o, = 3.0 x 10, the
temperature is twice as high as this value in the central
part of the convective core. For comparison, Fig. 2
shows approximate temperature profiles from Ivanova
et al. (1977b); an explosion developed for two (upper)
profiles. It therefore comes as no surprise that in this
calculation, the explosion developed into the compete
destruction of the entire star for all a, = 3.0 x 10~ (see
below). For the calculations with a, = 2.0 x 10 and
3.0 x 10*, which constrain pulsational deflagration
(see below), the figure also shows adiabatic tempera-
ture profiles with an entropy equal to the entropy of the
second mass zone for each calculation. We see that our
profileslie well below the corresponding adiabatic pro-
files and have a different shape at m < 0.1M, which,
clearly, affects the development of an explosion with
the absence of spontaneous burning (Blinnikov and
Khokhlov 1986).

Interestingly, the smooth temperature profile in the
second mass zone (with m=2.24 x 10*M,,) at thelarg-
est a, = 4.0 x 10~ touches the third steep profile, for
which no explosion developed in the calculations of
Ivanovaet al. (1977b). By contrast, the initial tempera-
ture profile for the calculation with the smallest a, =
3.0 x 104, which barely exploded (see Fig. 5), lies well
below the third profile from Ivanova et al. (1977b) at
m< 7 x 10*Mg, (in the first four mass zones). In gen-
eral, it may be assumed that there is qualitative agree-
ment between our results and the calculations of
Ivanovaet al. (1977b).

The explosion develops differently for a, = 3.0 x 1073
(Fig.3) and o, <2.0 x 1073 (Fig. 4). Inthesefigures, the
central temperature T, and total energy E,, of a C-O
core are plotted against time. The latter is eventually
equal to~1.5 x 10°! erg, which correspondsto complete
burning up to*Ni in all calculations, irrespective of a..
E,, at the onset of explosion (4.3 x 10% erg) is also
virtually the same in these cal culations.

The main result of our numerical calculations
should be considered to be the emergence of adeflagra-
tion-pulsational regime at a sufficiently small mixing
length, o, < 2.0 x 10-3. We found a rapid detonation to
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Fig. 6. Density versusradiusfor a,=1.0 x 1073 (pul sational
deflagration).

takeplaceat o, =3.0 x 107 (see Fig. 3). Thus, we deter-
mined an accurate boundary of the transition from a
rapid detonation to a pulsational deflagration.

Figure 4 shows ten and fourteen pulsations in the
caculationswitha,=2.0 x 10~ and 1.0 x 1073, respec-
tively. In both cases, the burning ends with a powerful
energy release in the last pulsation, with the burning
regime changing abruptly. Whereas the burning in pre-
vious pulsations was in the deflagration regime, in the
last pulsation the remaining mass of unburned fuel
(about 90%) burnsin the detonation regime. T, reaches
its maximum value of (2.5-2.9) x 10'° K dightly later,
immediately after a collision of the detonation front
propagating from the surface with the deflagration
front, when the remaining fuel burns in the central
zone. Thus, there is a mixed regime of the thermonu-
clear explosion of a carbon-oxygen white dwarf, which
is most promising from the viewpoint of explosive
nucleosynthesis (Niemeyer and Woosley 1997). On the
other hand, Fig. 3illustrates burning without noticeable
pulsations in the ordinary detonation regime from the
center (at a, = 3.0 x 1073).

InFig. 5, central density and total energy are plotted
against time for the calculation with the smallest
o, =3.0 x 10*. Here, the total number of pulsationsis
considerably larger than that in the preceding figure,
but only fourteen of them were accompanied by the
deflagration of another mass zone, which isclearly seen
from the characteristic, narrow peaks of temperature T...
Note that the small jumps in E,, correspond to these
narrow peaks because of energy release. In the calcula
tionwith a, = 1.0 x 1073, from one to three mass zones
burned out during each pulsation (except for the fifth
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Fig. 7. Density and temperature versusradius for a. = 3.0 x
103 (rapid detonation).

and seventh pulsations), so ailmost al pulsationshad the
above temperature peaks (Fig. 4).

The deflagration regime is clearly characterized by
the density profiles as a function of Euler radius r
shown in Fig. 6 for a, = 1.0 x 1073, At the deflagration
front, the density abruptly decreases approximately by
afactor of 1.5. Depending on the pulsation phase, the
front sometimes retreats inward (compression phase),
sometimes goes forward (expansion phase) against the
general propagation (through mass zones). Pulsations
are seen even more clearly in the behavior of the outer
stellar shells, in as yet-unburned matter. The amplitude
of these pulsations of the outer radius increases with
time and reaches ~1.5 (thisis clearly seen on the loga-
rithmic density scalein Fig. 6).

The density profiles p(r) for more intense convec-
tionaredisplayedinFig. 7 for a, = 3.0 x 10-. Thetem-
perature profiles T(r), which clearly show (in the form
of ajump) the location of the burning front, are dis-
played in the same figure on a small scale. We see that
the matter density appreciably increases at the burning
front, revealing the detonation regime of burning. The
supersonic detonation is also revealed by the fact that
the outer (with respect to the burning front) stellar
shells are static.

Convection is completely characterized by the pro-
files of specific entropy, which are shown in Fig. 8 for
a. = 1.0 x 10 asafunction of mass coordinate m (on a
logarithmic scale). At several typical instants of time,
the convective zones that, according to the Schwarz-
schild criterion, correspond to the segments of a nega-
tive entropy gradient are marked on these profiles. This
figure shows that the initial convective core breaks up
during the explosion into several convective zones; the
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largest of them includes one or two mass zones behind
the burning front and the remnant of the convective
core ahead of this front. The breakup is unsteady in
nature and suggests that it is important to take into
account unsteady convection.

Figure 8 shows entropy profiles before the emer-
gence of detonation to the center. After this detonation
emerges, the entropy behind the detonation front natu-
raly increases in a short time of ~0.1 sto (2-3) x
108 erg g K%, which are also characteristic of defla-
gration, i.e., a factor of 4 to 6 larger than the initial
entropy of ~0.5 x 10% erg g* K%, with the gradient
being positive. A negative entropy gradient remains
only in the outermost shells (with m = 1.36M.), and,
consequently, convection that partly hampers the above
detonation takes place.

The important role of the convection intensity char-
acterized by a, attracts particular attention. Clearly, the
deflagration-pulsational burning (of course, deflagra-
tion is not necessarily accompanied by pulsations, but
subsonic deflagration is a necessary condition for the
|atter) takes place over theentirerangeof o, O, i, < 0, <
2x 1073, a, ., isessentialy higher than zero, because a
hydrodynamic explosion at a, = 0 did not develop at all
in our calculations, although the first mass zone burned
out. Note that at higher critical central densities p, ,,
which, in principle, increase with decreasing accretion
rate (see above), . ., can decrease virtualy to zero
(Zmitrenko et al. 1978). At high densities p. ,, how-
ever, it becomes necessary to takeinto account neutrino
energy losses and the kinetics of matter neutronization
(Ivanovaet al. 1977a, 1977c). In the case under consid-
eration (p, ., = 2 x 10° g cm3), these complex processes
do not play asignificant role, as was aready shown by
directly comparing the calculations of Ivanova et al.
(1974), ontheone hand, and Ivanovaet al. (1977b), onthe
other, at asimilar central density, p, =2.33 x 10° g cn,
Thus, convection can prevent the development of pulsa-
tionsin the deflagration regime of burning and can result
in a detonation if a, exceeds some critical value a, ..
Here, wefound that a, ; = 3 x 1073,

QUALITATIVE ANALY SIS OF PHYSICAL
CONDITIONS FOR A DELAYED DETONATION

The formation of a detonation after the prolonged
period of deflagration accompanied by the develop-
ment of pulsations of an entire C-O stellar core may be
called a delayed detonation (Niemeyer and Woosley
1997): several tens of seconds, i.e., much longer than
the hydrodynamic time scale equal to the pulsation
period (23 s) in order of magnitude, elapses since the
central ignition of fuel. An analysis of the results shows
that a detonation front forms approximately at a mass
coordinate of 1.33M, or, to be more precise, in zone
no. 150 for the total number of zones equal to 170, with
this coordinate being almost independent of a.. In our
model, zone no. 150 is distinguished, because
Lagrangian zones decreasing in geometric progression
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Fig. 8. Entropy versus mass for o, = 1.0 x 10~ (before the
formation of detonation). Convection zones are marked by
numbers; for example, 2—1 denotesthefirst convection zone
for the second instant of time (t = 0.6222 s).

were added after it at the presupernova stage. In the
study by Dunina-Barkovskayaand Imshennik (2000), a
detonation front formed in zone no. 127 (for the total
number of zones equal to 150), after which the
Lagrangian zones also decreased in geometric progres-
sion. Therefore, the effect of a nonuniform Lagrangian
grid on the formation of detonation must be investi-
gated in subsequent calculations. However, we will
attempt to physically justify theincreasein entropy that
givesrise to adetonation.

Immediately after the first several pulsations, i.e.,
long before the formation of a detonation front, the
entropy inthe outer masszonesbeginsto increase (Fig. 9).
Two local entropy peaks, closer to (m = 1.36M) and
dlightly farther from the stellar edge (m = 1.33M), are
formed by t = 45.098 s (the beginning of the last pulsa-
tion). Although the specific entropy at theinner peak is
smaller than that at the outer peak, the temperature at
the former immediately before the onset of detonation
increases more rapidly (because of the higher density).
A detonation front forms near this peak (see Fig. 11).
We can see that the increase in entropy was large even
between closetimes, t = 2.577 and 2.850 s. Thesetimeslie
between the minimum and maximum of the second (!)
pulsation (see Fig. 4), which, however, is smaller in
amplitude than the subsequent pulsations.

Based on the corresponding density profiles (Fig. 10),
we can make sure that times close to the pul sation max-
ima are accompanied by the subsequent emergence of
a compression wave on the stellar surface. lvanova
et al. (1982) estimated the increase in entropy (AS) in
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Fig. 9. Entropy and temperature versus mass in the outer
shells of a C-O corefor a, = 1.0 x 10~3 during pulsational
deflagration (until the beglnnl ng of the last pulsation with
the formation of detonation).

such compression waves, which should betrested aswesk
shock waves with a jump in pressure AP with the well-
known growth of entropy (Landau and Lifshitz 1954):

1 ava
R Tl

0(AP)°. (13)

It iseasy to apply thisrelation to the case under consid-
eration, because only the pressure of a completely
degenerate ultrarelativistic electron gas may be taken
into account when calculating the adiabatic second

derivative from Eq. (13): P, = Kpf’3 , WhereK =4.90 x
10" cm? g s2; hence

B’L"D_B’LV -

dv _21 1
dPJZ_e 16K2pl]J3' (14)
This approxi mation is possi ble, because the values of
p, and T, at t = 2.577 s may be taken as their estimates
in front of a weak shock wave in the zone with m =
1.33M, under consideration: p, = 1.073 x 107 g cm™3
and T, = 6.64 x 107 K. After smpletransformations, we
derive the final expression for the increase in specific
entropy from Eq. (13) (Sisin units of 10% erg g K,
seeFig. 9):

_ o (P2,
AS; = 0536 x 10 -1

= 178[%154/3 1}3.

(15)
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Fig. 10. Density versus mass in the outer layers of a C-O
core for o, = 1.0 x 1073 (pulsational deflagration until the
formation of detonation).

The amplitude of aweak shock wave should aso be
specified in expression (15). The data of Fig. 10 yield
P, = 1.35 x 107 g cm3 (for t = 2.850 s). Finaly, we
obtainfrom Eq. (15): AS; = 0.085, whereastheincreasein
entropy between the same timesin Fig. 9 isAS; = 0.06.
Thus, we can justifiably interpret the increase in
entropy revealed by our calculations as resulting from
the dissipation of weak shock waves in the region of a
steep decrease in density. According to Eqg. (15), the
increase in entropy closer to the surface falls, because
the density decreases to the edge; it most likely also
fallsinward because of the reduction in wave amplitude
(see dlso Fig. 10). Nevertheless, the local entropy peak
(Fig. 9) does not vanish in the course of time, but is pre-
served and greatly increases further by afactor of ~2.7
until the formation of detonation. It reaches 1.6 x
10% erg g KX, Notethat, unfortunately, thisis not seen
in Fig. 8, where the outer stellar shells are shown on a
logarithmic mass scale, which is unsuitable in this
region.

Figure 11 shows the temperature profiles from the
formation of a detonation front (t = 45.098 s) until its
collision with the deflagration front at r = 5 x 107 cm
(which corresponds to a mass from the center of
0.14Mgp) at t = 45.212 s. In this figure, we clearly see
the started expansion of matter behind the detonation
wave—the outer radius increased from 2.3 x 10% to
3.5 x 108 cm at atemperature of ~10° K. In the detona-
tion wave that propagates in the direction of increasing
density, the temperature rises, in particular, because the
heat capacity falls to 10!° K. The compression at the
front is modest and characteristic—by a mere one and
a half times (see Fig. 7). The jump in pressure is also
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Fig. 11. Temperature versus radius during delayed detona-
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modest, approximately twofold until the end of burn-
ing. Remarkably, a detonation front is actually gener-
ated (t = 45.137 s) near theinner entropy peak (seeFig. 9),
which corresponds to the inner temperature peak (t =
45.098 s) in Fig. 11.

The legitimate question arises asto whether this det-
onation front is stable against the galloping instability
recently considered by Imshennik et al. (1999). This
guestion requires an additional analysis, but stability
intuitively seems more natural here: after al, the den-
sity ahead of the detonation front increases, which pre-
vents the escape of the shock front from the burning
zone. In al probability, stability against multidimen-
sional perturbationsisalso supported by the large width
of the burning zone, which is comparable to the radius
of a C-O core at densities p ~ 10" g cm= (Imshennik
and Khokhlov 1984). This also means that the burning
of a C-O mixture in the detonation wave “from the
edge” actualy doesnot reach theiron-peak elements, but
is restricted mainly to the nuclides of Si etc. However,
the problems of nucleosynthesisin theinferred regime of
delayed detonation must be investigated further.

CONCLUSION

We have managed to derive the evolutionally justi-
fied initial conditions for the thermonuclear explosion
of acarbon-oxygen stellar core with amass closeto the
Chandrasekhar limit by taking into account accretion
specified by aconstant rate of 5 x 10-’"M, yr—. The lat-
ter was qualitatively justified in theoretical works on
the evolution of C-O coresin close binary systems. In
such acalculation, the explosion of a C-O core starts at
some instant of time determined during this calcula-
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tion. This removes the complex problem of choosing
initial conditions, on which the very formation of
explosion largely depended. Previoudly (Ivanova et al.
1974, 1977a-1977c), initial temperature profiles were
specified as the initial conditions, strictly speaking,
without an adequate justification.

Our series of calculations includes the standard
approximate model of nonadiabatic convection—the
mixing-length approximation specified with the only
arbitrary parameter o, (theratio of mixing lengthl,;, to
radial convection-zone size Ar,). This parameter can
most likely be determined from currently available
multidimensional approaches (see Lisewski et al.
2000); i.e., the arbitrariness assumed in the approxi-
mate theory can be removed. Our calculations revealed
that a delayed detonation takes place at a sufficiently
low value of this parameter over awiderange, 3 x 10 <
a, = 2 x 1073, with the lower limit of this range being
determined as a maximum estimate. At large values,
o, =3 x 1073, our calculations yielded an ordinary det-
onation from the center of a C—O stellar core, which is
unlikely to exist in reality because of burning-front
instability etc. It would be of interest to establish
whether the above range falls within the range of effec-
tive mixing-length parameters justified by the multidi-
mensional theory of turbulence. However, the parame-
ter a, can be constrained by parametrically modeling
the burning-front velocity. In particular, note that for
a.=1.0 x 1073, this velocity is close to the laminar
front velocity inferred by Woosley and Timmes (1992)
when the first mass zone burns.

Here, using a new hydrodynamic code with a vari-
able Lagrangian (difference) grid and taking into
account the external boundary pressure attributable to
accretion, we obtained a scenario for the development
of a delayed detonation from the edge of a star to its
center. The detonation is most likely stable against gal-
loping instability and is determined by the preceding
stage of the deflagration—pul sational regime of burning.
This may prove to be important in connection with the
recently appeared skepticism (Lisewski et al. 2000)
over the previously published (Khokhlov et al. 1997)
scenario for the deflagration-to-detonation transition
due to the destruction of alaminar burning front by tur-
bulent vortices.
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L ow State of the X-ray Burster SL X 1732-304
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Abstract—Observations of the X-ray burster SLX 1732-304 in the globular cluster Terzan 1 with the
PCA/RXTE instrument in April 1997 are presented. The source was in alow state; its flux in the standard
X-ray band was half the flux recorded by the ART-P/Granat telescope in 1990 also during its low state. At the
sametime, its spectrum was softer than the ART-P spectrum; it waswell described by apower law with aphoton
index of 2.3 without any evidence of a high-energy cutoff. © 2001 MAIK “ Nauka/|nterperiodica” .
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INTRODUCTION

Globular clusters stand out from the Galactic stellar
population by a high abundance of low-mass binary
systems, with one of their components being a relativ-
istic, degenerate object—a neutron star or a white
dwarf. X-ray sources were discovered in twelve globu-
lar clusters (Hut et al. 1992). Type | X-ray bursts were
observed from most of them, which isindicative of the
nature of their compact object, a neutron star with a
weak magnetic field.

X-ray emission from the region of the globular clus-
ter Terzan 1 was first detected by the HAKUCHO sat-
ellite precisely during bursts (Makishima et al. 1981;
Inoue et al. 1981). The two detected bursts were identi-
fied with a persistent X-ray source later, in 1985, when
first X-ray images of this region were obtained with the
XRT teescope of the SPACELAB-2 space laboratory
(Skinner et al. 1987). Theflux from the source, designated
as SLX 1732-304, was 1.8 x 101 erg cm2 st in the
3-30-keV energy band. Subsequent observations of
several X-ray missions showed that the source's emis-
sion was highly variable in intensity. The most cata-
strophic decline in flux was recorded in 1999 by the
BeppoSAX observatory. The 2-10-keV flux fell to
4.8x 1013 erg cm™? s (Guainazzi et al. 1999). The
data obtained with the ART-P X-ray telescope onboard
the Granat observatory in the fall of 1990 (Pavlinsky
et al. 1995, 2001) were of considerable importance in
investigating the variability of SLX 1732-304. The
source was detected in two different intensity states, a

* E-mail address for contacts: msv@hea.iki.rssi.ru

low state similar to that observed by the XRT telescope
and ahigh state with 3-20-keV fluxesof 1.6 x 10-1° and
7.0 x 1071 erg cm™ s, respectively. Variations in
intensity were apparently accompanied by hardness
variations. whereas the source during its high state had
the thermal spectrum with a distinct exponential cutoff
at high energiestypical of bright low-mass X-ray bina-
ries, itslow-state spectrum could be satisfactorily fitted
by apower law withaphotonindex a = 1.7. Here, wecon-
tinue to analyze the spectral dtates of SLX 1732-304
based on its RXTE observations.

OBSERVATIONS

The PCA instrument onboard the RXTE (Ross X-ray
Timing Explorer) orbiting X-ray observatory consists
of five identical proportional counters with atotal area
of 6500 cm?, the operating energy range 2—60 keV, and
an energy resolution <18% at 6 keV (Bradt et al. 1993).
Because of its large area, the instrument is sensitive
enough for a spectral analysis of emission even from
weak X-ray sources to be performed. The PCA field of
view is limited by a collimator with a FWHM of 1°.
Depending on peculiarities of the suggested study,
observational data during their initial onboard reduc-
tion can be written in various telemetric formats. In the
observations discussed here, we use data in three for-
mats with a time resolution of 0.125 s, 16 s, and 1 us
and an energy breakdown into 1, 129, and 256 chan-
nels, respectively. By the time the paper was written,
SLX 1732-304 had been within the PCA field of view
four times (table). The total exposure was eight hours.

We see from the table that during two observations,
the flux from the source was approximately the same

1063-7737/01/2706-0363%21.00 © 2001 MAIK “Nauka/Interperiodica’
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PCA/RXTE observations of SLX 1732-304 in 1997

. Startingtime Flux,
Observation Date ) Exposure, S mCrab*
20071-10-01-00| April 18 06"'02M08s 5300 |2.59+0.06
20071-10-01-01 |April 18| 203704 9200 | 2.70+0.04
20071-10-01-02|April 19| 172016 10800 |275+0.04
20071-10-01-03|April 20| 010448 3500 |2.80%0.09

* Mean 3-20-keV flux.

with an insignificant (~10%) trend toward its increase.
The mean 3-20-keV flux was 6.7 x 10! erg cm™ s%;
i.e., it was amost the flux recorded by ART-P in 1990
during the low state of SLX 1732-304. For this esti-
mate, we subtracted the contribution of the 6.7-keV line
of diffuse emission from hot gas in the Galactic bulge
(see below). An analysis of the source’s light curve
revealed no appreciable variability of its emission on
time scales of tens and hundreds of seconds. An analy-
sisof the power spectra obtained from datawritten with
a high time resolution revealed no variability at fre-
guencies 1-1000 Hz either (the 3o limit on the total
power in this frequency range was 15%).

SPECTRUM

Sincethe spectraof SLX 1732-304 measured during
different observing sessions were similar in shape, we

<
w

Counts cm™2 s~ keV~!

—_
<
IS

{
|
! |
[ L

10 20
Energy, keV

3 5

Fig. 1. PCA pulse-height spectrum of SLX 1732-304 in
1997. The histogram and the solid line indicate its best fit
and the corresponding photon spectrum, respectively. The
6.7-keV line is attributable to the diffuse emission of hot
plasmain the Galactic-center region.

MOLKOV et al.

performed a detailed analysis for the mean spectrum.
Datawritten with a 16-stime resolution in the 3-20-keV
energy band were used. The PCA response matrix at
lower and higher energies is known with alarge uncer-
tainty. The pulse-height spectrum of the source is
shown in Fig. 1 together with its power-law fit (histo-
gram). The best-fit parameters are photon index a =
2.332 + 0.007 and intensity at 10 keV |,, = (2.236 +

0.023) x 10~ phot. cm™ s, The interstellar absorption
(atomic hydrogen column density) was fixed at Ny; =

1.8 x 10?> cm2, which was measured by the ROSAT
observatory under the assumption of solar elemental
abundances (Johnston et al. 1995). In the PCA operat-
ing range, the effect of such absorption is essentially
weak. As can be seen from the figure, the measured
spectrum exhibits an intense emission line at energy
~6.7 keV. Thislineis most likely unrelated to the source
SLX 1732-304 itself, but is a superposition of the dif-
fuse 6.64-, 6.67-, 6.68-, and 6.7-keV lines of Fe XXV,
whose ions recombine in clouds of hot plasma near the
Galactic center. Using LAC/GINGA observations
(Yamauchi and Koyama 1993), we estimated the
expected intensity of the iron-line emission to be
Fs; = (6-8) x 10~ phot. cm= s! toward the globular
cluster Terzan 1. Direct measurements of the lineinten-
sity in the measured spectrum yielded F¢, = (4.92 +
0.22) x 10* phot. cm= s, The line has the center at
energy 6.662 + 0.011 keV and awidth of 339 £ 21 eV
(o inaGaussian profile). Thus, the observed line can be
entirely attributed to the diffuse emission of ionized iron.

Figure 2 shows that the above dlight trend in the
source’s flux during the PCA observations was accom-
panied by changes in its spectrum. The figure presents
the ratio of the April 18 (open circles) and April 20
(filled circles) spectra to the best fit to the mean spec-
trum. We see that maximum changes (up to 40%) took
place at soft energies below 7 keV. We aso see that
thereisasmall excess of photons at energies~8 keV in
both spectra (or a deficit at energies ~10 keV) com-
pared to the power-law fit to the mean spectrum.

DISCUSSION

Figure 3 shows the X-ray photon spectrum of
SLX 1732-304 reconstructed from PCA data. The
component attributable to the background diffuse
6.7-keV emission was removed. We ignored the possi-
ble contribution of the diffuse continuum emission.
This spectrum was taken during the source’s low state,
in which it spends most of its time. Significantly, the
observed spectrum is not just very hard, but it is well
described by apower law over the entire PCA operating
range without any evidence of a high-energy cutoff.
The X-ray flux was a factor of ~2 lower than that
recorded by ART-P in 1990, also during the source's
low state. At the same time, the spectrum was steeper:
the spectral slope had a photon index a = 2.3, whereas
the ART-P spectrum had aslope a = 1.7. Discrepancies
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Fig. 2. Ratio of the pulse-height spectra measured from
SLX 1732-304 on April 18 (open circles) and 20 (filled cir-
cles), 1997, to the power-law fit to the mean spectrum. The
figure illustrates the source’s spectral evolution on a time
scale of three days of its PCA observations.

in the spectra are clearly seen in Fig. 3, in which the
ART-P spectraof SLX 1732-304 observed in 1990 dur-
ing its low and high states are indicated by open and
filled circles, respectively. In particular, we see that the
ART-Plow-state spectrum isin better agreement with a
hard Comptonized spectrum than with just apower law.
This can serve as evidence that this spectrum originated
in an opticaly thicker plasma than did the PCA spec-
trum. It is much more similar to the source’'s high-state
spectrum. In generd, it should be said that the PCA
data contribute appreciably to the study of various
spectral states of SLX 1732-304.
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Relativistic Gravitational Collapse of a Cool White Dwarf
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Abstract—We consider and numerically solve the problem of the relativistic gravitational collapse of a spher-
ically symmetric cool nonrotating white dwarf with allowance for the neutronization kinetics. We propose a
model equation of state and analyze the neutronization kinetics under simplifying assumptions. A comprehen-
sive mathematical model is constructed for the phenomenon. The system of equationsisintegrated numericaly.
The gravitational collapse of awhite dwarf that lost its stability is shown to lead to the envel ope g ection and to
the final state of a hot static neutron star. For comparison, we solve the problem with an equilibrium equation
of state. We show that in this case, the entire mass ultimately goes under the gravitational radiusto form ablack
hole. © 2001 MAIK “ Nauka/lnterperiodica” .

Key words. general relativity, hydrodynamics, and kinetics

INTRODUCTION

The mechanism for the transformation of a white
dwarf into aneutron star has always aroused great inter-
est. At present, thisissue has not lost its topicality. Pre-
viously (Voropinov and Podurets 1976), we performed
the first numerical calculations of relativistic gravita-
tional collapse for a cool white dwarf under the most
simplified assumptions. The main assumption was that
of asingle equation of state with the separation of pres-
sure and energy density into cold and warm parts. The
result of our calculations depended markedly on the
asymptotics of the cold components of the equation of
state. Collapse givesriseto ablack holefor the ultrarel-
ativistic asymptotics, €, = 3p,, and ceases for the hard-
est asymptotics, € = p,. No envelope gjection is
observed; the formation of accretion shock waves at the
late stages of motion has no significant effect on
the fate of the star. Note that these outgoing shock
waves are the only source of entropy growth; the matter
would remain cold without them during the entire
motion.

At the sametime, it haslong been clear that thereis
another source of matter heating which acts virtually
from the very beginning of the motion and therefore is
capable of affecting the pattern of motion. Thisis non-
equilibrium heating via the neutronization reaction.
The nonequilibrium state takes place because the neu-
tronization kinetics results from weak-interaction reac-
tions and the corresponding time scales are comparable
to the hydrodynamic time scales. It should be borne in

* E-mail address for contacts. Podurets@albatross.md08.vniief.ru

mind that, strictly speaking, heating is inevitable for a
closed system, while our system (star) is open: neutri-
nos leave it freely. The net heating is therefore deter-
mined by the difference of two processes: nonequilib-
rium entropy production and heat losses into outer
space. If these processes differ markedly in nature, then
the result can be either: heating and cooling. In our
case, however, these mechanisms are closely related.
Both are determined by the neutronization kinetics;
therefore, the result will be of fixed sign, and the net
nonequilibrium heating will take place (see below for
more details).

Thus, for a comprehensive mathematical model to
be constructed, we must write the system of equations
in genera relativity, including the field equations and
the equations of mation, kinetics, and state.

The system of field equations and the equations of
motion and neutrino transfer for spherically symmetric
motion in a comoving coordinate system was derived
previously (Podurets 1998). For a numerical calcula-
tion, it was modified in much the same way as we did
previously (Voropinov and Podurets 1976). Here, we
do not use the neutrino transfer equation, because at
this stage, our objective is to elucidate the role of the
neutronization kinetics. The effect of the fact that neu-
trinos do not leave the system instantaneously will be
elucidated in a different paper.

In addition to the system of equations, our model
contains two important components: the equation of
state and the kinetics. Below, we describe them succes-
sively.

1063-7737/01/2706-0366%$21.00 © 2001 MAIK “Nauka/Interperiodica’



RELATIVISTIC GRAVITATIONAL COLLAPSE OF A COOL WHITE DWARF

EQUATION OF STATE

The main requirements for the equation of state are
asfollows:

(& The equilibrium (in phase composition) cool
equation of state must give a correct set of cool stellar
configurations with two characteristic (Chandrasekhar
and Oppenheimer—\Volkov) maxima of the dependence
of stellar mass on central density M(p,);

(b) The equation of state must be thermodynamically
consistent and must satisfy the Nernst theorem to prop-
erly describe the heat capacity near zero temperature;

(c) The equation of state must be a multiphase one
and must enabl e the natural introduction of neutroniza-
tion kinetics.

A simple model of matter—a mixture of ideal gases
of protons, electrons, and neutrons with equal number
densities, as in the real matter composed of Fe*¢ (as
well as C'2, 0%, and the so-called a-particle nuclei)—
satisfies all these conditions. Condition (a) should be
considered separately. The point is that the neutroniza-
tion by thereaction p+ e —= n+ v for an electron-pro-
ton gas begins in cold matter at too low a density, p =
3.3 x 107 g cm3, while in reality, the neutronization
beginsat p =10° g cm3. Asaresult, we obtain anotice-
able displacement of the first maximum toward lower
densities, which is undesirable, because this can affect
the dynamics of collapse. We use the following artifi-
cial method to correct this defect. In the mixture of
three gases, the proton component isleast valuable (the
pressureis determined by electronsat low densitiesand
by neutrons at high densities). Therefore, we move
the point of phase equilibrium from p =3.3 x 107 g cm3
to p =10° g cm3 by artificialy reducing the proton rest
mass. To thisend, it will suffice to assume that the mod-
ified proton rest mass accounts for 0.997 of the actual
mass. Below, we assume the proton rest mass to be
modified.

Each component is described by the equation of
state for an ideal relativistic Fermi gas. For simplicity,
we use not a quadrature form of the equation of state,
but asymptotic expansions at low temperatures of the
corresponding Fermi—Dirac integrals, retaining only
the first temperature terms proportiona to T? for the
density, pressure, and internal energy and to T for the
entropy. Recall that each term of the seriesis the prod-
uct of afunction of the chemical potential by the power
of temperature. For example, we have for the particle
number density

N T) = No(R) + TNy (). (1)

However, this form is not convenient, because the
eguations of motion do not contain the chemical poten-
tials, but contain the densities (along with the pressures
and internal energy densities). We, therefore, reverse
eguations of the type (1) and write with the same accu-

racy inT
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u(n, T) = o(n) + Tpy(n), 2)
where
Ho = «/(3n2ﬁ303n)2/3+ mzc4, 3)
2 2 2_m2 4
TR < Tl LT )

6 po(po —m’c’)

Substituting this expansion in other formulas, we
can easily obtain an equation of state for each phasein
the following form:

pressure

_ 3[U0 ,Uo m2C4BJ 3] m2 AD
5 )
; } T2 (Ho*+m'c’) /ug—m'c’
2
Ho

+—m4c8arccoshﬁ + e
2 mc>) 18%°c

12ﬁ

internal energy density
£ = %ﬂ[uodué—mZC“(ZuS -m’c’)
8mhc
2
—m'c’arccosh—% “02} GJ—H‘qu/ug—mzc“,
c

mc

(6)

entropy density

-
—53How Mo —m'c". (7

3h°c

S =

Theentropy does not appear in the equation of state, but
it isuseful in interpreting the results.

Since, as was noted above, the system is a mixture
of three noninteracting ideal gases, the pressureisaddi-
tive: it isequal to the sum of partial pressures. In addi-
tion, the energy and entropy are also additive. We also
assume that the volume and temperature are common to
the three ideal gases under consideration. The former
assumption is natural, and the latter assumption implies
that the components are in thermal equilibrium with
each other.

From the viewpoint of dynamics, the Gruneisen
coefficient T—the ratio of thermal pressure to thermal
energy—is an important parameter in the equation of
state. In our case, based on relations (5) and (6), we have

0 miD
r=1ig+mcy (8)
30 Mo U

Thus, the coefficient I does not depend on the tem-
perature and varies with density in the range 1/3 to 2/3.
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NEUTRONIZATION KINETICS

Before analyzing the kinetics proper, let us show
how nonequilibrium heating proceeds in our open sys-
tem. Previoudly, this kind of question was considered
for different conditions (Bisnovatyi-Kogan and Seidov
1970; Imshennik and Chechetkin 1970).

Thus, let us specify a system with heat sinks whose
power is dQ. For this system, the energy conservation
lawis

—dQ = dE+ pdV. 9)
We denote the quantities that refer to the entire volume

by capital letters.

Sincethe system isamixture of three noninteracting
ideal gases, we write

S = Sp+Se+Sm (10)
E = Ep+ E.+E,, (11)
P = Ppt Pet Pr (12)

The following equality holds for each component:
TdS, = dE, + pdV - dN,.

Using relations (9)—<12), as well as the conditions
for electrical neutrdity, N, = N, and for the conserva-
tion of the number of baryons N, + N, = congt, and
denoting the number of neutrons by N, we obtain

TdS = _dQ+(Hp+Ue_un)dN- (13)

The first and second terms are responsible for the
loss and production of entropy, respectively, because
Hp + He> M, inthe nonequilibrium case and dN > O dur-
|ng the neutronization. Note that in the inverse process,
the signs of the inequalities would be reversed, while
the sign of the entropy production would be the same.
The entropy production is seen to become zero in two
extreme cases. when the reaction is either balanced
(Kp + He = Hy) or frozen (dN = 0). Note also that if the
sinks do not depend on the kinetics, then both the
increase and decrease in entropy are possible.

In our instance, this is not the case. The heat sinks
and the entropy production have a common nature,
which enables us to estimate the right-hand part of
Eq. (13). First note that the proportionality

dQ = &dN (14)

takes place, where the mean energy lost by the system
per single reaction event, i.e., the mean energy carried

away by neutrinos, is denoted by €. Thus,
TdS = (W, + He—H,—€)dN. (15)

Let us consider strong degeneracy when the chemi-
cal potentials can be replaced by the corresponding
Fermi energies. We then have

TdS = (&g, + €re—Epn—€)dN. (16)

VOROPINOV, PODURETS

If the system is close to equilibrium, then only pairs
(proton and neutron) with the Fermi energies can react;
the newly produced neutron also has the Fermi energy,
while the neutrino energy is zero. Since the energy is
conserved in each unit event, i.e., €, + €, = €, + €, the
energy conservation law coi nud&s in form with the
chemical equilibrium condition. The increase in
entropy is zero, as must be the case in equilibrium.

We have a different situation when the system isfar
from equilibrium, i.e., when

€rp + Ere> Epn- 17)

In this case, the neutrino energy can change from min-
imum to maximum, with

svmin = 0. (18)

This case takes place when apair for which g, + €, = &g,
interacts. If, however, particles with the Ferml energies
react, then neutrinos are produced with the maximum
energy

(19)

Thus, the mean energy carried away by neutrinos
lies between its minimum and maximum, i.e.,

Evmax = 8Fp + E€re—Epn-

g = a(st + 8Fe_an)!
where 0 < a < 1. We then obtain for the sink power
dQ = a(st + sFe_an)dN (20)

and, according to Eqg. (14), we have for the increase in
entropy

TdS = (1-a)(gr, + €re—Epy)dN. (21)

Thus, for strong degeneracy of al three gases, we
rigorousy proved that the nonequilibrium heating
accompanying the neutronization reaction was inevitable.
Notice that both terms in the right-hand part of Eq. (13)
are proportional to the same quantity dN. Therefore,
possible errors in specifying the kinetics proper (time
dependence of N) cannot affect in any way, at least the
sign of the effect.

Let us now turn to the genera case of incomplete
degeneracy. Here, the situation is much more complex,
and the mean neutrino energy is difficult to estimate, as
we did for strong degeneracy. We will not do this now,
because we pursue mainly methodological objectives,
and the model ssmplicity should be preferred at the
early stage.

On these grounds, we assume that the heat sinksand
the total increase in entropy have the same form as
those for strong degeneracy (20) and (21), but with the
Fermi energies replaced by the chemical potentials:

dQ = a(up+ ue_un)dNa (22)
TdS = (1_a)(Up+ ue_lJ'n)dN' (23)

Let us consider the kinetics in more detail; this will
allow us to refine the parameter a. The neutronization
ASTRONOMY LETTERS Vol. 27
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kinetics of stellar matter was first analyzed by Frank-
Kamenetskii (1962) for the gravitational collapse of a
star. In a different formulation, as applied to the early
stage of an expanding cold Universe, the problem was
considered by Yakubov (1964). This problem is more
complex. Thereason isthat the neutrino statistics hasto
be taken into account, because neutrinos cannot leave
the system in a homogeneous Universe. By contrast, as
we already noted above, the neutrino chemical poten-
tial in stars can be assumed to be zero. Subsequently,
Frank-Kamenetskii’'s result was used in a slightly sim-
plified form by Zel’dovich and Guseinov (1965). We
emphasize that, in essence, the above authors did not
aimed at determining the effect of neutronization onthe
dynamics of matter motion. On the contrary, the motion
of matter was assumed to be specified. In our case,
however, it is also important to take into account the
effect of neutronization on the dynamics of matter
motion; therefore, apart from an expression for the
kinetics, an expression for the energy carried away by
neutrinos should be derived in the same approximation.
Only in this way will we be able to derive the correct
relation between entropy production and heat losses.
Below, we follow Frank-Kamenetskii’s method.

Thus, we consider a neutronization reaction of the
type
A+e—B+v-A,

where A and B are the nuclei, and A is the energy dif-
ference.

Before continuing our discussion, let us make one
fundamental remark. Since the kinetics is generally
completely independent of the equation of state, we
will consider the general case of nuclear composition
of matter. As we pointed out above, our assumption of
a neutron-proton composition is nothing more than a
modeling equation of state. When analyzing the kinet-
ics, we therefore have the right to take into account the
nuclear composition of matter. Apart from the fact that
this assumption is more redlistic, it is also important
that including sufficiently heavy nuclei in the analysis
greatly simplifies the problem of determining the prob-
ability of elementary neutronization. More specificaly,
the presence of nuclei dispenses with the need for con-
sidering the momentum conservation law, while the
energy conservation law can be used in a simplified
form by taking into account only the energy transfer
from electrons to neutrinos. Accordingly, the complex
integration over multidimensional phase space reduces
to the integration over the electron energy alone. Inthis
case, A issimply a constant, the rest-energy difference
between the corresponding nuclei. We also usethe sim-
plifying assumption of el ectron-gas degeneracy. For the
probability differential, we have

dwW O | [H'0Pn, p,de,

where n, and p, are, respectively, the densities of elec-
tron and neutrino states per electron energy interval €

(24)
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and [H'[isthe corresponding matrix element. Since the
density of electron statesis proportional to the volume
of momentum space,

n, [ pzdp = -1—3£A/82—m§c4.
c

For neutrinos, we have

Py U p\?dpv = _]—-383d8v = %(E—A)zdg, (26)
Cc c

(25)

where the simplified energy conservation law discussed
above was used in the last equality. The energies € and
A are measured in units of m.c?.

We may then write

dW = conste/e”— 1(¢ —A)st. 27

Here, the product of all constants by the square of the
modulus of the matrix element that does not depend on
the electron energy is denoted by const. It isimportant
to usthat the differential probability of the inverse pro-
cess (B decay) has exactly the same form. The only dif-
ference is that when the total reaction probability per
unit time is calculated, the integration within different
limits should be performed.

We have
W; = constJA’eJez_—l(e —A)st, (28)
for the probability ole decay and
W = const}pa/sz_—l(s —A)st, (29)
A

for the probability of neutronization.

The constant can now be expressed from relation (28)
and substituted in Eq. (29). We introduce the following
notation:

1
W, = =
B )
tg

where t; is the experimentally measured mean time per
single reaction event, and

f = I&/sz -1(e —A)st

is the Fermi statistical function. The neutronization
probability can then be written as
W= WL,
tof
where the dimensionless function is

W = w(er) —w(d),

(30)

(31
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with

w(e) = I&/sz —1(e-NA)’de
1

= %{ 12¢* —30€°A + 4(5A2 — 1)s2 + 15eA (32)

_4(50% + 2)} i1+ %Aln(s +JE-1).

The introduced time t; is nothing but the time in
which the number of particles decreases by afactor of e.
This follows from the fact that the equation for the
kinetics of 3 decay can be written as

dn _ n

dt ~ ot
The haf-lifet,, = t3In2 is commonly used.

The equation for the neutronization Kinetics is writ-
ten in the sameform

dn, _ W
& T (33)

We now make a more general remark. In our
approximation, & isthe Fermi electron energy (relative
to the rest energy), and A is a constant reaction thresh-
old. Below, we use the derived formulaboth for incom-
plete electron degeneracy and for an inconstant thresh-
old. In this case, we change

= and A— L‘;p
m.C m.C

(34)

SFH

Now, having the neutronization kinetics, we may
consider the energy loss through neutrino escape (heat
sink) so as to compare it with the entropy production
because of the nonequilibrium state, i.e., to compare
the mean energy proportional to

€

’ dw
I(s—A)-dEds, (35)
A

with the maximum energy proportiona with the same
proportionality factor to

€F

(6. —A) Iz—vsvds. (36)
A

Having these values, we can calculate the important
ratio a in Egs. (22) and (23), which characterizes the
total increase in entropy:

VOROPINOV, PODURETS

i dw
J‘(s—A)aEds
A

dw
(sF—A)I§de
A

a= (37)

The integral in the denominator was calculated above
[see Eq. (32)]. Let us calculate theintegral in the numer-
ator. It is the sum of integrals; the second of them also
reduces to the previoudly calculated integral. Denote

z(e) = J’szA/sz—l(s—A)zds. (38)
1
Then, we have
q= 1 Ze—zB) A (39)

T g —AW(gr) —W(A) g —A

The function z(¢) is calculated in elementary functions
and appears as follows:

2(g) = ir/sz—l{ (67— 1)[ 40> — 96

+30(2A% + 1) —64A] + 15e(20% + 1)}

2
_2A+ 1In(s+ A/sz—l).

16

Asanillustration, let us calculate the functions a(gg)
for various parameters A. Consider three parameters
corresponding to three cases:

(a) Nucleus Aiisaproton and nucleus B isaneutron;

(b) Nucleus A is a proton with a modified mass (see
Section 3) and nucleus B is a neutron;

(c) Nucleus A is Fe’% and nucleus B is Mn>.

In thefirst, second, and third cases, A = 2.75, 8.017,
and 22.4, respectively (Frank-Kamenetskit 1962).

Before performing our calculations, let us consider
the limiting cases - = A and & = . Calculating the
second value is straightforward. Retaining the highest-
degreetermsinw and z, we easily find that, irrespective
of A,

(40)

a, = 2

3

The second limiting case is also simple. If the non-

zero factors in the integrands are replaced with their
values at point € = A, then we obtain

(41)

Er

I(E—A)Sds
_ _3
a, = —4— =3 (42)
(e —A) J'(e —A)’de
A
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Table
el 1 1.1 15 2 25 4 10 o0
A=275 0.75 0.7574 0.7773 0.7912 0.7997 0.8123 0.8255 0.8333
A=8.017 0.75 0.7570 0.7764 0.7904 0.7990 0.8120 0.8249 0.8333
A=224 0.75 0.7569 0.7763 0.7903 0.7989 0.8119 0.8249 0.8333

It would be natural to introduce a single variable,

ep/A, and to examine the behavior of a %%F , A% for var-
ious parameters. The dependence on the parameter can-
not be completely avoided, because the functionsw and
z are not homogeneous in € and A. Nevertheless,
numerical calculations show that the dependence on the
parameter is very weak; virtually three significant dig-

£

its of aDA 0 coincide for various parameters. The
results of our calculations are given in the table. We see
from this table that the essentially unified dependence
a(eg/D) is a monotonically increasing function within
the limits

?1 <acs< g (43)
Thus, we managed to considerably improve the previ-
ously obtained estimate (0 < a < 1). Accordingly, the
fraction of the energy that goes into nonequilibrium
heating liesin the range

<l-a<= (44)

Our estimate yields a maximum fraction of the
energy that goes into heating equal to 1/4. As Bisno-
vatyi-Kogan et al. (1974) showed, this value can be
even larger (1 —a = 0.4) if the excitation of nucle is
taken into account.

Knowing the numerical value of a, we can specify
the sink power in the form (20). We emphasize that this
specification has an advantage over the direct calcula-
tion with our model. Recall that nonequilibrium heat-
ing results from the action of two opposite factors:
entropy production and heat sinks. The formulafor the
production of entropy, TdS= (U, + M, — Ky)dn, is exact
and depends neither on the equation of state nor on the
kinetics model. By contrast, dQ is completely deter-
mined by models. Aswe have seen above, the net effect
isarelatively small difference between the two quanti-
ties, and it may turn out that the sought-for effect will be
appreciably distorted because of the mismatch between
the equation of state and the kinetics. We therefore pre-
fer to specify the sink power as a quantity proportional
to the power of entropy production. In conclusion, we
make one important addition. Equation (33) is valid
only for stationary matter and describes the change in
density via the neutronization reaction. In order to

ASTRONOMY LETTERS Vol. 27 No.6 2001

derive the equation of kineticsthat is also applicable to
moving matter, we change from density to number den-
sity. Let usintroduce the proton number density relative
to the total number of baryons,

— np
}\_n+n' (45)

Then, since n, + n, = const for stationary matter and
since ne = nj, because of electrical neutrality, we obtain

A _ W
dt )‘th'
In this form, the equation of kinetics is valid along a
streamline in stationary and moving metter. For a

comoving frame, changing from the proper time to the
coordinate time yields

f A 47
tB tf’

because the proper time t is related to the coordinate

(46)

timet by dt = J-l—_sdr, where S=—g” (the metric func-

tion Sis not to be confused with entropy).

RESULTS OF CALCULATIONS

Below, we describe the solutions of two problems:
problem no. 1 with aninfinitely rapid kinetics and, con-
sequently, with an equilibrium phase composition and
problem no. 2 with a finite rate of kinetics and a non-
equilibrium phase composition.

Problem No. 1

The equation of state for cold matter with an equi-
librium phase composition can be derived from
Egs. ()—(6) a T = 0 and with the constraint i, + He = M.
The composition was assumed to be eqU|I|br| umatp 2
10° g cmr3. At lower densities, the number densities of
all particles were assumed to be 1/3, as for Fe’¢. The
equation of state for cold matter was tabulated, with the
number of points being of the order of 100000, to
achieve an accuracy of quadratic interpolation between
tabulated points at alevel of eight significant digits.

In our case, specifying a purely cold equation of
state is admissible, because, as we will see below, no
shock waves emerge here; i.e., there are absolutely no
sources of heating. This problem was essentially solved
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Fig. 1. Mass of equilibrium configurations versus central
density.

1
18 20

Fig. 2. The initially equilibrium pressure profile (stellar
units).

previously (Voropinov and Podurets 1976), but with a
dightly different equation of state taken from Harrison
et al. (1967). Running ahead, note that the result of the
problem with an equilibrium equation of state is quali-
tatively the same—relativistic collapse, while the
detail s of the flow became different, mainly becausethe
accuracy of our calculationsis much higher. To specify
theinitial conditions, we computed a set of static solu-
tions. In Fig. 1, stellar mass is plotted against central
rest-mass density.

The first maximum corresponds to the initial condi-
tions of the problem. Figure 2 shows the initial-state
pressure profile, in stellar units (see below). In ordi-
nary units, the central stellar density is p, = 1.079 x
10° gcm 3, and the stellar radiusis2.405 x 108 cm. The
system of field equations and equations of motion was
integrated in a comoving coordinate system. We chose
the observer’s proper time at the stellar boundary asthe
coordinate time and the radius (the circumference
length divided by 2m) of the initial static solution as
the comoving (Lagrangian) radius. The number of
computational points (zones) chosen uniformly in radius
was 200.1 We also performed calculations with alarger

L For a smaller number of points, some important features of the
solution (for example, oscillations; see below) do not show up
any longer. Thisisthe reason why we overlooked them in our pre-
vious study (Voropinov and Podurets 1976), where the number of
computational points was a mere 100.

VOROPINOV, PODURETS

number of points (up to 1000). It turned out that in this
case, no new physical features of the solution emerged,
while the computational time increased dramatically.
We used an implicit difference scheme. The iteration
accuracy was specified at 108 in pressure. The time
step was chosen automatically. The selection criterion
was the accuracy of the match between the results of a
single step and the results of two successive computa-
tions of half-steps. The relative error in velocity was
specified at 107. In our stellar system of units, the
speed of light and the gravitational constant are equal to
unity, while the unit of timeis 10~ s. In this case, the
unit of length is 2.99776 x 107 cm, the unit of mass
is 4.0382 x 10* g, and the unit of density is 1.499 x
10 gem,

Theinitially equilibrium star was disturbed from an
equilibrium condition by the following artificial
method. At theinitial time, the centrally directed veloc-
ity was specified as

U= —-01x 10‘6[352052—25%53}

where R, isthe stellar radius.

The entire contraction of the star is clearly divided
into four stagesin time:

(1) Theinitial stage lastsfromt =0to 1= 300 ms.
The density (as well as pressure and energy) profiles
become steeper, but generally retain their shapes, in
particular, essentially preserve their monotonic behav-
ior. Thisisthe stage of comparatively slow contraction.
Its rate and completion time depend to some extent on
how the system is disturbed from an equilibrium condi-
tion.

(2) Starting from 1 = 300 ms, after the density
reaches 10'° g cm at the central points, the rapid con-
traction attributable to an abrupt decrease in Poisson
adiabatic index begins. The separation of the entire star
into a dense compact core and a considerably less
dense, highly extended envelope begins at T = 380 ms
and ends at T = 450 ms. The core mass roughly corre-
sponds to the first equilibrium minimum in the plot of
equilibrium configurations (Fig. 1).

(3) The third stage appears as follows. Since the
core was produced by a rapid process, its state is far
from the state of rest; it oscill ates about the equilibrium
position corresponding to its mass. The core massis not
constant, and the envelope onflow on it continues,
increasing its mass. Accordingly, the oscillation fre-
guency increases. Thisregime takes place until the core
mass becomes equal to the mass of the second maxi-
mum in Fig. 1 (Oppenheimer—Volkov maximum).

(4) The fourth stage, relativistic collapse, begins at
T=710 ms.

The initial stages are conveniently illustrated by
plots of central density p. against timet. In Fig. 3, cen-
tral density isplotted against timein our stellar unitsfor
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thefirst two stages. the slow initial acceleration and the
rapid stall completed with the core separation.

The third stage, the stage of oscillations with a
slow increase in core mass, cannot be illustrated by a
single plot because of the large number of (quasi-)peri-
ods. Wethereforeillustrate the situation by two figures.
Figures 4 and 5 show central-density oscillations at the
position of an equilibrium minimum mass and near an
equilibrium maximum mass, respectively. The figures
illustrate a smooth increase in density, with oscillations
whose period decreases with time occurring against its
background. Accordingly, the core radius oscillates in
antiphase. The oscillation period decreases in accor-
dance with the elementary theory of stellar pulsations
with Newtonian gravitation. In this theory, the oscilla-
tion period is proportional to p~'/2. An important point
is that the period depends on the combination M/R?,
i.e., on the density, rather than separately on the stellar
radius R and mass M. We see from Figs. 4 and 5 that an
increase in density by two orders of magnitude causes
the period to decrease by almost an order of magnitude,
in agreement with the pul sation theory.

Since the last, fourth stage is characterized by a
rapid, catastrophic increase in central density, the p(T)
plot is not very informative here. The R-t diagram in
Fig. 6 illustrates this stage. At the stage of catastrophic
contraction, streamlines’ crossings of their gravitationa
radii are major events. A set of these events givesaline
in the R-t plane whose equation isr = 2m. Also shown
here arer = const lines and the start of theline of fall to
the center (r = 0). We see that the crossings, asis usua
for stars, do not take place simultaneously. The curve
has a characteristic appearance with a minimum. Point
no. 40 crosses most early, followed by adjacent points
on both sides. The computation was interrupted at
T =711.066278, when the density at the central point
became equal to p, = 0.61027 x 10'4, and the computa-
tion became impossible. By thistime, point no. 70 had
crossed its gravitational radius. The total rest mass
enclosed within the sphere corresponding to this point
accounts for =45% of the star’stotal rest mass. For this
reason, we do not worry that we had to interrupt the
computation. The fate of the star has aready been
decided—the gravitational collapse of the entire star is
inevitable.

Problem No. 2

In the problem under consideration, the neutroniza-
tion rate is finite, and the equation of state is a three-
phase equation with a nonzero temperature. The time
constant in Eq. (47), tgf, was set equal to 1200 s. The
dimensionless parameter that characterizes the sink
power (22) and (33) is set equal to a = 0.75, in accor-
dance with the estimate (44).

The problem was aso computed for three cases:
with 200, 500, and 1000 points. No marked difference
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was found between them (particularly the last two).
Qualitatively, the pattern of motion appears as follows.

Thefirst two stages are similar to those described in
problem no. 1: an amost equilibrium core breaks away,
and the onflow of a highly rarefied envelope continues.
However, there is also a marked difference. Since the
equation of state lags behind the equilibrium state (the
effective Poisson adiabatic index is larger than that in
the previous case) and since the effective second vis-
cosity attributable to the same factor is in action, the
core breaks away in amuch softer regime. In particular,
the amplitude of the oscillations characteristic of the
third stage in the preceding problem is considerably
smaller, and they are damped our rapidly. However, the
principle difference is that the onflow of matter on the
core gives way to the inverse process—a collisionless,
smooth envelope gjection takes place. This feature
steadily shows up in all three computations with differ-
ent numbers of points. At the same time, the core itself
remainsin static equilibrium; the central pressure, den-
sity, and other quantities remained constant in five sig-
nificant digits for hundreds of milliseconds as long as
the computation continued. The velocities in the enve-
lope increase from the center out to the periphery, so
the boundary velocity reaches ~0.10-0.12 of the speed
of light by the end of our computation. It is of interest

Fig. 8. Rest-mass density versus radius (stellar units). The
circle marks the boundary point, and the cross marks the
boundary point of theinitial distribution.
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Fig. 10. Thedistribution of proton number density.

to compare the gas velocities in the envelope with the

parabolic velocity v, = /w (we use the Newto-

nian formulas, because the general-relativity correc-
tions in the envelope are small). Since the pressure in
the envelope decreases with increasing distance from
the center, the point at which the velocity becomes
equal to v,, moves to the center as time passes. At the
completion time of the computation (t = 1250 msin the
problem with 500 points), al points from no. 384 to
no. 500 are bound to go to infinity. The mass carried
away by them accounts for 6.2% of the total mass.
However, this estimate is not accurate, but only alower
limit, because the matter at theinner points continuesto
accelerate, and its velocity can reach v,,. Note also that
the mass of the envel ope points with positive vel ocities
accounts for 35% of the total stellar mass. An estimate
of the gjected massisrequired to predict the subsequent
fate of the stellar remnant. As we saw above (see Fig. 1),
the second mass maximum of cold configurations is
considerably lower than the first maximum, so, for the
stellar remnant to become an equilibrium one (both
mechanically and thermodynamically) after cooling,
no less than 48% of the mass must be gected. There-
fore, the above estimates most likely suggest that, in the
long run, the remnant collapseisinevitable. It isimpor-

ASTRONOMY LETTERS Vol. 27

No. 6 2001



RELATIVISTIC GRAVITATIONAL COLLAPSE OF A COOL WHITE DWARF

tant to emphasize that thisis valid only when the effect
of baryon repulsion on the matter compressibility is
ignored. Note also that we limited our computation to
times of the order of 1000 ms not only because the com-
putationa time greatly increases, but also because the
computation of an essentially nonrelativistic flow from
the general-relativity eguations becomes unrdiable.

Thus, based on our computations, we established
the very fact of envelope gjection. As regards the final
fate of the stellar remnant, strictly speaking, the ques-
tionis still largely an open question.

In conclusion, we provide parameter profiles that
refer to the last computational time (t = 1250 msfor the
computation with 500 points). Figure 7 shows the dis-
tributions of massvelocitiesu= ¥ and escape velocities
of free particle to infinity v, in points.

Figure 8 shows the distribution of rest-mass density
in radius r. We see that in the unsteady-state case, the
stellar radius at the last time is more than an order of
magnitude larger than the initial radius.

Figure 9 shows the temperature distribution. The
temperature is given in energy units mc?.

Figure 10 shows the distribution of A: the proton
number density relative to the total number of baryons.
We see that the core at rest is a neutron star.
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Abstract—UBVRI observations of circular polarization in WW Vul are presented. A positive polarization of
~0.1% was detected with asignal-to-noise ratio from 3 to 5 in each of the bands and more than 5 when averaged
over al five bands. This observed polarization roughly correspondsto a1% circular polarization of theradiation
scattered in acircumstellar disk, which ismost likely attributable to the significant alignment of scattering non-
spherical dust grains. Since grain alignment is possible only inamagnetic field, this result provides circumstan-
tial evidence for the existence of a magnetic field in the circumstellar disk of WW Vul. © 2001 MAIK

“ Nauka/Interperiodica” .
Key words. young stars, polarization

INTRODUCTION

Circular-polarization measurements for young stars
are few in number. A statistically significant polariza-
tion of ~0.05% wasfirst detected in T Tau, RY Tau, and
SU Aur by Nadeau and Bastien (1986) and confirmed
by observations with other instruments on other tele-
scopes (Bastien et al. 1989). Hutchison et al. (1994)
recorded acircular polarization exceeding 50 in RU Lup,
AK Sco, HD 144669, and HD 97 048. For each of the
stars, thisresult was obtained only on one of the nightsand
only in one band. Such a high polarization (0.07-0.5%)
was observed in these stars neither on other nights nor
in other filters on the same night. Of the 60 objects, a
circular polarization exceeding 50 was detected in sep-
arate series of measurements only in RY Lup and
HD 163296 (see the review article by Yudin and Evans
1998).

In UX Ori stars, which constitute a separate subclass
of young stars with unusually high polarization activity
(linear-polarization variability AP ~ 5%) (Grinin et al.
1991), circular polarization was detected only once.
Observations of UX Ori a minimum light (AV ~ 27'5)
are given in Voshchinnikov et al. (1988). These authors
observed acircular polarization of ~1% with an error of
0.3% on two successive nights. Averaging the results
over thesetwo nightsyields v = 1.1 £ 0.2%. In the state
of high brightness, the circular polarization in UX Ori
does not exceed 0.3% and 0.1% as inferred from the
data of the above authors and Hutchison et al. (1994),
respectively.

* E-mail address for contacts: dshakh@crao.crimea.ua

WW Vul (A2e, V = 10.3-12.7) is one of the best-
studied UX Ori stars. Its linear polarization at mini-
mum light reaches 7% (Grinin et al. 1991). A peculiar-
ity of WW Vul is the abnormal behavior of its linear
pol arization observed when the star was emerging from
some of itsminima (Grinin et al. 1988; Berdyugin et al.
1992), which cannot be explained in terms of the uni-
versally accepted model for this class of objects (Grinin
1988). According to this model, the variable linear
polarization results solely from an increase in the con-
tribution of the polarized radiation scattered in the cir-
cumstellar disk when the star is eclipsed by dust clouds.
One of the probable causes of thisbehavior isthe exist-
ence of an additional mechanism for the formation of
linear polarization, absorption by aligned nonspherical
particles (Berdyugin et al. 1992). Of particular interest
in this connection is investigating circular polarization
in WW Vul, because scattering by aligned nonspherical
dust grainsis an efficient formation mechanism of cir-
cular polarization (Dolginov et al. 1979).

OBSERVATIONS
AND THEIR STATISTICAL ANALY SIS

We observed WW Vul at the Crimean Astrophysical
Observatory on one night in 1996 and on five nightsin
1997 using the 1.25-m telescope (AZT-11) equipped
with the UBVRI photometer-polarimeter designed by
Piirola (1975). A quarter-wave phase plate rotated dis-
cretely at steps of 90° every 20 swas placed in front of
the polarization analyzer (a plane-parallel calcite
plate). Theintensities of the ordinary and extraordinary
rays that emerged from the analyzer were measured
quasi-simultaneously with a modulation frequency of

1063-7737/01/2706-0376%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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Table 1. Observations of circular polarization in WW Vul

Date JD245| my N vy, % Vg, % vy, % VR, % v, % P, %
June 18, 1996| 0314 | 10.51 29 | 0.104+0.089 | 0.099+0.034 | 0.074+0.038 | 0.031+0.040 | 0.076 £ 0.040 -
July 3,1997 | 0633 | 11.25 39 0.171 0.127 | 0.005 0.045 | 0.140 0.052 | 0.024 0.032 | 0.115 0.041 23
July 5,1997 | 0635 | 11.45 60 0.305 0.130 | 0.150 0.041 | 0.210 0.056 | 0.110 0.027 | 0.120 0.034 -
July 6,1997 | 0636 | 11.27 39 0.422 0.183 | 0.041 0.097 [-0.067 0.083 | 0.099 0.062 | 0.089 0.064 -
July 11, 1997 | 0641 | 11.22 20 0.180 0.224 | 0.049 0.110 | 0.031 0.077 |-0.007 0.044 | 0.014 0.057 12
July 12,1997 | 0642 | 11.20 27 0.098 0.190 | 0.180 0.059 | 0.000 0.110 | 0.050 0.040 | 0.098 0.052 12

25 Hz. All measurements were made through a 15" aper-
ture. The instrumental polarization was determined
from observations of the unpolarized standard stars
HD 18803 and HD 144 287 and did not exceed 0.02%
in all bands. Our observations are given in Table 1.

As we see from the table, a circular polarization
exceeding 30 was observed on JD 2450635 (July 5,
1997) in BVRI and on JD 2450642 (July 12, 1997) in B.
On the remaining nights, the measurement accuracy
was too low for a circular polarization to be detectable
even at a30 level. To increase the accuracy, al the 1997
observations during which the star had virtually the
same brightness, were combined into a single set and
reprocessed. The results are presented in Table 2. The
last two columns of this table list the measurement
errors of circular polarization: g isthe error of the mean
caculated from the actual scatter, and o, is the
expected error from the photon noise alone.

As we see from Table 2, the mean polarizations in
different bands are similar and exceed 3o in al bands,
suggesting that the polarization is actually nonzero;
moreover, its wavelength dependence is flat. In that
case, it makes sense to average the polarization over al
bands. This averaging with weights w = ¢~ yields
V[ 0.086 + 0.015%.

In attempting to detect the lowest possible polariza-
tion, thereisgenerally always adanger that the detected
effect is attributable to one degree or another to disre-
garded instrumental errors. The entire observational
procedure and our observational data were therefore
critically analyzed at the St. Petersburg State Univer-
sity. Asaresult, we found the following: first, no possi-
ble instrumental errors could significantly affect the
results of our observations, and, second, reprocessing
our data by an independent method confirmed the
results of Table 1 with insignificant (within the limits of
observational error) discrepancies. In particular, the
circular polarization averaged over all six observing
nights and over al five bands was found to be W [=
+0.091 £ 0.009%, whileits value averaged over thefive
nightsin 1997 is W = +0.090 = 0.018%, which is seen
to be close to the above values.

In general, the results of this reprocessing match
those given above. The circular polarization averaged
over the five bands is V= 0.088 + 0.006% for the
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entire set of observations and 0¥ (= 0.099 + 0.022% for
the 1997 observations.

DISCUSSION

Thus, we not only detected circular polarization in
WW Vul, but also obtained information about its wave-
length dependence (it is apparently flat) and about the
pattern of itsvariability (it variesonly dlightly on atime
scale of several days, because the signal-to-noise ratio
improved considerably when the observations were
averaged over eleven days).

Note that the circular polarization observed in UX
Ori, an object of the same classasWW Vul, isan order
of magnitude higher than that in WW Vul. This may be
attributable to the fact that UX Ori was observed at
minimum light (AV ~ 275), while WW Vul was

observed in an intermediate state (AV ~ 07'7). For any
of the possible formation mechanisms of circular polar-
ization:

—transformation from linear polarization as light
propagates in an anisotropic interstellar medium,

—multiple scattering by nonaligned dust grains, and

—scattering by aligned dust grains,

it would be natural to expect an increase in the
observed polarization with increasing amount of dust
on the line of sight and with increasing fraction of the
scattered light in the observed radiation, which is the
case at minimum brightness.

The high intrinsic circular polarization in WW Vul
suggests scattering by aligned dust grains as the most
plausible mechanism.

Indeed, the first mechanism can most likely be
ignored, because the interstellar polarization is low,
P, ~ 1.0% for WW Vul (Grinin et al. 1988).

Table2. Mean circular polarizationsin WW Vul

Band v, % o, % 0p, %
U 0.245 0.049 0.067
B 0.090 0.022 0.025
\% 0.102 0.025 0.031
R 0.063 0.015 0.016
| 0.099 0.019 0.021
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If the source of circular polarization is the scattered
disk radiation, then, knowing its intensity determined
by analyzing observed color-magnitude diagrams for
WWWUL, I ~0.051(Grinin 1988), weobtain I = 0.11
at the time of measurements (V = 11.2). Consequently,
the intrinsic circular polarization of the scattered disk
radiation is v ~ 0.9%.

For multiple scattering by spherical particlesin cir-
cumstellar disks, the circular polarization differsin sign
during scattering in different disk quadrants (Bastien
1988), and thetotal circular polarization from the entire
disk must be zero under axially symmetric conditions.
Therefore, in the case of multiple scattering, one might
expect circular polarization to emerge only when the
disk shape deviates appreciably from axial symmetry.
In principle, such deviations are possible under the
effect of tidal perturbations in young binary systems.
However, as an analysis of the above calculations by
Bastien (1988) shows, the maximum circular polariza-
tion in such cases can hardly be comparable to the
above estimate (v ~ 0.9%).

For this reason, the third of the above mechanisms
seems most plausible, because circular polarization in
this case emerges even after a single scattering and can
be high (Notni 1985). Note also that the emergence of
circular polarization during scattering by aligned dust
grainsiswell known for the solar zodiacal light, withits
polarization (~0.5%; Dolginov and Mitrofanov 1975)
being close to v for WW Vul and UX Ori.

CONCLUSION

We have concluded that the circular polarization in
WW Vul is most likely attributable to scattering by
aligned nonspherical particles. Since the alignment of
nonspherical particles in most astrophysical situations
is impossible without a magnetic field being involved
(Dolginov and Mitrofanov 1975), this fact can be con-
sidered as circumstantial evidence for the existence of
amagnetic field in the star’s circumstellar disk.

Our estimates show that the circular polarization of
the scattered radiation from the circumstellar disk of
WW Vul is ~0.9%. One might expect such a polariza-
tion at the deepest minimaof WW Vul, when the star is
completely obscured from the observer by adust cloud,
and the scattered radiation from circumstellar dust
dominates.

In conclusion, note that our observations revealed a
positive circular polarization in WW Vul. Circular

SHAKHOVSKOI et al.

polarization of the same sign was observed in two of
the three young objects of Bastien et al. (1989), in three
of thefour objects of Hutchison et al. (1994), in thetwo
objects of Yudin and Evans (1998), and in UX Ori
(Voshchinnikov et al. 1988); i.e., apositive polarization
clearly dominates. This fact is of considerable interest
and deserves a specia study.
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Abstract—Photoel ectric (UBVR) observations of the eclipsing variable EQ Ori are presented. The ephemerides
of primary minima are refined, and the range of the star’s light variations is determined. All light curves are
solved by Lavrov’sdirect method, and highly accurate photometric orbital el ements are obtained for the system.
The magnitudes and colors of each component are calculated and analyzed in two-color (U-B)—(B-V) and
(U-B)~«V-R) diagrams. The system’s primary component is classified as a metallic-line Am star. The absolute
parameters of the components are estimated, and the binary is classified as a detached system with a subgiant:
A0V and K2 IV. EQ Ori has afaint physical companion, which causes the epochs of primary minimum to be
systematically displaced with aperiod of about 30 years. The expected parameters of the distant companion are
estimated. The system’s components are at a pre-ZAMS evolutionary stage, with their age being 2 x 10° years.
EQ Ori isthought to be a member of the Ori | association. © 2001 MAIK “ Nauka/Interperiodica” .
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INTRODUCTION

The variable EQ Ori (= BD —3°945 = 43.1929, m =
10.2-13.3 pg; Sp: A0:) was discovered by Hoffmeister
(1929), who established its variability type and deter-
mined the range of itslight variations. Subsequent visual
and photographic observations of the variable provided
information about the binary’s light curve and light ele-
ments. The General Catalog of Variable Stars (GCVS)
givesthe following ephemeris.

Min I = JDH 2431 438.743 + 19746057E.

The eclipse at primary minimum lasts for 0712, and

asignificant fading (37'1) takes place. Whitney (1957)
noted that the period of EQ Ori was variable.

A spectrum of EQ Ori was taken with a resolution
of 2.5 A on the ascending branch of its primary mini-
mum using the 2.1-m Kitt Peak Observatory telescope,
and a search for emission in the spectral range between
Hg and H, was made (Kaitchuk and Honeycutt 1982;
Kaitchuk et al. 1985). The search yielded no positive
results. There are two observations of the varigble at
maximum light in Stromgren’s four-color photometric
system. These observations were carried out with the 40-
and 90-cm Kitt Peak Observatory telescopes (Hilditch
and Hill 1975) in an effort to determineits color.

Approximate photometric and absolute parameters
of the close binary were determined by Gaposhkin
(1953), Brancewicz and Dworak (1980), and Svechni-
kov and Kuznetsova (1990). The authors used unsolved

* E-mail address for contacts: mamnun@astrin.uzsci.net

photographic light curves and relations between funda
mental stellar parameters, including statistical relations.

OBSERVATIONS

We performed observations of EQ Ori as part of our
program of research on close binaries in star-forming
regionsin the Ori | association (Zakirov 1996). Photo-
electric (Johnson's UBVR) measurements of EQ Ori
were obtained with the 1-m Maidanak Observatory
telescope from September through November 1998.
The observations were reduced by a standard method
using monthly mean atmospheric extinction coeffi-
cients at Mount Maidanak (Zheleznyakova 1984). On
clear nights and for a sufficient number of measure-
ments of the standard star, the extinction coefficients
were estimated by Bouguer’s method. The magnitudes
and colors of the comparison starswere determined rel-
ative to a photometric standard in Kapteyn's sguare
area SA 95 (Landolt 1983). The coefficients of transfor-
mation from the instrumental photometric system to
Johnson's system were calculated by the method of

Hardy (1967). BD —-3°953 (V=6"983 + 07001, U-B=
—07018 £07'008, B-V=07475£07002, V-R=0"7481
07017; Sp: F5) and BD —3°948 were chosen as the
comparison and check stars, respectively. Our observa:
tions of the close binary are summarized in Table 1.1

A total of 445, 443, 445, and 440 measurements were
obtained in U, B, V, and R, respectively. The light

LTable 1 is published in electronic form only and is acces
sible via ftp at cdsarc.u-strasbg.fr/pub/cats/J (130.79.128.5) or
http://cdsweb.u—strasbg.fr/pub/cats/J.

1063-7737/01/2706-0379%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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Fig. 1. Light curve of EQ Oiri.

curves of EQ Ori are shown in Fig. 1. The magnitudes
and colors of the variable at maximum and minimum
aregivenin Table 2.

ORBITAL PERIOD

Whitney (1957) pointed to variability of the period
of EQ Ori, but hefailed to establish its pattern. Instabil-
ity of the variable's orbital period is also noted in the

Table 2. Photometric parameters of the light curve for EQ Ori

Phase \% u-B B-V VR
Max 10.43 0.16 0.15 0.17
Min | 13.53 0.10 0.64 0.83
Min 1 10.49 0.16 0.12 0.14

ZAKIROV

GCVS. We collected al the available observations of
the close binary’s minimaand improved their ephemer-
ides by least squares. The epochs of observed minima
for EQ Ori were mostly published by Ddppner (1962)
and Dworak (1977); there are also numerous amateur
observations of the variable in the BBSAG (Bedeck-
ungsveranderlichen Beobachter der Schweizerischen
Astronomischen Gesellschaft. Bulletin). We managed
to find 110 epochs of minima, including our three
determinations (JDH 2451127.272, 2451132.514,
and 2451134.259), in the interval of observations
JD 2451087-2451134. We fitted the epochs of minima
for EQ Ori by linear and parabolic laws and anayzed
the O-C residuals with aharmonic function. If the sum
of (O-C)? obtained with alinear law is taken as 100%,
then this sum obtained with a parabolic law is 80% and,
given the harmonic term, 53%. Based on the least sum
of (O—C)?, wechosealinear law with asinusoidal term:

Min I = JDH 2 445 344.328 + 197460579E

—09022sin(338°5 + 0°058E),
+0.003 £ 0.0000005 * 0.008.

Deviations of the observed minima from the linear
part of this ephemeris are shown in Fig. 2. Thereis a
harmonic term with a period of about 30 years in the
variable's light elements. Some points in the plot devi-
ate greatly from this sinusoid. In the overwhelming
majority of cases, the epochs of minima of the variable
were determined from photographi c and amateur visual
observations. The exact epoch of maximum fading in
eclipsing systems with sharp, deep minima lasting for
no more than severa tens of minutes is difficult to
establish photographically, because the exposure time
(typically 3040 min) “smears’ the accuracy of fixing
minima (Zakirov 1993). For EQ Oiri, the photoel ectric
duration of the eclipse at primary minimum is longer

than its photographic duration by 0704, and the fading

is0T5B in B. During amateur visual observations with
small instruments, EQ Ori can be completely unseen at
primary minimum (V = 137'5). Of course, observers can
interpolate their observations to the epoch of maximum
fading from the ascending and descending branches of
minima, but it is not known how accurately thisis done.
Thus, we managed to establish that the variability of
the orbital period of EQ Ori previously noted by other
authors was attributable to the close binary’s rotation
about a common center of mass of the triple system.

LIGHT CURVE AND ITS SOLUTION

The light curve of EQ Ori is typical of Algolswith
an indistinct phase effect and a deep, sharp primary
minimum. A secondary minimum is clearly seen only
inthe V and R light curves. The surprising thing is that

the secondary minimum (071 pg) was revealed by pho-
tographic observations. The shallow secondary mini-
ASTRONOMY LETTERS Vol. 27
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mum suggests that the system’s faint component is a
late-type star. The eclipse duration at primary (DI) and
secondary (DII) minima is approximately the same,

0716. Our observationsyielded aslightly larger DI than
did photographic data (0712).

We solved al light curves by the direct method of
Lavrov (1993), which isbased on Russell-Merrill’srec-
tifiable model. Limb darkening coefficients were taken
from Rubashevskii (1985), who caculated them in
Johnson’s photometric system. Fourier decomposition
of the light curves outside eclipse revealed a noticeable
reflection effect in the V (A, = -0.0114 £ 0.0025) and
R (A, = -0.0172 = 0.0033) light curves. The light
curves of EQ Ori were solved for circular and elliptical
orbits. Minimizing the sum of the squares of deviations
(O-C)? of normal points from a theoretical light curve
isamajor significance criterion for the data in solving
the light curves of eclipsing variables. Minimization of
the sum of (O-C)? gaveriseto alarge orbital eccentric-
ity. Because of the shallow secondary minimum, the
eccentricity e and the longitude of periastron w can be
determined only by solving the V- and R-light curves.
We obtained w = 86° £ 1°, i.e,, an angle close to 90°,
and e = 0.37. The duration ratio of secondary and pri-
mary minima can be easily estimated from the follow-
ing smplerelation at i = 90° (Martynov 1971):

DIl _ 1+esnw
DI l-esnw’

We found thisratio to be ~2, which is not confirmed
by observations. Applying the x? test to the deviations
of normal points at secondary minimum from atheoret-
ical Rlight curve, which clearly exhibits this minimum,
shows that this parameter for a circular orbit is a factor
of 5 smaller than that for an elliptical orbit. Thus, we
assumed the orbit of EQ Ori to be circular and derived
its photometric orbital elements.

At primary minimum, atotal eclipse of the brighter,
but smaller (in radius) component takes place (the
G — Shypothesis). Solving al light curves of EQ Ori
indicates that the photometric phase in the middle of its
primary minimum is o = 1.000. We, therefore, assume
that atotal eclipse occurs at minimum, although thisis
not evident from the binary’s light curve. The duration

Table 3. Photometric orbital elements for EQ Ori
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Fig. 2. Deviations of the epochs of primary minima for
EQ Ori from alinear law.

of the total eclipse at primary minimum is short (dI =

07009 + 07001 or about 13 + 1 min). The results of
light-curve solution for EQ Ori are given in Table 3,
wherethelast row liststhe weighted mean deviations of
normal points from atheoretical light curve. The quan-
tities that refer to the cool and hot components are
marked by the subscripts“c” and “h,” respectively. The
relative radii of the components are given in units of the
orbital radius. Since the derived geometric elements of
the close binary in al bands are similar, the sixth col-
umn gives their means. The last column lists the param-
eters obtained by Svechnikov and Kuznetsova (1990)
from an analysis of the photographic light curve. A com-
parison of our photometric orbital elementswith those of
these authors shows that they differ by no more than 7%.

DISCUSSION

Table 4 gives the photometric parameters of each
component calculated from the data of Tables 2 and 3.
These values refer to the far, unlit sides of the compo-
nents and thus reflect the true quantities. The necessary
corrections can be determined by using the program of

Svechnikov and
Parameter U B \% R WBVRL | K iznetsova (1990)
e 0.264 0.260 0.256 0.259 0.260 + 0.002 0.261
M 0.242 0.230 0.231 0.234 0.234 + 0.003 0.249
X 0.95 0.90 0.70 0.60
X 0.50 051 0.42 0.35
i 9.0 89.9 90.0 89.7 89.9+0.1 )
Le 0.046+0001 | 0050+0001 | 0.074+0001 | 0.110+0.001 0.09
o™ 0.027 0.024 0.026 0.021
ASTRONOMY LETTERS Vol. 27 No.6 2001
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Table 4. Photometric quantities for the components of EQ Ori

Component \% U-B B-V V-R
Hot 10.51 0.16 0.12 0.13
Cool 13.25+0.01|0.24 £ 0.02 | 0.59 £ 0.02 | 0.60 + 0.02

Lavrov (1993), and the method of calculation is simple
(Martynov 1971). The photometric quantities of the hot
component were calculated with an accuracy higher
than 0™'01. For an independent spectral classification of
the components, we plotted their positions on two-
color (U-B)-(B-V) and (U-B)-(V-R) diagrams (Fig.
3). The hot component of EQ Ori lies below the stan-
dard color curve for main-sequence (MS) stars and
doesnot crossit when moving along the reddening line.
This behavior is typical of metal-rich stars whose
absorption lines produce an additional absorption of
energy—the blanketing effect (Hack and Struve 1970;
Straizys 1977; Wolff 1983). We will return to the com-
ponents’ spectra below after discussing their nature.

We estimated the expected absolute parameters of
the components of EQ Ori by our method outlined in
Zakirov (1996). The main point in thismethod is estab-
lishing the fundamental parameters of the primary star,
which the hot component of the close binary isin our

ZAKIROV

case. The hot component mainly contributes to the
close binary’s light (see Table 4), and this star is char-
acterized by the spectral type AO. Assigning the tabu-
lated parameters of an AQ V star (Straizys 1982) to it,
we calculated the same quantities for the cool compo-
nent. The temperature of the cool component as
inferred from Planck’s formula in U is amost 10%
higher than that in the remaining bands. We took into
account the mean temperature of this component
derived from the photometric orbital elementsin BVR.
Our search for the best correspondence of the cool
component’s parameters with allowance for the cosmic
dispersion of these quantities to the same spectral type,
radius, mass, and luminosity showed that the hot and
cool componentswere AOV and K2 |V stars (Table 5),
respectively. For comparison, the table gives the abso-
lute parameters of the components of EQ Ori estimated
by other authors. The discrepancy in mass estimates for
the cool component is largest: the value of Svechnikov
and Kuznetsova (1990) isafactor of 3 smaller than that
of other authors.

Our mass ratio of the close binary’s componentsis
q = 0.82, and their critical radii are r;, .; = 0.393 and
le. it = 0.356 (Plavec and Kratochvil 1964). Both stars
are deeply embedded in their Roche lobes. Thereis no

0 0.5
B-V

|
0 0.5
V-R

Fig. 3. Two-color diagrams: (a) (U-B)—(B-V) and (b) (U-B)-(V-R). Open circles are the components of EQ Ori (Table 4), filled
circles are the components on the standard curves, triangles are the expected positions of the close binary’s components, crosses are

stars near the variable, and dots are Am stars.
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Table 5. Expected absolute parameters of EQ Ori

383

Hot component Cool component
Parameter ; ; : ;
; Brancewiczand | Svechnikov and ; Brancewicz and | Svechnikov and
this paper Dworak (1980) |Kuznetsova (1990) this paper Dworak (1980) |Kuznetsova (1990)

M/Mgo 224 2.87 24 1.83 1.90 0.62

R/Rg 2.29 1.88 22 253 214 23

My, 0.72 0.85 3.46 3.0

T,K 9600 9640 4860 5550

Spectral type A0V A0 A0 K21V G21V

mass transfer in the system, and the orbital period has
been congtant for six decades. EQ Ori belongsto detached
systems, which consist of aM S star and a subgiant.

In two-color diagrams, the hot component of EQ Ori
exhibits an ultraviolet deficit, d(U-B) = 0710 (Fig. 3),
characteristic of metallic-line Am stars (Straizys 1977;
Wolff 1983). On the same color diagrams, we plotted
the positions of Am stars determined photometrically
(Jaschek and Jaschek 1957; Mendoza et al. 1978). The
blanketing effect on B-V causes this color to decrease,

on the average, by 0707 (Hack and Struve 1970). Inthe
B-V range 07'1-0""2, the mean ratio 8(U-V)/d(B-V) =
2.4 £ 0.4 (Gomez et al. 1981) [the differences &(U-V) =
(U-V)—(U-V), and &B-V) = (B-V)—(B-V), if the star
undergoes no interstellar extinction]. Allowance for
blanketing of the close binary’s hot component yields

the correction 3(U-B) = -07'10 + 0703; its corrected
U-B=0706 0703 and B-V=0705+ 0703 (wetook a
formal error of £07'03 for B-V). The new position of
the hot component is marked in Fig. 3 by a triangle.
When moving along the reddening line, the star crosses

the standard curves at points near AO, in complete
agreement with its spectral classification. The color

excess of the hot component is Eg ,, = 0707, and the
visual absorption is A, = 0723 for R = 3.36 (Straizys
1977). The distance modulus for the close binary is9™'3.

Our estimate of the distance to the variable matches
that of Brancewicz and Dworak (1980).

The position of the cool component in the two-color
diagrams does not correspond to its expected spectral
type K2 1V (the notation for the cool component in Fig. 3
isthe same as that for the hot component). Thismay be
attributable to the star’s unusual spectral energy distri-
bution. The star’s spectrum at primary minimum, when
only the cool component is seen, would be informative
in interpreting the nature of the faint component.

The fact that one of the components of EQ Oiri
belongs to subgiants suggests that the star is either at a
pre-MS or post-M S evolutionary stage. We studied the
positions of the close binary’s components in the
Hertzsprung—Russell diagram constructed for moder-
ate-mass single stars evolving toward and away from
the MS (Maeder 1976; Pallaand Stahler 1993). Having

ASTRONOMY LETTERS Vol. 27
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analyzed these diagrams, we managed to establish that
the close binary’s components evolve toward the
ZAMS (Fig. 4). The system’s ageis estimated to be 2 x
10% years. We estimated the gravitational contraction
time for pre-ZAMS moderate-mass (M < 8M) stars
by using the formula (Masevitch and Tutukov 1988)

1=5 x 10" (Mo/M)*° years.

The hot and cool components of EQ Ori will reach
the ZAMSin 7 x 10° and 1.1 x 107 years, respectively.
The massive component of EQ Ori was classified as an
Am star. Stars of this class have previously been dis-
covered in several OB associations and in open clusters
with ages=10° years (Hack and Struve 1970; Abt 1979).

Aswas shown above, EQ Ori is atriple system that
rotates about a common center of mass with aperiod of

2,

Q’P @&
3760 e I
5.0

4.2 4.0
log T'g

4.4

Fig. 4. Positions of the components of EQ Ori inthe Hertzs-
prung—Russell diagram constructed for single starsfrom the
calculations of Pallaand Stahler (1993). The numbers near
tracks are stellar masses (in units of the solar mass); the cir-
cles mark the positions of the hot (upper) and cool (lower)
components in the Hertzsprung—Russell diagram.
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Table 6. Photometry of starsin the vicinity of EQ Ori
Star | BD v U-B B-V V-R N |Qmethod*| Egy m-M
1 117484+ 0.003 | 17003+ 0.022 | 17069+ 0.005 | 07859 + 0.004 12 K4 0702 4"s
2 11.223+0.002| 0.158+0.006 | 0.608+0.003 | 0.5652 0.005 12 B8 0.71 8.8
3 |-3°948| 11.067+0.003| 0.074+0.004 | 0.316+0.002 | 0.302+ 0.003 14 B9 0.39 9.3

* The Q method is the method of determining the spectral type of a star from its measured U-B and B-V color indices (Straizys 1977).

29.5 years. Let us estimate basic parameters of the dis-
tant component by using the so-called mass function
(Martynov 1947; Kopal 1959):

M’sn’i®  _ a'sin’i’
(M +M+M)?  P?

where M is the mass of the third body, i' is the orbital
inclination of thetriple system, a' isthe semimgjor axis
of its orbit (in AU), and P' is the orbital period of the
entire system (in sidereal years). Suppose that the
orbital planesin thetriple system are coplanar, i.e.,i=i'.
Recall that i is the orbital inclination of the close pair.
Assuming the orbit be circular, we can easily determine
its radius from the amplitude of the light equation,
(3.7 £ 1.5) AU. Wefind the companion’s mass from the
mass function to be M/Mg = 1.2 £ 0.5. Taking the age
of the distant companion to be equal to the age of the
binary system, we find the star’ s radius and temperature
from the Hertzsprung—Russell diagram constructed by
Pallaand Stahler (1993): RIR;=2.2+0.5and T=4500 +
600 K, respectively. We also calculated the apparent
magnitude of this companion, V = 1470 + 175. The
error in the parameters of the distant companion proved to
be large because of inaccurate determination of the ampli-
tude of thelight equation (signal-to-noiseratio =2.8). The
distant companion apparently does not contribute

N

o2
03

©EQ Ori W

o/

Fig. 5. Finding chart for EQ Ori. Thefieldis 12" x 12'.

appreciably to the total brightness, as it is even unde-
tectable when searching for athird light with the pro-
gram of Lavrov (1993). Interestingly, although a total
eclipse takes place in the close binary, the brightnessin
the middle of its primary minimum is lower than the
brightness of the cool component in all bands except
for R

Thereisasmall group of stars of approximately the
same brightness near the variable, which clearly stands
out against a poor stellar background (Fig. 5). We per-
formed photometry of these starsin an effort to find out
whether thisstellar groupingisreal (Table 6). Star no. 3
served as the check star during the variable's observa-
tions. In the two-color diagrams, we plotted only two
stars (Fig. 3), while the third star (no. 1) was alate-type
star without any appreciable absorption. When moving
along the reddening line, the stars cross the standard
curvestwice. If we chose earlier spectral typesfor these
stars and estimated their distance moduli, then they
would lie at approximately the same distance as the
variable (Table 6).

As was pointed out above, EQ Ori islocated in the
large Ori | association, whose distance is 450 pc (m —
M = 874). Given the cosmic dispersion of the star's
absolute parameters, this distance modulus for the vari-
able (m—M =973) can be assumed to suggest that it lies
intheassociation. The proper motionsof EQ Ori arevery
low (Rozer and Bagtian 1993), like those for physica
members of the association (Parenago 1954). Taking into
account the system’s youth and the aforesaid, we expect
EQ Ori to be at apre-ZAMS evolutionary stage and isa
physical member of the Ori | association.

CONCLUSION

The first photoelectric (UBVR) observations have
been obtained for the eclipsing variable EQ Ori in the
Ori | association. We refined the ephemeris of minima

and found its periodicity with an amplitude of 09022
and a period of about 30 years. We determined basic
photometric parameters of the close binary’s light
curve and solved all its light curves by Lavrov’'s direct
method. Highly accurate photometric orbital elements
were derived for EQ Ori. The absolute parameters of
the components were estimated; the system consists of
A0V and K2 1V stars. The hot component was classi-
fied asan Am star, and the system’s ageis2 x 10° years.
There is no correspondence between the color indices

ASTRONOMY LETTERS Vol. 27
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of the cool component and its estimated spectral type.
We discovered athird, distant component in the system
and estimated its parameters. The variable is expected
to beamember of the association and isat apre-ZAMS
evolutionary stage.
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Abstract—Hipparcos trigonometric parallaxes are used to estimate the distances to the maximum possible
number of open star clusters (OSC); distance moduli are estimated for 45 clusters with maximum heliocentric
distances of about 1000 pc. The latter value can serve as an estimate of the limit to which it still makes senseto
use Hipparcos trigonometric parallaxes to determine the distances to small groups composed of 6-10 suffi-
ciently bright stars. A systematic correction to the distance moduli of clusters from the homogeneous catal og
of OSC parameters (Loktin et al. 1997, 2000) is estimated, which turns out to be independent of the cluster age.
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INTRODUCTION

The determination of trigonometric parallaxes for a
large number of relatively faint stars from the Hippar-
cos satellite radically changed the situation with estab-
lishing a reliable distance scale for open star clusters
(OSCs), which provides a basis for the Galactic dis-
tance scale. Until recently, the OSC distance scale has
been essentialy based on the Hyades distance esti-
mated by using various modifications of the moving-
cluster method. However, because of a metal overabun-
dance in the Hyades stars, the complex problem of
allowing for the effect of deviations in chemical com-
position on the location of the Hyades main sequence
arises. Hipparcos data allowed the distances to about
twenty OSCs of different ages to be estimated [see,
e.g., Robichon et al. (1999) and references therein] by
using amethod that required no allowance for the devi-
ation of the chemical composition of cluster stars from
the solar one. The wide age range of clusters with mea-
sured parallaxes makes it possible to directly investi-
gate the reliability of the distance scale without resort-
ing to ZAMS construction by cluster main-sequence
fitting.

In the summer of 1999, a group of researchers from
the Astronomical Observatory of the Ural State Univer-
sity completed their work on the second version of the
Homogeneous Catalog of Open Star Cluster Parame-
ters (Loktin et al. 1997, 2000). This paper appeared,
because it was necessary to check the reliability of the
distance scale of this catalog. We set the following
objectives:

* E-mail address for contacts: Alexhander.L oktin@usu.ru

1. Determining the distances to the maximum possi-
ble number of OSCs with different ages by using Hip-
parcos trigonometric parallaxes.

2. Estimating the errors in the ZAMS location over
the widest possible ranges of absolute magnitude, partic-

ularly intherangeM,, < —170, whichiscritical for deter-
mining the distance moduli and ages of young OSCs.

3. Determining the corrections to the OSC distance
scal e of the “Homogeneous Catal og.”

4. Egtimating the limit to which Hipparcos paral-
laxes can still be used to determine the distances to
small (6 to 10 objects) groups of stars.

ANALY SIS OF THE TRIGONOMETRIC
PARALLAXES OF OSC STARS

To achieve the above objectives, we used a sample
that included all clusters from the “Homogeneous Cata-

log” with distance moduli less than 101 and contain-

ing at least ten stars brighter than V = 1170 in the color-
magnitude diagram (below referred to as the HR dia-
gram) while exhibiting a well-defined main sequence.
Hipparcos proper motions and a photometric criterion
based on Hipparcos B and V magnitudes (star positions
relative to the main sequence and the giant branch in
the HR diagram) were used as the membership crite-
rion to separate cluster members. To distinguish the
maximum possible number of cluster members, we ana

lyzed wide regions with diameters from 5°5 for the
Hyadesto 27 5 for the most distant clusters of the sample.

The cluster distances were estimated as follows. For
each cluster, we constructed the frequency distribution
of trigonometric parallaxes for its probable members,
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and the position of the maximum of this distribution
(mode) served as an estimate of the cluster trigonomet-
ric parallax. In our case, the mode of the distribution
was chosen to estimate the parallax of the cluster as a
whole, because the distribution of trigonometric paral-
laxes for cluster starsis generaly asymmetric. The lat-
ter stems from the fact that the trigonometric parallax is
nonlinearly related to the object distance.

To estimate the error of the mode, for clusters with
more than 30 members, we broke down the sampleinto
three equal parts and determined the positions of the
maxima for the three distributions. An estimate of the
variance of these three positions of the maxima was
used as the error in the mode of the entire distribution.
Alternatively, for clusters with less than 30 members,
an estimate of the sample variance of the mean over the
distribution was used as the error in the cluster trigono-
metric paralax. If the paralax distribution of cluster
members exhibited no distinct maximum, then the clus-
ter was excluded from the sample.

Figure 1 shows the frequency distributions of trigo-
nometric paralaxes for probable members of three
OSCs. The third cluster (Cr 70) is shown to illustrate
the possibility of determining the distances to distant
clusters from Hipparcos data: the parallax distribution
for this cluster exhibits a distinct maximum. In princi-
ple, the cluster distances can be estimated from the
modes of distance distributions, but it is better to use
the distributions of parallaxes, because they are deter-
mined directly.

Note that the frequency distribution of trigonomet-
ric parallaxes for Hyades stars is dlightly asymmetric,
in contrast to the distance distribution for these stars
shown in Fig. 2. The asymmetry of the parallax distri-
bution is probably caused by selection: the number of
more distant stars is underestimated, because the cata-
log completeness falls rapidly with distance for stars
with V magnitudes fainter than 9™. The second cause of
the possible asymmetry is an increase in the mean
errors of distance estimates with theincreasing distance
to objects itself. These effects necessitate abandoning
the cal culation of the sample mean (of both the distance
and the parallax) when estimating the Hyades distance
modulus. The mode of the distribution is also dightly
affected by the asymmetry, but to a considerably lesser
extent. In any case, it should be noted that the Hyades
distance estimated from our data might be dlightly
underestimated.

The Plelades cluster is of particular interest. The
trigonometric parallaxesfor this cluster yield adistance
modulus that is appreciably smaller than its value
obtained photometrically (Robichon et al. 1999).
Note that the trigonometric-parallax distribution for the
Pleiades stars (Fig. 1) clearly exhibits a secondary max-
imum, which gives adistance estimate that isin consid-
erably better agreement with the photometric distance
modulus (see the table). Narayanan (1999) found spa-
tial correlations between the errors of Hipparcos trigo-
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OSC distance moduli

No. Cluster (Vo —My)xt On (Vo— Mv)ph Oph logt N
1 Hyades 3.357 0.015 3.420 0.052 8.896 33
2 Pleiades 5.284 0.094 6.035 0.200 8.131 20
Pleiades 5.874 0.094 6.035 0.200 8.131 9

3 Coma 4,737 0.042 5.063 0.050 8.652 13
4 o Per 6.209 0.061 6.504 0.047 7.854 25
5 Praesepe 6.202 0.114 6.507 0.141 8.863 16
6 IC 2391 5.827 0.076 6.340 0.049 7.661 12
IC 2391 7.089 0.165 6.340 0.049 7.661 7

7 1C 2602 5.797 0.023 6.179 0.020 7.507 14
8 NGC 7092 7.258 0.007 7.721 0.079 8.445 14
9 Cr 135 7.204 0.091 7.649 0.200 7.407 12
10 NGC 2232 7.803 0.104 7.987 0.200 7.727 9
11 NGC 6475 7.287 0.143 7.549 0.109 8.475 21
12 NGC 6633 8.174 0.167 8.032 0.200 8.629 22
13 Cr 359 7.188 0.184 7.136 0.200 7.506 5
14 NGC 752 8.493 0.232 8.450 0.140 9.050 6
15 Cr 69 8.150 0.190 8.377 0.200 7.050 11
16 NGC 2516 7.879 0.018 8.213 0.129 8.052 16
17 Cr 140 7.706 0.110 8.183 0.072 7.548 16
18 Cr 173 7.773 0.386 8.277 0.200 7.142 13
19 Ros5 8.785 0.275 8.100 0.200 7.832 13
20 Tr 10 7.828 0.033 8.173 0.185 7.542 16
21 Cr70 8.080 0.142 8.091 0.200 6.980 35
22 Ru 98 9.710 0.310 8.622 0.200 8.508 11
23 NGC 2422 8.570 0.160 8.604 0.060 7.861 12
24 NGC 2547 8.395 0.158 8.399 0.014 7.557 18
25 Cr 132 8.460 0.250 8.330 0.200 7.080 16
26 o Lyr 7.311 0.126 8.110 0.200 7.731 15
27 NGC 2451 7.884 0.287 7.562 0.412 7.648 15
28 NGC 3532 9.910 0.370 8.587 0.130 8.492 17
29 Bo 14 9.883 0.452 8.964 0.200 6.996 11
30 NGC 2395 8.908 0.323 8.701 0.200 9.070 8
31 IC 2395 9.344 0.133 9.360 0.200 7.220 9
32 NGC 7160 9.830 0.290 9.630 0.020 7.280 15
33 Cri121 8.810 0.200 9.040 0.200 7.050 27
34 NGC 2169 9.270 0.240 10.260 0.080 7.070 10
35 NGC 2168 10.086 0.389 9.720 0.180 7.980 9
36 NGC 2264 8.120 0.120 9.180 0.130 6.950 8
37 NGC 2301 9.440 0.330 9.860 0.030 8.220 12
NGC 2301 9.560 0.360 9.860 0.030 8.220 10

38 NGC 6281 9.580 0.292 8.707 0.243 8.497 6
39 NGC 3114 9.445 0.296 9.950 0.200 8.090 9
40 NGC 6530 9.005 0.255 10.740 0.200 6.870 7
41 NGC 1960 8.854 0.311 10.660 0.200 7.470 8
42 1C 348 8.303 0.092 8.080 0.257 7.641 6
43 NGC 2323 8.961 0.205 9.990 0.350 8.100 11
44 NGC 6025 10.736 0.209 9.550 0.090 7.890 4
45 NGC 6087 9.375 0.377 9.910 0.080 7.980 6
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Fig. 3. Comparison of the OSC distance moduli calculated by using trigonometric parallaxes and by the photometric method.

nometric parallaxes and gave anew estimate of the Ple-

iades distance modulus: 5758 + 0.18. However, this
estimateis also far from the photometric distance mod-
ulus (see thetable). The possible causes of the Pleiades
discrepancy should probably be sought more thor-
oughly in Hipparcos measurements. This was pointed
out by Pinsonneault et al. (1998), who concluded that
the Hipparcos trigonometric parall axes contained small
systematic errors on scales of the order of 1°.

There are two more clugters, 1C 2391 and NGC 2301,
with two maxima in the parallax distributions of their
members, so the primary maximum is difficult to
choose. The summary table of results for the Pleiades
and for the two clusters mentioned above gives two
estimates of the distance modulusfor each of them, and
these three clusters were included in the subsequent
analysis twice with half the weight in each case.

The columns of the table provide the following data:
cluster numbers and names; distance moduli, as estimated
from trigonometric paralaxes, and the corresponding
errors, photometric estimates from the “Homogeneous
Cadog” and the corresponding errors; logarithms of the
cluster age and the number of stars used to determine the
distances based on trigonometric parallaxes.

CLUSTER DISTANCE MODULI

Figure 3 compares the distance moduli estimated
from Hipparcos trigonometric parallaxes with the pho-
tometric distance moduli from the “Homogeneous Cat-
alog” (Loktin et al. 1997). To determine the corrections
to the distance moduli from the “Homogeneous Cata-
log” and to reveal a possible dependence of these cor-
rections on the age (which is related to the absolute

ASTRONOMY LETTERS Vol. 27
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magnitudes of the brightest main-sequence stars), we
consider the regression model

(Vo—My), = a+b(Vo—My),, +clogt. (D

Here, (V, — M), is the distance modulus estimated
from Hipparcos paralaxes, and (V, — My),,, is the dis-
tance modulus from the “Homogeneous Catalog”; the
logarithms of ages logt were also taken from this cat-
alog. A regression analysis of thisrelationisdifficult to
perform directly, because the standard least-squares
method yields unbiased estimates for the regression
model coefficients only in the case of zero errorsin the
factors [see, e.g., Vuchkov et al. (1987) for more
details]. The methods of determining the corresponding
corrections to the coefficient estimates have been well
devel oped for two-factor modelsand errorsin the factor
that do not depend on the factor values. In our case,
however, the errors in the factors and responses gener-
ally increase with distance modulus (see Fig. 3). It is
difficult to use numerical simulations to model the
behavior of the errors because of the difficulty involved
in determining the parameters of the distribution of dis-
tance errors calculated from trigonometric parallaxes
of unequal accuracy. We therefore applied the follow-
ing, perhaps artificial method. We first estimated
the coefficients of model (1) for the entire sample: a =
—1.96 £ 0.69; b =0.991 + 0.026, and ¢ = 0.23 + 0.07

with the residual dispersion o = 0755, and then we
gradually removed clusters with the largest residuals
(one to three clusters) while solving the regression
problem by least squares at each step. In this way, we
artificially reduced the dispersions of the responses and
factors, which giveshopefor aninsignificant bias of the
final coefficient estimates. After removing the fifteen
clusterswith the largest deviation from the cluster rela-
tion, we obtained the following estimated for the coef-
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Fig. 4. Mean error in the distance modulus of a single star
(9 asinferred from Hipparcos trigonometric parallaxes ver-
sus distance modulus.

ficientsof model (1): a=-0.58 +£0.31; b=1.013 £ 0.012,
and ¢ = 0.032 £ 0.033 with the residua dispersion

0=0"28 for the conditional equations. As the rms
error of the coefficient of the age logarithm shows, the
factor containing the age in model (1) proves to be sta-
tigtically insignificant; i.e., the distance scale is gener-
ally the samefor clustersof various ages. The statistical
insignificance of this coefficient and the insignificant
deviation of the coefficient b from unity allows us to
usethe same (for all clusters) weighted mean difference
between the two series of distance-modulus estimates,

[V — My)— (Vo — My),, C= —07'153 + 07072, to deter-
mine the correction to the distances scale of the
“Homogeneous Catalog.” To test the age independence
of our OSC distance scale more reliably, we broke
down our cluster sample into two parts. The first
(young) group included all the clusterswith logt < 8.0
(29 objects), and the second (old) group included the
remaining clusters (19 objects). The unequal division
into groups stems from the fact that the old group
contains such nearby clusters as the Hyades, the Coma,
and the Praesepe with the most reliable distances. The

mean distance-modulus difference is —-0713 + 0710

and —0720 + 0710 for young and old clusters, respec-
tively. As the derived errors of the mean show, the cor-
rections differ insignificantly, so we may actually use

the same correction of —0™'153 to the distance moduli
of the clusters of al ages.

In Fig. 4, the mean error in the distance modulus
(for asingle star) is plotted against object distance. As
we see from the figure, the error for agroup of ten stars
located at a distance of 1000 pc is, on the average,

~0"'3, whichiscloseto thetypical accuracy of the pho-
tometric distance moduli for poor OSCc. We can prob-
ably consider 1 kpc to be the limit for using Hipparcos
trigonometric parallaxes for groups of stars, while this
distance for single stars must be reduced by severa
times, depending on the required distance accuracy.

LOKTIN, BESHENOV

CONCLUSION

We have determined the distances to 45 OSCs by
using Hipparcos trigonometric parallaxes. Data on the
clusters for which more or less reliable distance esti-
mates were obtained here will be included in the next
version of the “Homogeneous Catalog” and will be
used to estimate the mean OSC distance moduli. Note
that Narayanan and Gould (1999) have recently esti-
mated the Hyades distance modulus by the geometric

method, 3734 + 0702. This value virtually matches our

distance modulus, 37357 + 07015, so the agreement
between the moving-cluster and trigonometric-parallax
methods is excellent.

To construct an accurate distance scal e, an age-inde-

pendent correction of —0"'153 should be applied to the
distance moduli from the “Homogeneous Catalog”
(Loktin 1997, 2000). The OSC distance scale is appar-
ently uniform, because no age dependence of the cor-
rection to the distance scale was found. Currently, this
conclusion is being tested by determining the absolute
magnitudes of O and B field stars using Hipparcostrig-
onometric parallaxes.

Hipparcos parallaxes can be used to determine the
mean distances for groups of several tens of stars up to
distances of 1 kpc. The plot shown in Fig. 4 can help
estimate the number of stars needed to achieve the
required distance accuracy or to estimate the accuracy
of determining the mean distance, which might be
expected for the available number of stars.
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Abstract—We analyze the series of relative positions of the hierarchical triple system ADS 48 ABF (AB = 6",
AF = 327") obtained with the 26-inch Pulkovo refractor during 1961-1995 and measured with the Fantazia
automated measuring system. A new relative orbit of pair AB is determined by the method of apparent-motion
parameters using new observations and all the avail able astrometric and astrophysical data on this star, includ-
ing its Hipparcos parallax. The new orbit for pair AB isreliably reconciled with all the new and previous obser-
vationsof thisstar for the sum of the components’ masses equal to 1.4%% . The Pulkovo observations (1961-1995)
revealed a perturbation with a period of 15 years and an amplitude p ~ 0”01, suggesting the presence of an
unseen companion with amass as large as 0.05))t,. Since the oscillation amplitude is at a noise level, the orbit
of the suspected companion cannot be determined. Assuming that stars A and B have the same mass, which
corresponds to astrophysical data, we computed the parameters of apparent motion of component F relative to
the center of mass of system AB and determined the family of orbits that satisfied the Pulkovo observations. All
the computed orbits are steeply (more than 55°) inclined to the orbital plane of AB. The orbital motion of star F

has been investigated for the first time. © 2001 MAIK “ Nauka/Interperiodica” .

Key words. multiple systems, orbit improvement, component motion parameter calculation

INTRODUCTION

The visual binary ADS 48 AB has a long observa-
tional history. According to the WDS1996 catalog
(Worley and Douglass 1996), the AB pair has been
observed since 1876. In the 1960s two highly dis-
crepant orbits have been computed for this pair by
Guntzel-Lingner (1955)—a = 6"2, P = 362 yr and
Hoppmann (1964)—a = 11"7, P = 1507 yr. If com-
bined with the Hipparcos parallax (0" 085), thefirst orbit
yields atotal mass of ¢, , 5 = 3.09¢, for the two com-
ponents, which is too high given the spectral type of the
star. The second orbit yields )¢, , 5 = 1.10)¢.. Both orbits
are significantly at variance with post-1975 observa
tions. The third component (in terms of brightness)
was observed in 1887, and it has never been measured
ever since.

Table 1 gives basic data for the components of the
system.

We took the coordinates, proper motions, spectral
types, and magnitudes from the catalog of Gliese
(1969); the parallax p,, from the Hipparcos catalog, and
radial velocities, from Tokovinin's (1990) catalog. We
determined bolometric corrections (B.C.) according to
Kulikovskii (1985), and we computed the component
massesin the solar unitsfrom the mass-luminosity rela-
tion using the following formulas:

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

for My, > +7.5 (componentsA and F),

Mpo = 4.62 — 10.03 logt
for My, <+7.5 (component B).

Anosova et al. (1987) compared the spectra of
starsA, B, and F obtained with the 6-meter telescope of
the Special Astrophysical Observatory of the Russian
Academy of Sciences and found both A and B stars to
have the same spectral type of dMO, implying a mass of
N, = 0.530, for gar A. It can therefore be concluded
that starsA and B are of the same origin and nature.

The visual binary ADS 48 AB has been observed
with the 26-inch Pulkovo refractor since 1961, and we,
have published many papers dedicated to this object.
Distant component F can also be seen in many plates
taken under good observing conditions. The results of
our relative-position measurements of all three compo-
nents allowed us to include this stellar system into the
list of stars with suspected unseen companions.

The AB pair proved to be a very promising object
for the application of the technique of apparent-motion
parameters (hereafter AMP), which was designed for
computing binary orbits from short-arc observations
(Kiselev 1989). This pair wastherefore used as a proto-
type for most of the simulations performed to test the
technique, and its orbit was computed several times
(Kisdlev and Kiyaeva 1980; 1988; Kiyaeva 1994).

Recall that to compute an orbit with the AMP tech-
nique, one must know five parameters of the apparent

1063-7737/01/2706-0391$21.00 © 2001 MAIK “Nauka/Interperiodica’
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Table 1. Parameters of the star ADS 48

KIYAEVA et al.

Component giggg SP % X V,, kms? B.C. Ve Wiy
A 0"0.3M0.28 dK6 8.93 +0"877 070851 +0.8 -0.7 0.50
+45032’2 —0127 i27 i02
B 00302 dmo 8.97 +0.877 0.0851 22 -12 053
+4532.1 -0.189 +27 +0.2
F 00232 dm2 9.89 +0.86 0.0870 -10 -15 0.47
+4530.6 -0.14 +14 +0.3

relative component motion. These parameters include
position (p, 8), relative velocity p and itsposition angle W
curvature radius p,, relative radial velocity V, = (V5 —
V,,)/4.74, and the trigonometric parallax p,.

Herep and p, arein arcsec; |, inarcsecyr=; V,,, and
Vg, inkms=, andV,, inAU yr=.

The following formulais used to compute the sep-
aration of the components (in AU) independently of V,
and p;:

2PPc

r* = K=tlsin(W -0). (1)

Here k> = 41290, , 5 [AU? yr?] is the dynamical con-
stant of astrocentric motion.

The projection condition and the energy integral for
the physical pair imply that:

p/p;sr< 2K*IV?, 2)

where V2 = (u/p)? + V7.

Two uncertainties remain, the unknown parameters
being (1) the total mass of the two components ¢, . 5
and (2) the sign of the inclination (angle ) of the
radius-vector of the star with respect to the sky plane
(the point is that only cos can be confidently deter-
mined):

cosP = % sinp = iA/l—cosz[B. ?3)

t

Both uncertainties are easily resolvable if the old
observations are available providing long enough time
baseline. We select from our family of orbits the trgjec-
tory that fits the old observations best (Kiyaeva 1983),
thereby constraining the total mass of the two compo-
nents.

Thiswork resulted from long-term observations and
research. The necessity and topicality of this study stem
from the fact that the new data alow amuch more accu-
rate orbit of the AB pair to be objectively computed.
The Hipparcos catalog has been released giving for the

AB and F stars the parallaxes that differ appreciably
from those hitherto adopted (0”094). In addition, the
arc covered by homogeneous Pulkovo photographic
observations, all of them made with the same tel escope,
has grown in length and now spans a time baseline of
34 years. We measured all 137 plates with the auto-
matic Fantazia measuring complex using our original
algorithms, which ensure minimum equipment error.
The size of the arc and the accuracy of measurements
proved to be sufficient to allow confident determination
of the curvature radius at the center of the apparent
orbit at epoch 1980.0. All procedures described by
Kiyaeva (1985) and which we later refined yielded the
same values for the curvature radius in what is by all
means an extremely rareresult. According to Tokovinin
(1990), the relative radial velocity is equa to —3.0 *
0.3 kms™.

DETERMINATION OF THE ORBIT
OF THE AB PAIR

We used the Fantazia automatic complex to measure
atotal of 137 plates bearing images of starsA, B, and F.
Our measurementsthus yielded atotal of 137 positions
(p, ©) of star B relativeto star A, 128 positions of star F
relative to A, and 124 positions of star F relative to B.
The annually-averaged positions are shown in Tables 2,
3, and 4, which are presented in electronic form.

We performed astrometric reduction of our mea
surements using the so-called trail/scale method, which
is detailed in the Introduction to the catalog of 200 visud
double stars (Kiselev et al. 1988). No reference stars
are required for this method, which uses diurna-trail
based orientation, a preset geometric scale, and allows
for differentia refraction. We measured 6 to 20 posi-
tions per plate. The mean single plate position errors,
which are equal to 07030, 07053, and 0" 054 for the
AB, AF, and BF pairs, respectively, provide objective
estimates of the mean observing conditions in Pulkovo

1 Tables 2—4 are published in electronic form only and are avail-
able at ftp cdsarc.u—starsbg.fr/pub/cats/d (130.79.128.5) or at
http://cdsweb.u—strasbg.fr/pub/cats/J.
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Fig. 1. Cartesian coordinates of star B in the rectangular reference frame. Here origin O determines the position at epoch 1980.0 and
the X- and Y-axes are directed tangentially and normally to the star’s motion, respectively.

(the state of the atmosphere and tracking mechanism)
for 1520 min single-plate exposures. Naturally, resid-
ual refraction was stronger in the case of large separa
tions (327") than in that of a close pair (6”). Thus, the
single plate measurement error, as inferred from inter-
nal agreement, is 0" 007 for AB pair and 0" 012 for AF
and BF pairs. The parameters of the apparent relative
motion and the corresponding single-plate rms errors
based on the external consistency checks of the entire
data set are summarized in Table 5.

Here 1, W, and p, are computed using the following

formulas:
= J(P)+(p8)

Y = 8+ 102-arcsin(p'/p),
pe = 318 (U + ) + p(p'B" —p"8)).

As is evident from Table 5, the inferred relative-
motion parameters for the AB pair are very precise (in
particular, our relative component motion is one order
of magnitude more accurate compared to that listed in
the Hipparcos catal og), thus testifying to the high qual-
ity of the computed orbit.

We now consider in more detail the determination of
the curvature radius p, of the apparent orbital arc of the
AB pair. The point isthat in the AMP method, p, isone
of the key parameters for computing the orbit and
determining the total mass of the two stars. Figure 1
shows coordinates of star B in the tangent-normal ref-
erence frame whose origin coincides with the position
of star B relative to star A at epoch 1980.0; the X and

“)
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Y axes are aligned tangentially and normally to the
orbital motion, respectively. The deviations from the
X-axis characterize the curvature of the observed
orbital arc. Asis evident from the figure, the observed
arc is curved conspicuously and its curvature can be
confidently inferred. We computed the curvature radius
in three ways. (1) according to exact formula (4);
(2) using iterations; and (3) fitting a circle to the observed
arc. Plate measurements and annually-averaged posi-
tions yielded the following p, values:

Table 5. Relative-motion parameters for epoch 1980.0

Pair BA FA FB FC
P 5"957 327"821 | 326"877 | 327"336
+2 +3 +2 +3
0 173°42 | 253°782 | 254°811 | 254°296
+1 +2 +2 +2
H 070459 yr1|0"0174 yr 1070283 yrt| 070055 yr*
+1 +4 +4 +18
U 250269 252°6 67°6 59°7
+25 +6.7 +4.0 +18.2
Pc 2"9 - - -
+2
01(p) 0"021 0"040 0”040 -
04(9) 0°136 0°04 0°04 -
(07014) (0"22) (0723)
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Fig. 2. The orbit of the AB pair compared to the observations made from 1961 through 1995 with the 26-inch Pulkovo refractor:
(8 p and (b) 1. Here At = pAB/57.3. The line shows the smoothed behavior of residuals.

annually-averaged positions of plates

Plates Annually Averaged positions
1 2776+ 0714 2794+ 0716
2 2.84+0.20 299+0.23
3 260+0.18 279+0.18

We finally adopted the mean valueof p,=2"9 £ 0" 1
based on normal (annually-averaged) places, which we
considered to be the most accurate.

We then used the above initial data and previously-
determined component masses to compute the AMP
orbit of the AB pair. We adopted for our binary the Hip-
parcos parallax of the F component (0" 087), which we
consider to be more accurate than those of the other two
components. Old observations fit well the orbits com-
puted for ¢, , 5 = 1.40¢; without imposing any rea
sonable upper mass limit: increasing the mass to 50,
which looks unrealistic in the case considered, changes
the resulting ephemeris insignificantly. The inferred
lower limit ¢, , 5 = 1.400, somewhat exceeds the
luminosity-based total mass of 1.1J),. Astrometric and
astrophysical data can, therefore, be best reconciled by
adopting the minimum allowed total mass of 1.4
that isstill consistent with observations. Below, we give

the AMP orbital elements of the AB pair (Table 5) for
the adopted i, , 5 = 1.40ie, B = +26°, p, = 0.087",

and AV, =-3.0kms?

a P e w i Q T
6'21 50965 022 26792 54°9 13°5 2115Yg0
+77 £96.99 +04 274 £24 23  £12347

Here, the ascending node and the longitude of peri-
astron are determined unambiguously, whereas the
orbital inclination isbased on the usual convention. The
errors of the orbital elements are based on those of the
initial data. The rms residuals for a single Pulkovo
observation (plate) are equal to £07 018 and £0%” 014 in
the radial and tangentia directions, respectively. Asis
evident from a comparison of these errors with those of
the polynomial fit (Table 5), the orhit fits the Pulkvo
data somewhat better than the second-order polyno-
mial.

In Fig. 2 we compare the orbital ephemeris against
the Pulkovo observations (normal places) in p and 1
(At = pAB/57.3). The rms residuals of normal places
areequal to 07 014 and 0" 006 in the radial and tangen-
tial directions, respectively. The continuous line shows
the smoothed behavior of five-year diding average
residuals.
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Fig. 3. The orbit of the AB pair compared to the sky-plane observations from 1876-1996: (a) p and (b) T. Here At = pAB/57.3.
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Fig. 4. The parameters of the family of orbits of the (AB)F pair. Eccentricity (a), true anomaly (b), and the angle between the (AB)F

and AB orbital planes (c) plotted as functions of parameter 3.

In Fig. 3, we compare the orbital ephemeris against
al available observations, which are shown as annu-
ally-average positions separately for those based on
WDS catal og observations and those based on Pulkovo
measurements.
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It is evident from the figure that, on the whole, the
orbit fits all observations satisfactorily. Pulkovo obser-
vations show well-defined oscillations in p with a
period and amplitude of 15 years and 0" 01, respec-
tively. If dueto an unseen companion, these oscillations
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Table 6. Family of orbits of star F relative to the AB pair

KIYAEVA et al.

B a P, year e i Q Tp year €
—78°3 - - 1.00 191°4 87°6 62°2 - 55?6
-38.2 28073 132 683 49 325 819 67.8 62548 56.4

.0 205.1 83037 81 345.6 75.9 74.3 26 357 58.1
38.2 280.3 132 683 .98 300.3 50.6 114.6 28090 75.9
78.3 - - 1.00 191.2 86.3 236.0 - 124.3

yield for the latter a mass on the order of 0.02-0.05 in
the solar units. However, the insufficient accuracy of
our data prevents the determination of the orbit of the
unseen body.

DETERMINATION OF THE FAMILY OF ORBITS
OF STAR F RELATIVE TO THE AB PAIR

The hierarchical system (AB)F can be considered as
awide double star and hence the motion of star F can
be determined with respect to the center of mass of the
AB pair, which we hereafter refer to as component C.

Consider vectors p and p of the apparent relative
positions and motions:

PE—c) = Pna—c) t PEa) = Pe—c) T PEB)

REo) = Bt Bp-a) = Be-o) T BEB)-

Stars A and B can be treated as twin companions of
equal mass. We then have

1
Prc) = > (PE-a) + PE-B))>

1
Reo) = E(H(F—A) + W)

The inferred apparent-motion parameters are listed
in the last column of Table 5. The relative radial veloc-
ity isequa to

AV c)=Vig— (Via + Vip)/2
=-03+04kms?

No radius of curvature was inferred and we there-
fore can only compute a family of possible orbits that
depend on the adopted total mass 2k, , 5 . r and inclina-
tion 3 of the radius vector of star F to the sky plane. We
now assumethat )¢, , 5 . r = 1.9, and find, according
to formula (2):

3762.5<r <9803.7M5 , 5. r = 18627.0 AU.

Thisimplies that the angle [3 should be constrained
tothe-78°3 < B <+78°3 interval.

Table 6 gives the elements of selected orbits of the
family constricted corresponding to the extreme 3 val-
ues and to 3 = £38?2, which, according to Kleiber's
theorem, correspond to the average statistical positions.

The last column gives angle € between the orbital
momenta of pairs AB and (AB)F. If both orbits are
coplanar, € = 0° + 180°.

Figure 4 shows eccentricity e, angle €, and true
anomaly v plotted as functions of (3. Asisevident from
the figure, the overwhelming majority of orbits are
highly eccentric and have star F is at their apoastra.
Angle € = 55° for all orbits of the family. The orbit of
star F cannot be made coplanar to that of the AB pair
even by varying the apparent-motion parameters and
radial velocity within their quoted errors.

CONCLUSION

Our main results are as follows;

(1) The orhit for the relatively close pair AB (¢, , 5 =
1.49)(s) was computed by using the apparent-motion
parameters deduced from the 35-year-long series of
Pulkovo observations and currently available data on
the components' parallaxes and radial velocities. This
orbit is consistent with previous observations and can
be considered best under the conditions in question.

However, some uncertainty remains in the sum of
the pair's masses. For example, the conditions (1) and
(2) imply that the minimum sum of the masses of com-
ponentsA and B is

M. =1.05+0.08M.

This result agrees better with the mass-luminosity
relation, but the orbit computed with this mass appre-
ciably and systematically deviatesfrom previous obser-
vations. To satisfy them, we must significantly change
theinitial parameters p., V,, and p,, which is unaccept-
able.

On the other hand, even for masses greater than
1.49)¢, the orbit can be reconciled, without changing
the initial AMP, with old observations. However, this
must be done at the expense of the mass-luminosity
relation, which implies that the total mass of the two
components is approximately equal to 1.19)¢,. Our
final decision was to adopt ¢, . 5 = 1.4, which is
the minimum mass that allows an orbit to be computed
that is consistent with observations for the given AMP,
V,, and p,. We thus allow the existence of a hidden mass
(possibly, an unseen companion) in the AB system.
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(2) The Pulkovo residuals exhibit awavelike behav-
ior in p with a period and amplitude of 15 years 0" 01,
respectively, possibly indicative of a ~0.050¢, com-
panion.

(3) We have obtained for the first time an extensive
set of relative-position measurements of star F. Assum-
ing that stars A and B have equal masses, as indicated
by their spectral types and luminosities, we computed a
family of orbits for the distant component F relative to
the AB pair. A comparison of the orbit of the AB pair
with that of (AB)F leads us to conclude that:

(a) The orbit of the close pair AB has asmall eccen-
tricity, whereas the family of orbits of star F is domi-
nated by highly eccentric trajectories;

(b) The orbits are not coplanar. The angle between
the orbital planes exceeds 55°.
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Abstract—TheAZT-22telescopeinstalled in Turkey (Antalia) was aligned and tested on stars by the Hartmann
method. The rms normal deviation of an equivalent optical systemis0.040 £ 0.016 um. The circle of confusion
is0.40 + 0.04 arcsec in diameter at a 50% energy level. © 2001 MAIK “ Nauka/Interperiodica” .
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INTRODUCTION

The assembly of anew Russian telescope (AZT-22),
which was installed at the TUBITAK (Scientific and
Technical Council of Turkey) National Observatory
50 km from Antalia at Mount Bakyrlytepe (2550 m,
2h01m20° E, 36°49'30" N), was completed in 1999. The
telescope was installed in the context of an interna-
tional project between Russia and Turkey. The main
scientific objective is to provide ground-based support
for observations carried out onboard the Spectrum—
X-Gamma Orbiting Astrophysical Observatory. The
AZT-22 observing time was allocated to the project par-
ticipants: the Kazan State University, the Space Research
Ingtitute, and the TUBITAK National Observatory.

The telescope was produced by the LOMO Joint-
Stock Company (St. Petersburg). The primary mirror is
1.5 min diameter. The optical system is based on the
Ritchey—Chretien scheme (Gruzdeva et al. 1987; Arta-
monov and Tertitskii 1987). The telescope is supplied
with three replaceabl e secondary mirrors and threelens
correctors, allowing observations to be performed with
various aperture ratios (1 : 3¢, 1:7.7,1:7.8¢, 1 : 16,
1:17¢, and 1 : 48). The optical system with aperture
ratio 1 : 48 isused in Coude observations.

A similar telescope was installed at Mount Maid-
anak in Uzbekistan. It was tested under factory condi-

* E-mail addressfor contacts; vitrich@nserv.iki.rssi.ru

tions, and its optics proved to be of excellent quality:
the circle of confusion at an 80% energy level is 0.2—
0.4 arcsec in diameter for al optica systems (Arta
monov et al. 1990; Artamonov 1997). Test observations
a the Observatory yielded an estimate of ~0.5 arcsec
for the circle-of-confusion diameter at a 50% energy
level. Since the atmospheric effect was not eliminated,
this value is an upper limit on the optics quality. No
Hartmann tests were conducted.

After the AZT-22 assembly was completed in Tur-
key (November 1999), the telescope was aigned
(August 2000), and the system with apertureratio 1 : 77
without corrector (below, 1 : 8) was certified by the Hart-
mann method. Here, we present the results of thiswork.

HARTMANN DIAPHRAGM

The Hartmann diaphragm was designed by the Rus-
sian side and produced at the TUBITAK Nationa
Observatory. The arrangement of holes, their diame-
ters, and separations between them were taken from the
recommendations described in Vitrichenko et al. (1990).
The diaphragm characteristics are

—Thearrangement of holesin the nodes of asquare
grid;

—The total number of holes is 256, but 231 holes
were not vignetted;

—The hole diameter is 35 mm;

—The separation between hole centersis 75 mm.

1063-7737/01/2706-0398%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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Yet another hole, 20 mm in diameter, was made near
the end of the middle horizontal row between ordinary
holes in an effort to uniquely reference the processed
Hartmann images to coordinates on the primary-mirror
surface.

The diaphragms were made with accuracy
0, < 0.2 mm. By this accuracy, we mean the rms devi-
ation of the coordinates of hole centers from the node
coordinates of the square grid that describes the Hart-
mann diaphragm. This deviation was estimated by
measuring the coordinates of the centers of severa
holes located in the horizontal, vertical and diagonal
directions.

The required accuracy can be estimated from the
formula (Vitrichenko et al. 1990)

0, = f'0/z = 2 mm, (1)

where f' = 11600 mm is the equivalent focal length,
z=50 mm is the distance from the focus to the Hart-
mann image plane, and 8~ 0.01 mm=0.18 arcsecisthe
measured rmstransverse aberration. Formula (1) yields
an estimate for the rms error of the Hartmann dia-
phragm in the case where this error introduces (ficti-
tioudly) the same transverse aberration as the actually
measured rms transverse aberration of the telescope
optics itself. In order that the diaphragm error affected
the optics measurement accuracy only dightly, it will
sufficeto take afactor of 2 smaller error with which the
diaphragmismade: 0, =1 mm. A comparison of o, and
0, showsthat the diaphragm was made with a sufficient
accuracy.

OBTAINING, MEASURING,
AND PROCESSING HARTMANN IMAGES

Since the diaphragm was made with a high accu-
racy, we obtained only post-focal Hartmann images.
Obtaining pre-focal images is technically difficult. For
imaging, we mounted the CCD array in such a way
that the distance from the focus to the image plane
was ~50 mm. For this arrangement, the Hartmann pat-
tern completely fits into the CCD array, and the image
scaleislarge enough to provide ahigh accuracy of mea-
suring the coordinates of spot centers.

We used a SBIG ST-8E 1530 x 1020 CCD array
with apixel size of 9 x 9 um. The telescope was pointed
at stars near zenith with magnitudes V ~ 4™,

The zenith angle was <20°. Series of images were
taken to eliminate atmospheric seeing. The exposure
time of each image was ~40 s. The best-quality images
were used for the processing.

The Hartmann image quality is significantly
affected by diffraction, which gives rise to a complex
pattern between spots, making it difficult to measure
the spots. Imaging practice shows that a satisfactory
image quality can be obtained by choosing afilter and
adistance from the focus to the CCD array.
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A good image was most commonly obtained in B. In
this band, the contribution of atmospheric seeing is
large compared to Johnson's VRI, but the diffraction
pattern in other bands was bright, making it difficult to
measure the images.

Images were measured twice by various techniques.
We measured the coordinates of spot centers, first, by
using a set of astronomical procedures from the IDL
software package and, second, by manually pointing
the cursor at the spot center using the CCDOPS code
from the CCD software. The two measurements
yielded similar results. Threeimages were obtained for
the final telescope certification. The transverse aberra-
tions were determined on each of them and then aver-
aged; the optics parameters were calculated with these
average aberrations. When averaging, we estimated the
error of a single measurement of the transverse aberra-
tion, o; = 1.5 um, and the error of the mean for three
measurements, o, = 1 um. A comparison of g, with the
rms transverse aberration of the telescope optics, & ~
10 pm, shows that the measurement error has virtually
no effect on the optics quality estimates.

The Hartmann images were processed by using a
dightly modified HART5 code (Vitrichenko et al. 1990).

MIRROR MAP

Figure 1 shows a map of normal deviations for the
AZT-22 optical system with apertureratio 1 : 8. Below,
we attribute all errorsto the primary mirror for conve-
nience while bearing in mind that the secondary-mirror
and tel escope-alignment errors contribute to the normal
deviations as well.

An examination of Fig. 1 leads us to the following
conclusions:

—Thelargest (in amplitude) errorsarelocated in the
northeast and southwest (bumps), as well as in the
southeast and northwest (pits);

—These errors are similar in nature to astigmatism,
but their values are so small that they have virtually no
effect on the star image quality;

—The coma s unnoticeable.

Therms normal deviation is g5 = 0.040 um, and the
mapping error is o, = 0.016 um. By comparing the
squares of these errors, it is easy to estimate the accu-
racy of measuring the mirror map by the Hartmann
method, ~10%.

This accuracy is high enough for the locations and
amplitudes of the largest optics defects to be deter-
mined.

The map of normal deviationsin Fig. 1 wasfitted by
a function that allowed the primary aberrations to be
estimated. The equation is (Born and Wolf 1973)

h(x,y) = a +ax+agy+a," )
+ asrscos(e —-a;) + aerzcosz(e —ag),
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Fig. 1. Themap of normal deviationsintheform of isolines.
The heavy line represents a zero level. The isoline step is
0.02 um. The plusand the minus mark the largest and small-
est normal deviations, respectively.

Fig. 2. The shadow pattern of an F/8 equivalent optical sys-
tem. North is at the top (in the spider direction), and east is
to the left. The knife was introduced from north; the colors
were reversed.

where h(x, y) are the normal deviations of the mirror
map, which isgiven in unitsof 0.01 pmin our case; the
first three terms were introduced to reselect the com-
parison sphere, the fourth term describes spherical

aberration, and the last two terms describe coma and
astigmatism, respectively; x, y, and r are the current
coordinates and radius on the primary-mirror surface
normalized to the mirror radius; and © is the position
angle.

The coefficients a; calculated by least squares are
listed in the table. The errors in the coefficients are
given in parentheses, in units of the last digit.

For the even-degree expansion terms (a,, a4, &), the
coefficients represent the total amplitude of the error, in
units of 0.01 um; for the odd-degree coefficients, they
represent half the amplitude, in the same units. The
coefficients a; and a; are the comaand astigmatism ori-
entation angles, in radians.

An examination of the table leads us to conclude
that astigmatism is the largest aberration. This aberra-
tion cannot be removed by alignment.

Astigmatism is extremely difficult to remove by
retouching the mirror. However, it isinteresting to note
that, if astigmatism were removed, the rms error of the
opticswould be 0.016 um, i.e., better than the Marechal
limit (0.02 um), which characterizes an upper limit on
the error for avirtually ideal mirror.

Figure 2 shows an example of the shadow pattern.
An examination of the shadow pattern leads us to con-
clude that it qualitatively confirms the results obtained
by the Hartmann method. It should be kept in mind that
the shadow pattern shows a map of derivatives of the
optical surface, from south to north in our case; there-
fore, the map of normal deviations is difficult to
directly compare with the shadow pattern. However,
the shadow pattern has an order of magnitude higher
spatial resolution than the Hartmann method, revealing
the fine structure of the mirror surface. In our case, cir-
cular furrows are noticeable on the mirror, which are
the traces of finishing by asmall instrument.

The amplitude of these errorsisnot large, so they do
not deteriorate the star image. However, local defects
are dangerous for the Hartmann method, because they
displace the spot in the Hartmann image to produce
spurioustransverse aberrations. Asaresult, thecircle of
confusion calculated by the Hartmann method proves
to be dlightly worse than in reality (Vitrichenko et al.
1990).

THE ENERGY CONCENTRATION FUNCTION

The Hartmann total constant with the transverse
aberrations along the x and y axes was computed by
using the HART5 code, T = 0.22(2) arcsec. By this

The coefficients of expansion of the map of normal deviationsin primary aberrations. a;—ag arein unitsof 0.01 pm, whilea; and ag arein

radians
i 1 2 3 4 5 6 7 8
a 2.36(2) 2.22(3) 4.14(3) 2.73(3) 3.86(3) —12.08(3) —2.05(2) 0.54(1)
ASTRONOMY LETTERS Vol. 27 No.6 2001
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Fig. 3. The energy concentration function calculated by the
Hartmann method (solid line) and constructed from factory
tests (circles) and atheoretical function for an ideal optical
system (dashed line).

parameter, the telescope belongs to the class of high-
quality instruments (Vitrichenko et al. 1990).

Figure 3 shows the energy concentration function
calculated by the Hartmann method. We see from the
figure that 80% of the energy is contained in acircle of
diameter 0.55 arcsec. By this parameter, the telescope
belongs to highly rated instruments.

Theresultsof thefactory testsareindicated in Fig. 3 by
circles. There is a statistically significant discrepancy
for adiameter of 0.3 arcsec. However, it should be kept
in mind that the factory tests were performed under dif-
ferent mirror support conditions, and that the factory
and Observatory tests were made by the interferometric
and Hartmann methods, respectively.

The former and the latter are the wave and geomet-
ric methods, respectively. The results obtained by these
two methods can differ by severa times. This by no
means implies that one method yields correct results,
while the other yields incorrect results. In the interfer-
ometric method, a laser that produces monochromatic
light with a large coherence length (hundreds of
meters) is used as the source of light. The light from a
real star is not monochromatic, and the coherence
length is afew tens of amillimeter. Therefore, the data
on the circle of confusion obtained in terms of geomet-
rical opticsyield results that are closer to the actual star
image. This issue remains the subject of debate; it is
detailed in Vitrichenko et al. (1990).

The dashed line in Fig. 3 indicates the energy con-
centration function for ideal opticswith central screen-
ing. At an 80% energy level, the deviation of the circle-
of-confusion diameter from that measured with the
telescope and at the factory is a factor of 2.8 and a
mere 1.5, respectively. These data suggest that the
optics quality is comparable to the theoretical limit.
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lated by the Hartmann method are plotted along the axes.
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Figure 4 shows a point diagram. We see from this
diagram that most pointsfall within acircle of diameter
0.5 arcsec. The density of points with large aberrations
is considerably lower. For thisreason, afaint halo visi-
ble only on overexposed images will be observed
around star images.

A direct image of the star field near zenith was
obtained with the sasme CCD array that was used to
obtain the Hartmann image in Johnson's | band. The
effect of atmospheric seeing in this band is weakest
compared to the other bands of this photometric sys-
tem. The exposure time was 40 s. Figure 5 shows a
three-dimensional star image. The Gaussian parame-
ters (in arcsec) calculated by fitting the observed star
profile with a bivariate Gaussian are given in the right
corner of the figure. The image was abtained on one of
the nights with the best seeing in the alignment period.

N
25005 AZT-22. August 7, 2000 G, = 0.8 arcsec
2000 y 05 =0.6 arcsec
1500

Fig. 5. A three-dimensional image of a field star. Arbitrary
pixel numbers are plotted along the coordinate axes. The
ordinate is the number of CCD counts.
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Fig. 6. The scheme of a two-mirror telescope. 1, 2 are the
primary and secondary mirrors; O;, O, are the mirror opti-
cal axes, By, B, are the mirror vertices; O; is the telescope
geometric axis; and IP is the image plane.

We see from Fig. 5 that the seeing-disk diameter at
half maximum along the declination axis is ~1 arcsec,
which isafactor of 2.5 larger than the same parameter
that characterizes the telescope optics (Aslan et al.
1989). Thus, atmospheric seeing rather than the tele-
scope optics limits the resolution even on nights with
good seeing.

The seeing-disk diameter along the right ascension
axis is dightly larger than that along the declination
axis, which is the result of telescope tracking errors.
Special tests show that the clock drive has a periodic
error with a period of ~3 min and semi-amplitude of
~1 arcsec. At present, steps are taken to remove this
effect. The CCD software contains the Track and Accu-
mulate mode. Observationsin this mode allow the tele-
scope tracking error to be eliminated.

Itisof interest to comparethe AZT-22 optics quality
with the optics quality of other world telescopes, which
arelisted inVitrichenko et al. (1990). Thecircle of con-
fusion at an 80% energy level is0.55 arcsecin diameter.
A comparison of this parameter for AZT-22 with that
for other telescopes indicates that AZT-22 ranks 12th
among al the studied telescopes. For example, the cir-
cle of confusion for the best 2.7-m telescope at the
McDonald Observatory (USA) is0.12 arcsec in diame-
ter, while the circle of confusion for the worst 2.1-m
telescope installed at the same Observatory is 2.7 arc-
sec in diameter (Kuiper and Middlehurst 1963).

TELESCOPE ALIGNMENT

In the previous sections, we presented the results of
the telescope certification. This certification was made

ASLAN et al.

after the telescope aignment. In this section, we
describe the basic principles of alignment. Figure 6
schematically shows a two-mirror telescope. This
scheme is clear from the caption to the figure. Note,
however, that, according to this scheme, the vertices of
the mirrors generally do not coincide with their geo-
metric centers.

The coma was removed as follows. A Hartmann
image was obtained and processed by the above
method. We analyzed the constructed map of normal
deviations by using Eqg. (2) and obtained data on the pri-
mary aberrations similar to those in table. The coeffi-
cients a; and a, were used for the alignment. The
former and the | atter are the comaamplitude and direc-
tion, respectively (a; specifies the direction in which
the secondary mirror should be displaced relative to the
cardinal points).

The displacement A and tilt a of the secondary mir-
ror were determined from the relation

A(r/R)%(1-¢€%)
5 :

h = A(r/R,) + 3)

hence
28,
A= ———
(r/Ry)*(1-¢€%)

Equation (3) was derived by differentiating the
equation of a conic section. In this equation, r = 501 mm
isthe light diameter of the secondary mirror for an on-
axis beam, R, = 4840 mm is its radius of curvature at
the vertex, and € = 7.8 is the square of the eccentricity
(Gruzdeva et al. 1987); h are the normal deviations of
an equivalent optical system along the coma axis. In
this case, we attribute the errors of the optical system to
the secondary mirror, but analyze the coma alone,
because the coma is assumed to be produced by the
decentering of the primary and secondary mirrors.

Model calculations show that the required displace-
ment accuracy of the secondary mirror is ~0.02 mm.
Unfortunately, the alignment mechanisms were used in
such away that thisaccuracy could not be achieved. For
this reason, the alignment was ceased when the dis-
placement was unfeasible (A = 0.08 mm).

o = AR, @)

CONCLUSION

Thetests of the AZT-22 optics have led usto thefol -
lowing conclusions:

—By the errors of the optical surface and by the
energy concentration function, the telescope is rated
highly in quality, allowing it to be used to solve awide
range of scientific problems;

—The optics errors are of alocal nature resembling
astigmatism, but the errors of the telescope optics have
virtually no effect on star images even on nights with
good seeing;

No. 6
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—One of theimmediate problemsisto eliminatethe
error of the telescope clock drive, which prevents high-
quality imaging of stars.
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Orbital Evolution of Uranus s New Outer Satellites
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Abstract—Data on three recently discovered satellites of Uranus are used to determine basic evolutional
parameters of their orbits: the extreme eccentricities and inclinations, as well as the circulation periods of the
pericenter arguments and of the longitudes of the ascending nodes. The evolution is mainly investigated by ana-
Iytically solving Hill’s double-averaged problem for the Uranus-Sun-satellite system, in which Uranus's orbital
eccentricity e; and inclination iy; to the ecliptic are assumed to be zero. For the real model of Uranus's evolving
orbit with e;; Z 0 and iy; # O, we refine the evolutional parameters of the satellite orbits by numerically integrat-
ing the averaged system. Having analyzed the configuration and dynamics of the orbits of Uranus's five outer
satellites, we have revealed the possibility of their mutual crossings and obtained approximate temporal esti-

mates. © 2001 MAIK “ Nauka/Interperiodica” .

Keywords: Uranus's outer satellites, orbital evolution

INTRODUCTION. INPUT DATA

The discovery of three new celestial objects, proba-
ble satellites of Uranus, was first reported in August
1999. Two of them were found by Kavelaar, Gladman,
Holman, Petit, and Scholl (Marsden 1999a), and the
third was found by Gladman, Nicholson, and Burns
(Marsden 1999b). It wasinitially assumed that the Ura-
nus-centric orbits of all three probable satellites had an
eccentricity of about 0.4, while the satellites them-
selves executed direct motion. In March 2000, three
systems of elements were obtained for these satellites
of Uranus, designated as S/1999 U 1, 2, and 3 (Marsden
2000a, 2000b). In these systems, only one of the new
satellites had direct motion, while the orbits of the other

Table 1. Orbital elementsfor Setebos, Stephano, and Prospero

two had inclinationsto the ecliptic larger than 90°. Finaly,
in July—August 2000, refined orbital e ementswere cacu-
lated for the new satellites (Marsden 2000c—2000e), while
the satellites themselves received officia names:

Uranus XVIII = $/1999 U 3 (Prospero),
Uranus XIX = $/1999 U 1 (Setebos),
Uranus XX = §/1999 U 2 (Stephano) (Green 2000).

Table 1 givesthe orbital elementsfor these satellites
taken from Marsden (2000c—2000e). In thistable, t, is
theinitial epoch, Tisthetime of pericenter passage, eis
the eccentricity, q is the pericenter distance, a is the
semimajor axis, n is the mean motion, and P is the
orbital period. The angular elements w—the argument
of the pericenter latitude, Q—the longitude of the

Elements Setebos Stephano Prospero
to 2000 September 13.0 2000 September 13.0 2000 September 13.0
T 2003 March 31.3912 2000 July 17.8212 2001 September 17.7268
e 0.494329 0.145863 0.327449
g, AU 0.061537 0.045348 0.072442
a, AU 0.121694 0.053092 0.107712
n, deg/day 0.1535250 0.5327706 0.1843682
P, year 6.420 1.850 5.346
W, deg 2.1890 29.8432 173.5689
Q, deg 249.8452 189.4991 320.1468
i, deg 148.8285 141.5385 146.3403

* E-mail address for contacts: vashkov@spp.keldysh.ru
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ascending node, and i—the inclination refer to the
ecliptic plane and equinox 2000.0.

The discovery of Setebos, Stephano, and Prospero
considerably supplemented the family of Uranus's
outer satellites. Together with Caliban and Sycorax dis-
covered in 1997, they formed a distinctive system of
distant satellites with retrograde motion. The semima-
jor axes of the system’s highly eccentric orbits take on
values from 0.045 to 0.12 AU (or from 7.2 to 18.2 mil-
lion km), so the solar attraction has a major perturbing
effect on the motion of all these satellites. Below, we
therefore use a general solution of Hill's double-aver-
aged problem to analyze the orbital evolution of Sete-
bos, Stephano, and Prospero. Of course, this evolu-
tional model can serve only astheinitia approximation
of the real model and can give nothing but crude esti-
mates of the parameters that characterize variationsin
the elements of satellite orbits with the longest periods.
These estimates can be obtained by qualitatively ana-
lyzing an integrable satellite version of the double-
averaged circular restricted three-body problem (Lidov
1961) and its general solution (Vashkov’'yak 1999),
which has already been used to study the orbital evolu-
tion of Caliban and Sycorax. Jacobson (1999) numeri-
cally integrated the strict (nonaveraged) equations of
motion for these satellites by taking into account per-
turbations from the Sun, Jupiter, Saturn, and Neptune.
A comparison of the results shows that the analytic
solution of the evolutional problem yields mean eccen-
tricities, inclinations, and circulation periods of the
pericenter arguments and of the longitudes of the
ascending nodes that differ approximately by 10%
from their values obtained by numerical integration.
This gives grounds to use the proposed analytic solu-
tion as the zero approximation (intermediate orbit)
when constructing a comprehensive theory of the
motion of Uranus's distant satellites.

ORBITAL EVOLUTION OF SETEBOQOS,
STEPHANO, AND PROSPERO

The basic characteristic evolutional parameters of
satellite orbits can be obtained by solving Hill’s aver-
aged problem. For each of the three satellites, Table 2
givesthefirst integrals of the problem,

c, = (1 —€)cos?i, c,=€eX2/5-ssin’isin’w),

the extreme eccentricity e and inclination i, as well as
the circulation periods of the pericenter argument wand
of the longitude of the ascending node Q.

The orbital evolution of the three satellites in ques-
tion is qualitatively the same as that of Caliban and
Sycorax. The variations in eccentricities and inclina-
tions are oscillatory in pattern with twice the frequency
of variations in pericenter argument (Figs. 1a, 1b, 2a,
2b, 33, 3b). The elements w and Q increase while
changing mainly in a secular fashion with small peri-
odic variations (Figs. 1c, 1d, 2c, 2d, 3c, 3d). Thereisa
clear quantitative difference in the evolutional parame-

ASTRONOMY LETTERS Vol. 27

No. 6 2001

405

0.65
0.60

v 0.55 H
0.50
0.45 ! ! ! ! !
165 T T T T T

270 @ .

g
< 180} §
G 9ot §

1000 1500 2000 2500 3000
t, years

0 500

Fig. 1. Setebos'sorbital elements versustimefor ey =iy =0:
(@) eccentricity, (b) inclination, (c) pericenter argument, and
(d) longitude of the ascending node.

ters of the farthest (and most perturbed by the Sun) sat-
ellite Setebos; the circulation periods of wand Q for its
orbit are shortest among all five outer satellites of Ura-
nus and do not exceed a few thousand years.

The solid lines in Figs. 1-3 correspond to the ana-
Iytic solution of Hill’s double-average problem with
e, =iy =0. The values obtained by numericaly inte-
grating a fuller evolutiona system that includes small
variations in iy, and e; with time [to be more precise,
long-period variations in g;cos(wy + Qy), eysin(wy +
Qu), siniycosQy, and siniysinQy, according to the

Table 2. Characteristic evolutional parameters for Setebos, Steph-
ano, and Prospero

Parameters Setebos Stephano Prospero
cy 0.5532 0.6001 0.6185
C 0.09765 0.00647 0.04247
€min 0.494 0.127 0.326
€max 0.603 0.314 0.469
imin, deg 149 141 146
imax: deg 159 145 153
T, year 691 5148 1035
To, year 944 5300 1407
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Fig. 2. Stephano’s orbital eementsversustimefor ey =iy =0:
(a) eccentricity, (b) inclination, (c) pericenter argument, and
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L agrange-Brower—Wurkom theory (Sharaf and Budni-
kova 1967)] are marked by circles. Here, wy; and Qy
denote the argument of the perihelion latitude and the
longitude of the ascending node of Uranus's orbit,
respectively. This evolutional system in elements is
obtained by using an expression for the normed per-
turbing function W of Hill’s double-averaged problem
(at g, = iy = 0) supplemented by terms ~sini; (Vash-

kov'yak and Teslenko 1998), ~el2J , and ~agy/ay (ay is
the semimajor axis of Uranus's orbit):

W= {2€ + (5€°cos2w — 3€> — 2)[sin?i
—0.5sin2iysin2icos(Qy — Q) — 0.5sin?%i;sin%i(3
+ c0s2(Qy — Q))] — 5€*sin2iysin2wsinisin(Qy — Q)
— €sin’iy[3 — 5(cos2wcos2(Q, — Q)
+ sin20sin2(Qy — Q)cosi)] }(1 — &) )32
+ Be{(4 + 36)[(5sin%i — 4)coswcos(Q — gy)
+ (4 — 15sin?i)cosisinwsin(Q — gy)]
+ 35€%sin’%i[cosisin3wsin(Q — gy)

—cos3wcos(Q — g1},
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Fig. 3. Prospero’s orbital elementsversustimefor e =iy = 0:
(a) eccentricity, (b) inclination, (c) pericenter argument, and
(d) longitude of the ascending node.

Sae;

2
16au(1_eu)
Uranus-centric longitude of the Sun’s orbital peri-
center.

In the parallactic terms of W(~B), we discarded
terms ~aey siniy/ay.

Allowing for Uranus's orbital evolution results only
in insignificant quantitative changes (compared to
Hill’s problem) in the time dependences of satellite
orbital elements. These changes show up most clearly
in the dependences i(t) (Figs. 1b, 2b, 3b). For Steph-
ano’s orbit, they are most pronounced, becausei ,,;, and
imax @€ close (Fig. 2b).

If atime interval much longer than the circulation
periods of wand Q isconsidered, then the effect of Ura
nus's orbital inclination may cause a significant devia-
tion from the analytic solution of the integrable prob-
lem, because 0?5 <i;<2°?5. Notethat, although Uranus's
orbital eccentricity isalso nonzero (0.012 < g; < 0.07), its

effect shows up only in terms ~ef, and ~ae;/a; and is
marginal for the satellites under consideration.

Figures 4—6 show projections of the numerical solu-
tion of the fuller evolutional system with variations in
ey, Iy, Wy, and Qp in the interval 400000 years (an

where B = , Ou = Wy + Qu + 180° isthe

ASTRONOMY LETTERS Vol. 27 No.6 2001
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Fig. 4. Variations in Setebos's orbital elements for e # 0,
iy # 0 in the interval 400000 years: (a) projection onto the
(w, €) plane; (b) projection onto the (Q, i) plane.
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the (w, €) plane; (b) projection onto the (Q, i) plane.
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approximate libration period of Q) onto the (w, €) and
(Q, i) planes. The circles in these figures correspond to
times separated by 500 years. We see from Figs. 44, 5a,
and 6athat the elements e and w change virtually along
the integral curve of the integrable problem (g, =iy = 0),
while the extreme e differ from those in Table 2 by no
more than 0.01. At the same time, the ranges of varia-
tionsin satellite orbital inclinations can differ from ana-
lytic estimates approximately by 2°5 (this is the maxi-
mum of iy).

MUTUAL CROSSINGS OF THE ORBITS
OF URANUS S OUTER SATELLITES

The configuration and evol ution of the orbits of Ura-
nus's satellites under consideration are such that their
mutual crossings can occur (and actually occur) in the
course of time. The significant variations in orbital
eccentricities and, as a result, the corresponding varia-
tions in pericenter and apocenter distances are a pecu-
liarity of the system of Uranus's outer satellites. Table 3
givesthe ranges of these variationsfor all five outer sat-
ellites with the constraint a = const (thisis the integral
of the averaged problem).

Figure 7 serves as a graphical illustration of this
table. For each of the five semimajor axes a, thisfigure
shows the bars that correspond to the variations in r;
(below the dashed line) and r, (above the dashed ling).

0.5 | | |

W, deg

Q, deg

Fig. 6. Variations in Prospero’s orbital elements for e;; # 0
and iy; # 0 in the interval 400000 years: (a) projection onto
the (w, €) plane; (b) projection onto the (Q, i) plane.
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Table 3. Ranges of variationsin pericenter (r,;) and apocenter (r) distances of the orbits of Uranus's outer satellites

Satellite a, million km M rtmine Million km Mimae Millionkm | rg min millionkm | rq max, million km
Caliban 7.17 5.12 6.62 7.72 9.22
Stephano 7.94 5.45 6.93 8.95 10.43
Sycorax 12.21 5.07 6.15 18.27 19.35
Prospero 16.11 8.55 10.86 21.36 23.67
Setebos 18.21 7.23 9.21 27.21 29.18

Table4. Approximate times of mutual crossings of the orbits of Uranus's outer satellites in the recent past (in years)

Satellite Caliban Stephano Sycorax Prospero Setebos
Caliban 0 385 135 >400000 491
Stephano 385 0 15 744 468
Sycorax 135 15 0 134 44
Prospero >400000 744 134 0 17
Setebos 491 468 44 17 0

The apsidal points of each orbit can lie within the
spherical layers

r <

rn <I'n$r amin—rasramaX'

min = TTmax?

If the condition

Mo max(]) < I’T[min(k)

is satisfied for two evolving orbits with numbersj and k,
then these orbits cannot cross for any i, w, and Q. An
analysis of Table 3 and Fig. 7 indicates that this condi-
tion is not satisfied for any pair of the above orbits.
Consequently, asi, w, and Q vary, the conditions under
which the orbits will cross can be satisfied. Our numer-
ical calculations with allowance for Uranus's orbital
evolution yielded approximate times of mutual cross-
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Fig. 7. Ranges of variationsin pericenter and apocenter dis-
tances for various orbital semimajor axes of Uranus's outer
satellites.

ings of the orbits for each pair of satellites and, in par-
ticular, the times most recent in the past (Table 4).

By comparing the datain Tables3and 4 and in Fig. 7,
we can note that for the pairs of orbits (1-2) Stephano—
Sycorax and Prospero—Setebos with the closest times
of crossing in the past, the following conditions are sat-
isfied:

If.Trmin(Z) < IfTrmin(:I-) < ra max(l) < r(x max(z)-

i.e., the spherical apsidal layers of Stephano and Pros-
pero are entirely within the wider layers with the
boundaries r;,i,(2) ~— 'y max(2) Of Sycorax and Sete-
bos, respectively. Thus, the crossing frequency of the
above pairs of orbits also increases.

By contragt, for the pair orbits (1-2) Caliban—Prospero
without any crossings, at least over the libration period
of Qy (=400000 years), the following conditions are
satisfied:

rnmin(l) < rnmin(z) < r0( max(l) < rO( max(z)’

the difference ry (1) = Frmin(2) = 0.67 million km is
relatively small, so the spherical apsidal layersintersect
only slightly. Under these conditions, there may not be
any crossings of the orbits at all, or they crossrarely.

CONCLUSION

We have studied the key features of the orbital evo-
[ution of Uranus's outer satellitesin termsof Hill’sdou-
ble-averaged problem (a satellite version of the
restricted circular three-body problem). Our estimates
yielded approximate extreme parameters of the evolv-
ing orbits (eccentricities and inclinations), as well as
circulation periods of the pericenter arguments and of
the longitudes of the ascending nodes. These estimates
were refined for the model of Uranus's evolving orhit.
Allowing for additional perturbations, which are pri-
marily attributable to Uranus' s orbital motion and to the
attraction by Jupiter, Saturn, and Neptune, modify the
estimates of evolutional parameters, with these modifi-
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cations being particularly noticeable during crossings
of the orbits of outer satellites. Therefore, the data in
Table 4 should be perceived more as mean times that
characterize the intervals between successive crossings
of the orbits, when the probability of close satellite
encounters increases. For the actual possibility of their
close encounters to be analyzed, accurate theories of
the motion must be constructed.
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