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Abstract—We report the results of spectroscopic and photometric observations of ZGC 2315+03 with the
6-m Special Astrophysical Observatory telescope. This object is shown to belong neither to polar ring galaxies
nor to close interacting pairs. The peculiar appearance of ZGC 2315+03 is explained by projection effects.
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INTRODUCTION

The galaxy designated as ZGC 2315+03 (Fig. 1)
wasfirst cataloged by Zwicky et al. (1965). The catalog
gives a rough estimate of its integrated magnitude
(m,, = 17™) and not too reliable dataon itsradial veloc-
ity obtained from weak absorption lines (V,, =
18770 km s). Subsequently, Zwicky (1971) described
the object as “a crossed galaxy, post-eruptive or result
of the crossing of acompact galaxy... through an edge-
on spiral.” ZGC 2315+03 is apparently not amember of
aparticular group or cluster of galaxies.

Intheir Catalog of Polar Ring Galaxies, Candidates,
and Related Objects, Whitmore et al. (1990) included
ZGC 2315+03 in a group of possible candidates for
polar ring galaxies (PRC C-71). They suggested that
the elongated structures at position angles ~125° and
64° were the “disk” and “polar ring” of the galaxy,
respectively. A dust |ane stretching along the major axis
was detected in the disk. The authors also provide pho-
tometric and color profiles along the main axes. It is
said in the text that the ring is bluer, in conflict with the
figures (clearly, thereis confusion asto which featureis
represented by a particular profile).

We have failed to find any other studies of this
unusual object.

The lack of any kinematic information was the rea-
son why ZGC 2315+03 was included in the program of
research on polar ring galaxies and candidates under way
at the Astronomica Ingtitute of St. Petersburg Univer-
sity. Originally, we were going to restrict ourselves to
spectroscopic observations, but these were | ater supple-
mented with photometry.

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

For the Hubble constant H, = 65 km s Mpc?, the
object’s distance of 295 Mpc corresponds to the red-
shift 19195 km s (our value, see below), which gives
ascaeof 1.43 kpcin1".

OBSERVATIONS AND DATA REDUCTION

Our spectroscopic observations of the galaxy
ZGC 2315+03 were performed in November 1996 at
the prime focus of the 6-m Special Astrophysical
Observatory (SAO) telescope with the UAGS long-dlit
spectrograph. A 530 x 580 CCD detector (pixel size
18 x 24 um) was used. The spectrograph dlit size was
2" x 210", the scale aong the dlit was 0" 4/pixel, and the
dispersion was 1.55 A/pixel. All frames were taken in
the red spectral range (6200-7000 A). For accurate
wavelength calibration, we observed the comparison
spectrum of an Ar-Ne-He lamp before and after each
exposure. The seeing during our observations was
about 3". The dlit position angles roughly corresponded
to the directions of the main axes and passed through
the object’s brightest point. A log of spectroscopic
observationsis given in Table 1.

Table 2 gives alog of our photometric observations
performed in Johnson’s B and V and Cousins' s R, bands
in September 1999 at the prime focus of the 6-m SAO
telescope. Unfortunately, we had to use observations of
standards on neighboring nights for calibration. Our
data are therefore preliminary, but are suitable for
drawing some important conclusions.

The observations were reduced at the Astronomi-
ca Institute of St. Petersburg University using the
ESO-MIDAS, LONG ESO-MIDAS software package
and spectrum reduction procedures developed by
D.I. Makarov (SAO).

1063-7737/00/2612-0757%$20.00 © 2000 MAIK “Nauka/Interperiodica’
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Fig. 1. A reproduction of the B-band image for
ZGC 2315+03.

The accuracy of our radial-velocity determinations
is 15 and 25 km s for strong and weak emission lines,
respectively.

RESULTS OF OBSERVATIONS
Spoectroscopic Data

All our spectra show emission lines. The strongest
lineisHa; [N 11] A6583 A follows next. The Ha linein
the spectrum of the presumed ring [for now, we use the

Table 1. A log of spectroscopic observations
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structure names from Whitmore et al. (1990)] extends
to distances=15" (21 kpc) from the center. These spec-
tra also exhibit weak [S11] AA6717, 6731 A lines. By
way of illustration, Fig. 2 shows isophotes of the spec-
trum taken at position angle 54°. The lines are clearly
seen to be curved, suggesting the rotation of gaseous
masses around the minor axis of thering. Emission fea-
turesin the disk spectraare less intense and extend not
so far, approximately to 5" (7.2 kpc).

Radial-velocity curves are presented in Fig. 3,
where the filled and open symbolsrefer to the disk and
the ring, respectively. The radial-velocity curves con-
structed from the Ha and [N 1] lines are seen to coin-
cide. Note aso that the curves have a regular shape
(with the exception of the curvefor position angle 125°,
at which the spectrograph slit was along the dust lane);
they show no perturbations commonly encountered in
galaxies experiencing close interactions. At the same
time, it should be noted that they are not symmetric
about the brightness center (0" radius) and that the
dynamical center of the disk does not coincide with the
dynamical center of the ring. It is displaced from
the brightness center by 1" to the NW and has V,, =

18990 km s for the former and by 1" 2 to the SW and
has V,,, = 19030 km s for the latter. Corrected for
Gadlactic rotation (185 km s?), these velocities are
19175 and 19215 km s2, respectively.

Photometric Data

Figure 4 shows the pattern of isophotes for
ZGC 2315+03 in the B, V, R, bands. The undistorted
isophote shape in the peripheral regions is noteworthy.
Assuming the disk and the ring to be thin, the observed
ellipticity of the isophotesimpliesinclinationsi of 65°
and 60° for the disk and the ring, respectively (i is the
angle between the line of sight and the normal to the
plane of the disk or thering). The position angles of the
major axes are 130° for the disk and 66° for the ring.

The B-V color distribution in ZGC 2315+03 is dis-
played in Fig. 5. Here, light and dark regions corre-
spond to bluer and redder areas, respectively. The color

Table2. A log of photometric observations

Date Spectrum | Exposure, min Slitp osgieogn angle, Date Band Exposure, s Z deg
Nov.2, 1996 | 05911 40 54 Sept. 15,1999 v 600 414
u05914 30 54 B 600 40.7
105915 30 54 R 600 40.2
105919 30 114 v 600 205
Nov.4,1996 | 106003 30 64
106004 30 64 B 600 39.6
106007 30 125 B 600 40.3
ASTRONOMY LETTERS Vol. 26 No. 12 2000
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Fig. 2. Isophotes of the spectrum for ZGC 2315+03 at position angle 54°.

difference between the disk and the ring (independent
of absolute calibration) is about 07'5.

Since our photometric frames were taken at medio-
creseeing (~3"), the narrow dust lane detected by Whit-
more et al. (1990) does not show up in any way in Fig. 4.
However, its presence is confirmed by the dark lanein
Fig. 5, which roughly coincides with the direction of
the disk major axis.

ANALY SIS OF OBSERVATIONAL DATA
AND DISCUSSION

Rotation Curves

The disk rotation curve (dashed line in Fig. 6) was
constructed from the 114° profile; we took photometric
values for the position angle of the major axis and the
inclination (respectively, 130° and 65°). The velocity
increases with distance from the center and reaches
107 km st at a distance of 55 (7.9 kpc). We did not
use the spectrum at position angle 125°, which iscloser
to that of the major axis, because it was severely dis-
torted by the dust lane.

The ring rotation curve was constructed from two
profiles at position angles 54° and 64°. The closest
ASTRONOMY LETTERS Vol. 26

No. 12 2000

coincidence of these curves is achieved at position
angle 66° £ 2° and inclination 70° £ 5°. We took these
angles when constructing the rotation curve (solid line
in Fig. 6). The velocity gradient is roughly constant,
30km st arcsec™, up to a distance of 2"(2.9 kpc).
Further out, it slowly decreases and the rotation curve
reaches amaximum (180 km s) at 11" (15.7 kpc) and
probably flattens out. The curve is closely similar in
shapeto the rotation curve of adisk with an exponential
density falloff.

Note that the disk and ring rotation curves differ,
with the velocity gradient for the disk decreasing with
distance more rapidly than it does for thering. At 575,
the velocity in the ring is larger by approximately
27 kms™.

General Discussion

As was noted in the Introduction, there are two
judgements on the nature of ZGC 2315+03 in the liter-
ature. Zwicky (1971) considered it to be either a post-
eruptive object or apair of colliding galaxies, whereas
Whitmore et al. (1990) considered it to be a polar ring
galaxy. However, yet another interpretation is possible:
the projection (possibly accidental) of one galaxy onto
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Fig. 3. Measured radial-velocity curves.

another. Let us consider arguments for and against each
of these hypotheses.

The following facts argue against the hypothesis
that ZGC 2315+03 isapolar ring galaxy:

(1) The location of the ring relative to the disk-gal-
axy center isasymmetric. Both the dynamica and pho-
tometric centers of the ring (actualy the disk, because
photometric data provide no evidence for a brightness
dip in the middle) are displaced to the SW from the
observed brightness peak.

(2) The ring deviates by 30° from the polar disk
plane; thisistoo much for apolar ring: at such anincli-
nation, the ring must rapidly break up because of differ-
ential precession.

(3) Thedynamical centersof thedisk and thering do
not coincide.

This all forces us to abandon the idea of
ZGC 2315+03 as apolar disk galaxy.

Thus, the two structures elongated at position angles
130° and 66° can be assumed to be two galaxies, with
both of them being most likely spiral: the first one (the
disk in the old terminology) because it is rich in dust
(below caled adusty galaxy) and the second one because
of its color properties (below called ablue gaaxy).

Of the two remaining alternatives (colliding galax-
ies and galaxy projection), we are inclined to the sec-
ond. The reasons are as follows: undistorted isophotes
in non-overlapping areas, the absence of peculiaritiesin
the rotation curves (Fig. 6), and the difference between
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Fig. 4. The galaxy’s isophotes in three color bands.
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Fig. 5. The B-V color distribution over the object (darker
regions correspond to alarger color index).

their gradients. In genera, the isophotes and radial-
velocity curves are distorted for closely interacting gal-
axies. In addition, ZGC 2315+03 isnot an IRAS object.
Closdly interacting galaxies commonly show an infra-
red excess.

If the galaxies are projected onto each other, their
masses can be estimated from the rotation curves in
Fig. 6. The maximum velocity for the blue galaxy is
about 180 km s at R= 11" (15.7 kpc), implying the
mass M = 10''Mg,. Thus, its mass is comparable to the
masses of giant galaxies. For the dusty galaxy, V,,., =
107 km st at R=5"5 (7.9 kpc) and we obtain M =
2.1 x 10'°M, for its mass within thisrange. Clearly, its
total massisaso closeto 10''M,.

An examination of Fig. 5, which shows the color
distribution in the galaxy, leads us to conclude that the
blue galaxy is shielded by the dusty one, because the
color index isat amaximum in the dust-lane region. For
a different arrangement of the galaxies in the lane
region, the contribution of the blue galaxy to the total
flux would be large and a local minimum of the color
index would be observed, which isnot the case. In addi-
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Fig. 6. Rotation curves for the two components of
ZGC 2315+03.

tion, the radial velocity of the dynamical center for
the blue galaxy is larger than that for the dusty one.
This difference (40 km s?) is moderate and, in princi-
ple, can be explained by orbital motion in the pair.
However, if both galaxies are on the line of sight, the
projections of their orbital velocities onto the line of
sight must be small. On the other hand, if this differ-
ence is assumed to be due to Hubble expansion, then a
distance difference of 600 kpc corresponds to a differ-
ence of 40 km s (for H, = 65 km s Mpc™). At such
adistance, the interaction (if any) cannot be strong and
the regular shape of the isophotes and the radial-veloc-
ity curves comes as no surprise.

KARATAEVA et al.

CONCLUSION

The results of our study lead us to conclude that the
object ZGC 2315+03 is a pair of galaxies projected
onto one another. They may also beinteracting, but this
interaction must be weak. Both galaxies are most likely
giant spirals (judging by their estimated masses and by
the presence of gas and dust in them), which must be
confirmed by a detailed photometric study of the
object.
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Abstract—Observations at the Crimean Astrophysical O(pservatory are used to show that the ultrahigh-energy
gamma-ray flux from the galaxy Mk 501 varieswith a23 .2 period. The period was determined by the HEGRA
team from the 1997 observations. © 2000 MAIK * Nauka/Interperiodica’ .
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The studies of active galactic nuclei (AGNs) at
ultrahigh energies (10'2 eV) by the methods of ground-
based gamma-ray astronomy began after the CGRO
Orbiting Observatory discovered gamma-ray emission
with energy > 100 MeV from anumber of AGNs. These
objects arouse great interest from an astrophysical
point of view, because they exhibit significant flux vari-
ationsin al frequency bands (from radio to X-ray). In
some cases, the large amplitudes of X-ray variations
match those of optical ones (Maccagni et al. 1987). The
variability time scale ranges from minutes to a year.
AGNSs are distinguished by a strong tendency for out-
burst (on atime scale of several days) and explosion (on
atime scale of several months) activity.

The first objects to be discovered at ultrahigh ener-
gies at the Whipple Observatory (USA) were Mk 501
(Punch et al. 1992; Catanese et al. 1995) and Mk 421.

In the spring of 1997, Mk 501 was reported from the
Whipple Observatory to be in an active state. Accord-
ing to preliminary data, the ultrahigh-energy gamma-
ray flux from this object rose by more than a factor of
15 compared to its quiescent state. The HEGRA team
found its flux in the spring of 1997 during several out-
bursts to have exceeded the Crab flux by afactor of 5-10
(Aharonian et al. 1997). Similar results were aso
obtained at other observatories (Djannati-Atai 1997;
Krennrich et al. 1997; Hayashida et al. 1998). The
observations of Mk 501 at the Crimean Astrophysical
Observatory (CrAO) were carried out in 1997-1998.
The two-year-long Crimean observations revealed
ultrahigh-energy gamma-ray emission at a high confi-
dence level (116 in 1997 and 7.50 in 1998), and the
gammearray flux was shown to vary with time over a
wide range. The mean gammarray flux at E > 10" eV

* E-mail addressfor contacts: arnold@crao.crimea.ua

was (5.0 £0.6) x 107! phot. cm? s1in 1997 and (3.7 +
0.6) x 107'1in 1998 (Andreevaet al. 2000). In 1997, the
HEGRA team observed this object from February through
October (more than 200 days) (Kranich et al. 2000).
The amount of these data allowed a Fourier andlysisto be

performed, which revealed a23° 2 (f = 0.0431-") period-
icity in the ultrahigh-energy gamma-ray flux variations.
Kranich et al. (2000) also analyzed the RXTE-ASM
X-ray (2—10-keV) data obtained in the same time inter-
val. The power spectrum constructed from the X-ray
data exhibits a peak at the same frequency (f = 0.04317").
The simultaneous (X-ray and gamma-ray) data reduc-
tion showed that the probability of a chance origin of
the spike in the power spectrum was 2.8 x 10

The galaxy Mk 501 (equatorial coordinates a =
16M53m47% and & = 39°45'50", 1997) was observed at
CrAO from May 1 through June 10, 1997. The observa
tions were carried out with the GT-48 gamma-ray tele-
scope [see Vladimirskii et al. (1994) for a detailed
description]. The object was observed in source—back-
ground mode. A session included a 25-min-long obser-
vation of the source when the object was at the center
of the field of view of the GT-48 receiving camera and
an observation of the background with the same dura-
tion displaced by 30™ in right ascension in order to
observe it a the same zenith and azimuthal angles as
the source. A total of 59 sessions were carried out; four
of them were excluded from the subsequent data reduc-
tion, because the count rate of events was low or
because it was highly nonuniform on the source or
background due to poor weather conditions. In 47 and
8 of the sessions included in the data reduction, the
background was observed after and before the source,
respectively. Thetotal duration of the source’s observa
tions was 22 h 40 min. Our data were subjected to ini-
tial reduction (Andreeva et al. 2000); as a result,
30139 bursts (events) on the source and 29 345 bursts

1063-7737/00/2612-0763%20.00 © 2000 MAIK “Nauka/Interperiodica’
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on the background were left in the 1997 observations
for subsequent analysis. Gammarray-like events were
selected by using both coordinate-dependent and coor-
dinate-independent parameters.

As a result, the number of gamma-ray-like events
was 819 on the source and 423 on the background; the
number of gammaray photons was 396 + 35.24
(Andreeva et al. 2000). For each observing night (to
improve the statistics), we determined the number of
detected ultrahigh-energy gamma-ray events N, (the
amplitude of the effect) from the relation N, = N, — N,
and the statistical error in the amplitude of the effect
fromo = ,/Ng+ N,, where N, and N, are the numbers
of gamma-ray-like events on the source and back-
ground, respectively.

A phase histogram (light curve) for the amplitude of
the effect with its statistical error is shown in the figure

for theperiod T =23 2. The phase histogram was com-
puted by an epoch-folding technique. The variation
phase for each day was determined from ¢ = (t — t,)/T,
wheret isthe current time, t, = MJD 50545.0, and T =

2392 (Kranich et al. 2000). The light curve was ana-
lyzed by using the x? test.

The probability of achance distribution of the phase
histogramis 1.3 x 107%; i.e,, it islow.

For comparison, we constructed a phase histogram
for the events recorded during the background observa-
tions (see thefigure). In this case, the number of events

NESHPOR

was distributed uniformly in the phase histogram

(Xe=7 =90).
The light curve constructed from ultrahigh-energy
gammaray data (Kranich et al. 2000) (t, =

MJD 50545.0, T = 23°2) has a maximum at phases
Ad = 0.5-0.55 (the period was broken down into 20
phase bins). According to the CrAO data, the maximum

of thelight curve (t = MJD 50545.0, T = 23¢ 2) occurs
at phases A = 0.45-0.55 (the entire period was broken
down into 10 phase bins). Such a close coincidence of
the light curves implies that the ultrahigh-energy
gammearray flux recorded at CrAO from Mk 501 varies

witha232 period. Our results confirm the presence of

a23%2 periodicity in the ultrahigh-energy gamma-ray
flux from the active galaxy Mk 501.
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Abstract—Observations of the X-ray pulsar Vela X-1 with the ART-P telescope onboard the Granat Observa
tory are presented. Variability on atime scale of several thousand seconds was detected; intensity variations are
shown to be accompanied by changes in the source’s spectrum. The hardness was al so found to be highly vari-
able on ascale of one pulsation period. The source's spectrum exhibits an absorption feature at energy ~27 keV,
which is apparently attributable to cyclotron scattering/absorption in the neutron-star magnetic field. Weak per-
sistent emission was detected during an X-ray eclipse, which probably resulted from the scattering of pulsar
emission in the stellar wind from an optical star. © 2000 MAIK “ Nauka/Interperiodica” .

Key words: neutron stars, pulsars, X-ray sources

INTRODUCTION

VelaX-1(4U0900-403) isalong-period (P = 283 s;
McClintock et al. 1976) X-ray pulsar that circles the
BO0.5 Ib supergiant HD 77581 of mass M, = 23M and
radiusR, = 30R, inadightly elongated orhit (e = 0.089)
(Van Kerkwijk et al. 1995). Thisis an eclipsing binary
with a component separation a = 1.7R,, an orbital
period P, = 8.964 days, and an eclipse duration of
~1.72 days (Forman et al. 1973; Sato et al. 1986;
Deeter et al. 1987; Bildsten et al. 1997). The neutron
star in this compact system is deeply embedded in the
stellar wind outflowing from the optical companion at

arate M ~4 x 10°M, yr! (Nagase et al. 1986). Accre-
tion from the stellar wind is most likely responsible for
the X-ray emission. On the other hand, the angular
momentum transferred to the neutron star during such
accretion is not enough to account for the observed
variations in its rotation period on a time scale of sev-
eral days. Therefore, Borner et al. (1987) suggested
that there was also an accretion disk in the system.

The source's spectral shape istypical of X-ray pul-
sars. a power law with a high-energy exponential cut-
off, with the cutoff energy varying in the range from
~20 to 40 keV (Nagase et al. 1986; Kretschmar et al.
1997; Kreykenbohm et al. 1999). The spectrum is dis-
torted at low energies by strong photoabsorption. In
addition, it exhibits afluorescence emission line of neu-
tral iron a ~6.4 keV. Two absorption features were
detected in the hard part of the spectrum at energies

* E-mail address for contacts; aal @hea.iki.rssi.ru

~24-27 and ~54 keV, which are assumed to be pro-
duced by the resonance scattering of pulsar emission by
electrons in the neutron-star magnetic fidd (Kretschmar
et al. 1997; Orlandini et al. 1998; Kreykenbohm et al.
1999). At adistance d = 1.9 kpc to the system (Sada-
kane et al. 1985), the pulsar X-ray luminosity is Ly =
(1-5) x 10%¢ erg s’!, consistent with the assumption of
accretion from the stellar wind.

Here, we present the ART-P/Granat observations of
the X-ray pulsar Vela X-1 in June 1992.

OBSERVATIONS

The ART-P X-ray telescope, one of the instruments
onboard the Granat International Astrophysical Obser-
vatory, is sensitive to photons at energies 2.5-60 keV
(with a maximum sensitivity at 3-30 keV). There are
four independent ART-P modules onboard the Obser-
vatory, each consisting of a position-sensitive detector
with a geometric area of 625 cm?, a collimator, and a
coded mask. The telescope is capable of imaging a
region of the sky withina3°4 x 3?6 field of view with
anominal angular resolution of ~5'. The observations
were carried out in “photon-by-photon” mode, in
which, for each detected photon, its coordinates on the
detector, energy (1024 channels), and arrival time were
written into the ART-P buffer memory. This mode
allowed us to perform timing (the photon arrival time
was accurate to within 3.9 ms) and spectral (the energy
resolution was ~22% in the 5.9-keV line) analyses of
the emission from each X-ray source within the ART-P
field of view. Since data transfer to the main memory
was made after the temporary buffer was filled and
took, on the average, 25-30 s, the written information

1063-7737/00/2612-0765%$20.00 © 2000 MAIK “Nauka/Interperiodica’
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Table 1. The photon flux and luminosity of the X-ray pulsar Vela

X-1 as observed with ART-P in June 19922

LUTOVINOV et al.

Date (UT) Exposure, s rrflcyr);b Ly.L 106 ergs?
13.638-13.692 (1) 1340 133+ 22 1.05+0.17
13.692-13.751 (I1) 3650 204+ 25 1.61+0.20
13.751-13.946 (I11) 12280 138+ 11 1.09 + 0.09
15.467-15.719 (I) 16150 13.7+48 0.11+0.04
15.719-15.787 (1) 4180 18.8+ 6.6 0.15+0.05

81n the 6-26-keV energy band.
b For the assumed distanced = 1.9 kpc to the source.

has the form of individual “exposures’ with breaks
between them. A detailed description of the telescope
and itstechnical specifications can be found in Sunyaev
et al. (1990).

The region of the sky with Vela X-1 was observed
with ART-P twice: on June 13 and 15, 1992 (Table 1).
These were among the last sessions carried out with the
telescope over the entire period of its observations (a
total of ~400 sessions in 2.5 years). Unfortunately,
there were some technical problems. Only one module
with a normal efficiency at energies hv = 6 keV was
operational [see Grebenev et al. (2001) for more
details]. The hard telemetry channel through which
information about photons with energy above 26 keV
was transferred failed in the middle of both sessions
(thistimeisindicated in Fig. 1 by adashed line for the
June 13 session). Thus, wewere able to study the pulsar
hard (hv = 26 keV) emission only at the initial stage of
our observations.

Thefirst and second observations were performed at
orbital phases 0.714-0.748 and 0.918-0.953, respec-
tively. Much of the second observation was carried out
during an X-ray eclipse. In what follows, the orbital
phaseis measured from the epoch of periastron passage
(JD 2448789.706), as inferred from the ephemerides
computed by using long-term BATSE/CGRO observa-
tions of the source (Bildsten et al. 1997). The eclipse
period falls within the phase range 0.756-0.946 (Sato
et al. 1986). Depending on the X-ray 6-20-keV flux
(Table 1), the June 13 observing session was arbitrarily
broken down into three parts, asindicated by the dotted
linesin Fig. 1. The second session was divided into two
parts, in accordance with the time of the source’'s
eclipse egress. We see from Table 1 that a nonzero flux
of approximately 1/10 of the bright-state flux was
observed from the source during the eclipse and eclipse
egress. This result is illustrated by Fig. 2. It shows
images of the sky region within the ART-Pfield of view
during the first session and during the two parts of the
second session. Although the source was detected in the
latter two cases at moderately high confidence levels
(4.3 and 4.60, respectively), the detected signal excess
over the background closely coincides with the
source’s position on the image and cannot be acciden-
tal. Thisisaso confirmed by our timing analysis of the
pulsar emission (see below).

LIGHT CURVE AND PULSE PROFILE

Figure 1ashowsthe ART-P 6-20-keV light curve of
the pulsar on June 13 during its bright state. The curve
was corrected for the background count rate and for the
variations in the efficiency of observations attributable

200 () .\ : 6-20 keV .

%10}+++*+++“+++++++++++ f+++ ++++ ++ i ?+++++++++++ W g +++*+*++ ++++++++++H+++++++ ;‘»»ﬂ“u B ;
8 - : ’ i o 20 revie 107w |

EEE TR

4ﬁ+++{hl+++*+%” o " ’ﬁﬂhh Jﬁ ++W|IM *M Hﬂ’ ; *“*d*w} M* |

Time, S(UT 15"18™M445 522+)

Fig. 1. (&) TheART-P 6-20-keV light curve of VelaX-1 on June 13, 1992, and (b) the corresponding variationsin hardness: theratio
of count ratesin the hard (1020 keV) and soft (6-10 keV) energy bands. The errors correspond to 1o.
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Fig. 3. Phaselight curves of VelaX-1in three energy bands.
The ratio of instantaneous photon flux to period-averaged
flux is plotted along the vertical axis. Hardness variations
during one period are shown in the lower panel. The errors
correspond to 1.

to areduction in collimator transmission asthe satellite
(stabilized to within 30 arcmin) orientation changed.
Figure 1b shows variations in the source’'s hardness
during this session (the ratio of 10-20 and 6-10-keV
photon fluxes). The integration time of each point is
~140-170 s and corresponds to the duration of asingle
“exposure.” The figure demonstrates the variability of
the pulsar on atime scale of several thousand seconds;
itsintensity first smoothly increased by afactor of ~1.5
and then smoothly decreased.

The small-scale (several hundred seconds) intensity
variations accompanied by variations in the source's
hardness are attributable to X -ray pulsations. The hard-
ness variations are clearly seen in the lower panel of
Fig. 3, which shows the evolution of the ratio of count
rates in the 2026 and 6-10-keV energy bands during
one period. A comparison with the pulse profilesin the
three upper panels of Fig. 3 for the 6-10-, 10-20-, and
20-26-keV energy bands indicates that the hardness
increases at pulse maxima. The profiles were con-
structed by folding the corresponding light curves with
measured period P = 283.287 s. The arrival time of each
photon was corrected for the orbital motion of the sat-
elliteand for the motion of the neutron star in the binary
system. Orbital parameters were taken from Bildsten
et al. (1997). The derived period dightly (within the 2o
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Fig. 4. The 6-26-keV periodogram for Vela X-1 constructed by the epoch-folding technique during the second part of the June 15
observing session (after eclipse egress). The amplitude of periodogram deviations from zero level is expressed in o.

error limits) differs from P = 283.326 + 0.020 sin our
previous paper (Lutovinov et al. 1994), in which we
used binary parameters from Deeter et al. (1987).

The pulse profiles in Fig. 3 have a double-peaked
shape, characteristic of the pulsar Vela X-1. The peak
width is approximately the same (~0.4 of the period)
and does not depend on energy, which cannot be said
about their amplitude ratio. The second peak is indis-
tinct at hv < 10 keV; its amplitude increases at higher
energies, reaching the amplitude of the first peak at

i ' ' June 13, 1992
1.5¢ -
S 10F -
‘D
FO05k .
E I I L L L
() T T T T T
2 15F June 15, 1992
& |
D
¥ 1.0 -
0.5¢ -
1 1 1 1 1
0 0.5 1.0 1.5 2.0
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Fig. 5. Comparison of the ART-P 6-26-keV phase light
curves for Vela X-1 on June 13 (during the entire session)
and June 15, 1992 (after eclipse egress; during the second
part of the session). The ratio of instantaneous flux to
period-averaged flux is plotted along the vertical axis. The
errors correspond to 10.

hv = 20 keV. The pulse profile changes against the
background of a genera increase in pulsation ampli-
tude, as confirmed by therisein the source’s pulse frac-
tion from F = (50.2 + 4.8)% in the 6-10-keV band to
F = (65.2 + 2.8) and (84.5 + 8.8)% in the 10-20- and
20-26-keV bands, respectively. Here, F = (I« —
lnin)/ (s + L) Where 1. and |, are the count rates
at maximum and minimum of the pulse profile, respec-
tively. In the broad 6-26-keV energy band, F = (69.1 +
2.7)%. Note that these are data averaged over the entire
session, because, despite the source's intensity varia
tions during the session, its pul se profile was essentially
constant.

Pul sations were also detected during the second ses-
sion, but only after eclipse egress of the source (part 11
of the session). The pulsation period wasP = 283.33 +
1.65 s. Figure 4 shows the periodogram constructed
during this part of the session in the 6-26-keV energy
band by the epoch-folding technique, and Fig. 5 shows
the phase light curve in comparison with the June 13
light curve. Pulsations were detected at a 10.20 confi-
dence level. The pulse fraction was (33.9 = 6.4)%; i.e.,
it was a factor of 2 lower than F measured in the
source’'s bright state. During part | of the session (dur-
ing the eclipse), wefailed to detect such pulsations; the
30 limit on the pulse fraction was 9.6%.

SPECTRA

The source's photon spectrafor the different parts of
the June 13 session are shown in Fig. 6. Because of the
failure of the telemetry channel through which infor-
mation about hard photons was transmitted, we used
the data obtained only before the time marked by the
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dashed line in Fig. 1 to construct the spectrum for part
Il of the session. We reconstructed the spectra for parts
| and Il of the session up to hv ~ 40 keV and the spec-
trum for part |11 only at hv < 26 keV. The figure sug-
gests that the source’s spectrum is well described by a
simple power law without evidence of a high-energy
exponential cutoff, typical of most X-ray pulsars, over
the entire ART-P energy range. The break energy may
have been beyond the upper ART-P sensitivity limit.
The spectral dope (photon index) changed during the
session, generally decreasing with increasing flux from
the source. To determine the parameters of the pulse-
height spectra, we used the model

E —
'(E) = '10%10 keV%

2
DEﬁ Wl

X exp| -1, =5 ————— |,

p[ ltElm(E—El)HWf}

where E isthe photon energy (inkeV), |,,isthe normal-
ization of the power-law component to 10 keV (in phot.
cm? s keV'), and a is the photon index. Since the
source exhibited cyclotron absorption features at ener-
gies ~27 and ~54 keV during several experiments
(Kretschmar et al. 1997; Orlandini et al. 1998;
Kreykenbohm et al. 1999), an absorption line with a
Lorenz profile, centroid energy E,, width W,, and opti-
cal depth at theline center 1, wasincluded in the model.

The interstellar absorption toward the sourceis low
(Ny ~ 6 x 10%! cm2; Forman et al. 1973), but absorption
in the stellar wind from the normal star may severely
distort the spectrum at low energies. According to Sato
et al. (1986) and Pan et al. (1994), the absorption col-
umn density varies with orbital phase, reaching a max-
imum, Ny ~ 7 x 10?2 cmr 2, immediately before and after
an X-ray eclipse. Since, in our case, we could not mea-
sure the photoabsorption because of the lack of datain
the soft (hv < 6 keV) energy band, it was not included
in the above model. Best-fit parameters for the source’s
pulse-height spectra during the June 13 session are
listed in Table 2.

Evidence for the possible presence of a cyclotron
resonance line in the source’s spectrum was found only
during the second part of the session. Allowance for

thisline improves the spectral fit, causing the x,i value
normalized to the number of degrees of freedom to
decrease from 1.44 to 0.85. According to Ax? statistics,

the probability of the corresponding chance decreasein

Xx is1.24 x 102, which is2.50 in standard deviations

of the normal distribution. Thus, the confidence level
for the presence of an absorption line in the pulse-
height spectrum is moderately high. We mention this
line only because it was detected precisely at those
energies at which such an absorption feature was previ-
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Fig. 6. Evolution of the photon spectrum for Vela X-1 as
observed with ART-P on June 13, 1992. Power-law fits to
the spectrum during each of thethree parts of the session are
indicated by solid lines. The contribution of the cyclotron
absorption lineis represented by a dashed line.

ously observed in this pulsar from other observatories
(GINGA, Mir—Kvant, RXTE).

The source’s hardness variations found on a scale of
one pulsation period (see the lower panel in Fig. 3)
point to a complex phase dependence of its spectral
shape. Unfortunately, we were unable to perform
phase-resolved spectroscopy in full, because the source
was faint and because the observing time was insuffi-

Table 2. Best-fit parametersfor the ART-P spectraof VelaX-1on
June 13, 1992

of ;gst' on 110, 207 phot. em™? s kev ! a cL?
0 1.14+0.17 181+030 | 0
(1 1.38+0.19° 1.20+0.26°| 0
1.27+0.18 097+028 | 1
(i 0.72+0.10 124022 | 0

aThe presence of acyclotron absorption linewith thefollowing param-
eters: E; = 27.3 + 0.83 keV, 11 = 3.5 £ 2.6, and Wy = 1.0 keV
(fixed).

b A fitin the 6-26-keV energy band for convenience of comparison
with the spectrum for part I11.
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cient. We only compared the spectra corresponding to
the two peaks in the pulse profile. The spectra were
accumulated during the entire session for each phase
interval equal to ~1/3 of the period. A power-law fit in
the 6-26-keV energy band shows that the photon index
isa = 1.51 £0.17 and 1.04 + 0.23 during the first and
second peaks, respectively. Thus, the source’s spectrum
was harder at the second peak. Our analysis, separately
for each part of the session, indicates that the spectral
slope of the second peak was al so subject to larger vari-
ations during the session.

CONCLUSION

The ART-P observations of the X-ray pulsar Vela X-1
in June 1992 reveal ed its variability on time scalesfrom
several hundred (pulse duration) to severa thousand
seconds. Smooth intensity variations were accompa-
nied by changes in its spectrum: the source’s spectral
slope generally decreased with increasing X-ray flux
and subsequently again increased as the flux declined.
The hardness also varied on a scale of one pulsation
period, reaching a maximum during the two peaks of
the pulse profile; the pulsar flux at the second peak was
considerably harder (by 30-40%) than its flux at the
first peak. Such a flux dependence of the hardness
caused the relative amplitude of both peaksto increase
when passing from low to high energies.

Our measurements during an X-ray eclipse (itsfinal
part, which accounted for ~15% of the entire eclipse
period) revealed a persistent flux at a 1/10 level of the
pre-eclipse flux. This may be the emission scattered in
a fairly dense stellar wind or in the extended atmo-
sphere of the optical star. Given that the binary charac-
teristic size, | ~ a/c = 120 light seconds, is half the pul-
sation period, photons must undergo several scatterings
for the pulse profile to be smeared enough. Therefore,
the scattering optical depth of thewindisty~ 1. A sim-
ilar estimate aso follows from the low-frequency
absorption, N ~ 7 x 10?* cm2, observed in the spec-
trum of this source immediately after eclipse egress
(Sato et al. 1986; Pan et al. 1994). For 11 ~ 1, the scat-
tered-to-incident flux ratio allows us to estimate the
solid angle Q ~ 0.41t at which the scattering-envel ope
ring is seen from the compact source. Accordingly, the
envelope height above the optical-star surfaceis

HO(R?+0.4a%)"” R, = 0.47R, = 14R,,.

The source's pulsations were detected after eclipse
egress, but their pulse fraction was ~34%, i.e., half that
during the bright state. Thisimpliesthat, in addition to
the persistent component observed during the eclipse,
the flux directly from the pulsar gave approximately the
same contribution to the total flux during this time.
Direct measurements show that, compared to the
eclipse period, the flux rose by afactor of 1.4 £ 0.7.

LUTOVINOV et al.

We found evidence of an absorption feature at
energy E, = 27.3 keV inthe source’s pul se-height spec-
trum on June 13 during the second part of the session,
whenits X-ray flux rose by afactor of ~1.5. Thisfeature
can be associated with the resonance scattering of pulsar
emission by electrons in the neutron-star magnetic field;
in other words, it isthe cyclotron absorption line. In this
case, the neutron-star surface magnetic field is

B~ 8.6 x 1010

2GM
EﬂkeVE%L_ ZD G =36x102G.

Here, we took into account the gravitational redshift of
the neutron star by assuming its radius and mass to be
R, = 10 km and M, = 1.9M, respectively (van Kerk-
wijk et al. 1995).
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Energy Release on the Surface of a Rapidly Rotating
Neutron Star during Disk Accretion: A Thermodynamic Approach
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Abstract—Thetotal energy E of a star asafunction of its angular momentum J and mass M in the Newtonian
theory, E = E(J, M) [in general relativity, the gravitational mass of a star asafunction of its angular momentum
Jand rest massm, M = M(J, m)], is used to determine the remaining parameters (angular velocity, chemical poten-
tia, etc.) in the case of rigid rotation. Expressions are derived for the energy release during accretion onto a cool
(with constant entropy), rapidly rotating neutron star (NS) in the Newtonian theory and in generdl relativity. A sep-
arate analysisis performed for the cases where the NS equatorial radiusis larger and smaller than the radius of the
marginaly stable orbit in the disk plane. An approximate formulais proposed for the NS equatorial radiusfor an arbi-
trary equation of state, which matches the exact equation of state at J = 0. © 2000 MAIK “ Nauka/Interperiodica” .

Key words: neutron stars, luminosity, disk accretion, X-ray bursters

INTRODUCTION

The change in mass and angular momentum of a
cool neutron star (NS) during accretion leadsto atrans-
formation of its equilibrium state. Below, we consider
NSs with weak magnetic fields that do not affect the
accretion dynamics; i.e., our results refer to the accre-
tion pattern in low-mass X-ray binaries and, in particu-
lar, in X-ray bursters. Of crucial importanceisthe ques-
tion of what part of the energy released during accre-
tion dissipates near and outside the stellar surface (in
the accretion disk, in the boundary layer, in the spread
layer, in the settling zone as matter is compressed under
the weight of the newly supplied material, when uni-
form rotation is established by viscous forces through-
out the entire extended stellar atmosphere, and in the
zone with a surface density of the order of 10° g cm
subject to nuclear burning during X-ray flares) and
what part dissipatesinside the star in itsinterior. Obser-
vationally, these two zones of energy release differ rad-
ically. The energy released near the surface leaves the
surface layers (is emitted) in a very short time, from
fractions of a millisecond to several tens of seconds,
although the complete energy dissipation can last for
several hours. By contrast, the energy release in the
stellar interior produces radiation with characteristic
times exceeding hundreds of thousands and, possibly,
millions of years; thisisthe time it takes for the interi-
ors of neutron stars with weak magnetic fields to cool

* E-mail address for contacts: sibgat@mech.math.msu.su

down (Levenfish et al. 1999). Such radiation can be
detected only in highly variable transients when accre-
tion on them virtually ceases.

Here, we disregard energy release in the stellar inte-
rior by assuming that the star is cool and that its entropy
does not change during accretion and transformation of
the NS interna structure. This strong assumption
allowed usto obtain a number of general results, which
we used previoudly (Sibgatullin and Sunyaev 2000).
Note that this assumption does not hold in the so-called
thermal neutron stars, where the spinup via accretion
leads to a difference between the angular velocities of
the crust and the central liquid superfluid core inside
the star. As a result, energy is released inside the star
through viscous friction [see Alpar (1999) for a discus-
sion].

A thermodynamic relation between the change in
NS total energy (gravitational mass in general relativ-
ity) and the change in its angular momentum and mass
(rest mass in general relativity) is considered for cool,
rigidly rotating NSs with a given equation of state
(EQS). This relation and the energy conservation law
are used to derive a formula for the energy release on
the stellar surface (in the Newtonian approximation and
in general relativity) during disk accretion onto a
NS rotating with an arbitrary angular velocity. The case
where the NS equatorial radius is smaller than the
radius of the marginally stable orbit is also considered
in terms of genera relativity.

For the equilibrium figure of arotating, incompress-
ible fluid in its own gravitational field (Maclaurin
spheroid), we derive explicit formulas for the depen-
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dence of disk and surface energy release on spheroid
eccentricity. The fraction of disk energy release in the
total energy release is shown to be expressed by asim-
ple linear dependence on the ratio of the Maclaurin-
spheroid rotation frequency to the Keplerian equatorial
particle velocity.

A universal approximate formulafor the NS equato-
rial radiusis derived for an arbitrary EOS.

Previoudly (Sibgatullin and Sunyaev 2000), we con-
sidered astrophysical implications of our results and
methods for deriving simple approximation formulas.
We also analyzed the universal geometric properties of
space-time outside rotating bodies.

NEWTONIAN TREATMENT

In the Newtonian approximation, the total energy of
a NS consists of the gravitational, kinetic, and internal
energies.

€= [ 20(1) +30°0¢ + ) + U(p(E)PO)AV, (1
\%

where the gravitational potential @ is
o(r) = GJ%dV'. )
\%

We take a model of an ideal gas with constant (zero)
entropy for the internal energy of superdense matter.
The Gibbs identity then yields

du = — pd(1/p) + Tds = —pd(1/p). 3)

We have the following obvious expressions for the NS
mass and angular momentum:

M = J’p(r)dv, J= Ip(F)(x2+y2)QdV. 4)

The following integral holds in a steady equilibrium
state:

U(p)+g—Qz(X2+yz)/2—¢ = u=const, (5)

since p has the same value at any point of the star’,
because the equilibrium is isentropic and because the
rotationisrigid [the theorem of Crocco (1937); seeaso
Oswatitsch (1976), Chernyi (1988)]. So, the dynamical
equilibrium conditions can also be writtenas i =0
[see the case of an incompressible fluid in Lamb
(1947)].

Let us consider two close equilibrium states with
globd parametersé, M, J, Q and € + 3¢, M + dM, J+ dJ,
Q +0Q.

Theorem 1. The variations of NS mass oM, angular
momentum 8J, and total energy oF for two close equi-

1 The constant 1 should not be confused with the Bernoulli integral ios
which is constant along a streamline: p = i — [r, w]“!
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librium states are related by the thermodynamic rela-
tion

5¢€ = Q8+ pSM. (©6)

We denote the local displacement of point r on the
stellar surface along the normal when passing from one
equilibrium state to the other by W(T ). For an arbitrary

integral IV a(r)dV, we then have

0A = J’éa(r)dv+ J’a(F)W(F)dS. (7
\ ov
In view of Eq. (2) for the gravitational potential, the
variation of gravitational energy 8¢, is

5€y = —2[SpPAV — = [pSDAV — = [ pWDAS.
- o3y

or _é

Reversing the order of integration in the second term on
the right-hand side, we reduce this expression to

0y = —J’épCDdV—IpWCDdS. (8)
\% A%
We calculate the variation of internal energy 8¢,, from
formula (7) by using the Gibbs identity (3):
8¢, = 6IU(p)pdV
Y ©)
_ p(p) P
= + B2 BpdV + [pW + TS,
[chie) + Epoav + [pWiki(p) + 2
\% A%
In order to simplify the subsequent calculations, we

added the surface term J' v WpdS to theright-hand part

of (9); thisterm is zero, because the pressure vanishes
at the stellar boundary. Clearly, the variation of kinetic
energy can be expressed as

5€, = %‘J’(SpQ +250p) (¢ +y?)QdV
\%
+ %J’sz(r)(xz +Y?)WdS.
oV
As a result, the variation of total energy 6€ = 8¢, +
3¢, + 88, is
_ s O 1.2, 2, 2 0
0¢€ = IEBDD—¢+§Q (X" +y’) +u(p) + p/pg
O
\

+3QQ (X% +Y°) Eplv + J'pWE— ® +u(p)
ov

+plp+30°(¢ +y) IS
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The quantities ®M and dJ are given, respectively, by
oM = J’6p(r)dV+J'p(r)W(r)dS,
\% A%

8J = I(Qap(r)+5Qp(r))(xz+yz)dv (10)

+ J’Qp(r)(x2+ y*)WdS.
A%

R%egroupi ng the terms, we represent the expression for
06 as

¢ = J’Eﬁp%— ® - %Qz(x2 +y°) +u(p) + gggdv
\%

+I{ 3pQ +8Qp} (X + y)QadV
v (11)

+ [Qp(F)(E + y)WdS+ [pWE @ +u(p) + P
5|;p()( yY) t;[p 0 (P) )

- %Qz(x2 + yz)%js.

The coefficients in front of dp in the first and last inte-
grals of Eq. (11) match the constant 1 given by (5). Let
us now make use of Crocco's theorem and factor this
constant outside theintegral signs. The angular velocity
Q can also be factored outside the integral signsin the
second and third integrals because the rotation is rigid.
Having done these operations and using formula (7) for
OM and &J, we obtain

0¢é = QdJ+ udM,
hence,

_0¢ _0¢
3|, " aM

We see that the constant 1 has the physical meaning of
chemical potentia here (Landau and Lifshitz 1976).

Theorem 1 is conceptually associated with the fol-
lowing remarkable variational principle of general rel-
ativity by Hartle and Sharp (1967) (see aso Bardeen
1970): the true mass and angular-momentum distribu-
tions differ from their virtual (possible) distributions
with afixed rest mass and afixed total angular momen-
tum in that they give a conditional extremum to the
gravitational mass (energy in the Newtonian approxi-
mation). In this case, the angular velocity Q and the
constant L act as the Lagrangian factors.

Corollary 1. When a star loses its angular momen-
tum and energy by the radiation of electromagnetic or

Q (12)

J

SIBGATULLIN, SUNYAEV

gravitational waves, the rates of change in its total

energy and angular momentumarerelatedby € = QJ.

Thisequality followsfrom (12), because the change
in NS baryonic mass is zero during wave emission.
Corollary 1 was proved by Ostriker and Gunn (1969)
when considering the fluxes of angular momentum and
energy of electromagnetic or gravitational radiation in
the wave zone. It has important applications for radio
pulsars: the quasi-equilibrium evolution of the NS
structure when it loses its angular momentum does not
lead to any heating of the stellar matter.

Denote the fluxes of angular momentum and energy

onthe NSbhy M| and Me, respectively, where | and e
have the meaning of the specific angular momentum
and specific energy brought by the accreting matter.

Theorem 2. When the angular momentum M| and

energy Me aretransferred to a neutron star by accret-
ing particles in unit time, the following energy is
released in the star with constant entropy in unit time:
L, = M(e-Ql —p), (13)
where J isthe chemical potentia of the cool star.
Indeed, according to Theorem 1, we have

8¢ = QdJ + pdM.

On the other hand, it follows from the energy conserva-
tion law that

dé = dMe—Ldt,

where L, is the rate of energy release (stellar luminos-
ity) during accretion.

From the law of conservation of angular momen-
tum, we have

dJ = Mldt. (14)

By equating the expressions for dE from Theorem 1
and from the energy conservation law and using (14)
for dJ, we reach the conclusion of Theorem 2.

Note. For the constant 4, we may choose its value at
the stellar equator: p = —% Q°R’ — @, where @, is the

gravitational potential at the stellar equator, and Risthe
equatorial radius. Here, we make use of thefact that the
enthalpy vanishes on the stellar surface. This choice of
1 allows usto determine the equatorial radius, the most
important NS parameter [see formulas (32) and (33)].
The local judtification is as follows. Falling on the
stellar equator, a particle of mass m increases the
NS moment of inertia. An additional work is done,
which is equal to the difference between the particle
angular momentain the Keplerian orbit, mR*Q,, and on

the stellar surface, mR*Q, multiplied by the NS angular
velocity Q. Thiswork is equal, with an opposite sign, to
ASTRONOMY LETTERS Vol. 26
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the additional (rotational) energy that must be added to
the difference between the particle kinetic energies in

the Keplerian orbit, mRRQZ%/2, and on the stellar sur-

face, mR*Q?2. Therefore, when a particle approaches
the NS from a thin accretion disk and decelerates in a
narrow boundary layer at the equator from the Keple-
rian angular velocity Q to the NS rotation velocity, it
rel eases the energy 1/2m(Qy — Q)?R2, giving its angular
momentum and part of its energy to the star. The for-
mulafor the energy releasein thisformwasjustified by
Kluzniak (1987). The various local derivations of this
formula were discussed by Kley (1991), Popham and
Narayan (1995), and Sibgatullin and Sunyaev (1998).

It should be noted that, having accreted at the equa-
tor, the matter cannot remain there for long. It must
spread in some way over the surface while changing its
angular momentum and energy. Therein lies the incon-
sistency of the local approach, which disregards the
subsequent redistribution of accreting matter over the
star. The close match between the energy release given
by (13) and the energy released when particles decel er-
ate from the velocity RQy to the velocity QR on the
stellar surfaceis fairly unexpected.

Here, we make an attempt to solve the problem by
taking into account the restructuring of a cool star dur-
ing accretion. This globa approach leads to formula
(13). Thus, (13) holds not only for a narrow boundary
layer near the equator (Popham and Sunyaev 2000).
Our derivation of Corollary 1 from Theorem 1 suggests
that the same energy is released by a particle in the
spread layer (Inogamov and Sunyaev 1999), although
the situation in the spread layer differs radically from
the problem with a thin equatorial boundary layer. In
the surface layer, the matter heats up, the thermal
energy radiates away in bright latitudinal rings, and
other complex physical processes accompanying the
spread of matter over an equipotential of arapidly rotat-
ing star take place. However, this all affects the instan-
taneous equilibrium of aneutron star only through glo-
bal changes in its baryonic mass and angular momen-
tum. It is pertinent to recall that, according to
Huygens's theorem (see, e.g., Tassoul 1978), the work
done by gravitational and centrifugal forces on a parti-
cle to move it over the surface of arigidly rotating lig-
uid body inits own gravitational field is zero.

The close coincidence between the energy release
according to Eq. (13a) and energy, released when parti-
cles decelerate from velocity RQ to particle velocity
on the stellar surface QR, is rather unexpected.

Corollary 1. When a thin accretion disk is adjacent
tothe stellar equator and when the star transformsinto
an equilibrium state with a new mass and angular

momentum in time dt, the energy %dM(QK - Q)PRis

released on the stellar surface, where dM isthe amount
of baryonic mass accreted onto the NS in time dt and
ASTRONOMY LETTERS Vol. 26
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Qi and Q are the Keplerian velocity at the NS equator
and its angular velocity, respectively.

Indeed, inthiscase, e= v?/2 - ., v = RQy, | = RQy,
and expression (13) for L, turns into a full square. In
particular, it follows from Corollary 1 that the energy
release for counterrotation at |Q| = 0.5Q is a factor
of 9 larger than the energy release for corotation!

Corollary 2. Since the kinetic energy M v?2/2 of the
decelerated matter is released during spherical accre-

tion onto a nonrotating cool star at rate M in its sur-
face layer in unit time, there is no volume energy
release in this case either.

This assertion follows from Theorem 2, because, in
thiscase, | = Q =0, ® = ®, = GM/R, and the total
energy release given by (13) matches the surface
energy release.

Disk energy release. Passing from one Keplerian
orbit to another with a smaller radius, an accreting par-
ticle loses its energy through viscous friction, which
radiates away. The total energy radiated away by one
particle from an infinitely distant point before it
approaches aKeplerian circular orbit on the stellar sur-
faceisequal to the particle energy in this orbit, with an
opposite sign. Therefore, the following formula holds
for the energy release of the entire disk:

Ly = -M(R°Q5/2— ). (15)

Setting the sum of centrifugal and gravitational forces
equal to zero yields
2 _ _do
RQy = ar
The formula for the disk energy release follows from
(15) and (16):

(16)

r=R

_ 1d(r’o)
d7 2R dr |, .g (7
If there is no rotation, then Ly = L, = MGM /2R

(Shakura and Sunyaev 1973).

In order to estimate the effect of NS rotation on the
disk energy release, let us consider an example in
which the stellar matter is modeled by an ideal, incom-
pressible fluid. In this case, the axisymmetric equilib-
rium figure is a Maclaurin spheroid. The Dirichlet for-
mula (see, e.g., Lamb 1947) can be used for the grav-
itational potential of ahomogeneousellipsoid, and the
following expression can be derived for L, from (17)
(below, e denotes the spheroid eccentricity, e =

All—czlaz):
J1-ed

0 (18)
2a ¢ e 0

The Keplerian equatorial rotation frequency can be cal-
culated from (16):
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fx = JGp/2niB(e);
/ 2 (19)
B(e)E/\/ 1-¢ 1- €
e

arcsine— 5
e

The formulafor the rotation frequency is (Lamb 1947)
f = JGpg(e)/2m,

J1-¢€°
3
e

According to Corollary 1 of Theorem 2 and formulas
(19) and (20), the energy release on the NS surface is

1-¢¢ 0

(3—2e2) arcsine—3

g(e) =

L, = %M(QK—Q)zRZ

0 _ 2 _ 2
_36MOj3-2e" o odl-e
1R e e?

@2y

2

A/arcsine 1-¢e’0
- 3 2 .
e e O

Using (18)—(21), we can obtain the following unexpect-
edly smplerelation to estimate the fraction of radiation
from the disk in the NS total radiation:

Ly/(Le+ Ly) = 05(1+ f/f,). 22)

Note that the eccentricity e — 1 as Q — Q for an
incompressible fluid. Therefore, the spheroid asymp-
totically transforms into a plane disk. However, large
angular velocities cannot be reached: Maclaurin sphe-
roids become unstable to quadrupole perturbations at

e> 0.8127 (a Q > 0.4326./211Gp) (Lamb 1947; Chan-
drasekhar 1973).

According to (18) and (21), thetotal luminosity L, +
L, inthe stability range of Maclaurin spheroids satisfies
the inequalities

Ltlag M _g*g p 0
. <0.0549
Mc? HLAMH Lok g/cm3D

in the case of corotation and the inequalities

0.0485<

L+l M g p
. <0.1953
Mc? HLAMoH Dhgr g/cmaD

in the case of counterrotation. The speed of light (con-
stant) was introduced here for convenience of compar-
ing the results in the Newtonian approximation and in
general relativity (Sibgatullin and Sunyaev 2000).

For the criticad e = 0.8127, the ratio of angular
velocities Q/Qy is 0.602. It thus follows from formula
(22) (in the stability range of Maclaurin spheroids) for
spheroid and disk corotation that 0.199 < L/(L, + L) <
0.5; L/(L, + Ly =0.5for anonrotating star (Shakuraand

0.0549<
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Sunyaev 1973). The inequality 0.5 < Ly/(L, + L,) <
0.801 holds for disk and spheroid counterrotation.

TREATMENT IN GENERAL RELATIVITY

The metric of stationary, axisymmetric spaces
invariant to the changet, ¢ — —t, —@ can bewrittenin
cylindrical r, z ¢ coordinates as

ds’ = a’dt’— b (de— wdt)? —e*(dr? + dZ%), (23)

where a, b, and ¢ are the sought-for functions of r and z
The gravitational-mass functional in the steady-state,
axisymmetric caseis (Hartle and Sharp 1967)

2 —
Mc™ = cJ’lGnGA/ gdqdrdz
(24)

+c ITSJ—_gdcpdrdz,
\

where V and 0V are the region occupied by the star and
its boundary, respectively. The integral of the scalar
curvature is extended to the entire three-dimensional
space:

(a +ooQb)
(p+ )—_( o—Q)b

J—g = abe®™.

The NS nuclear overcompressed matter isan ideal isen-
tropic gas with a given internal energy density, € =
pu(p), with de = (p + €)dp/p.

According to formula (24), the mass functional for
a steady-state, axisymmetric star is determined by the
functions p, a, b, and o of independent variables r and
zand by the constant Q.. Let us consider two close equi-
librium states A and A + dA. Subtracting the mass func-
tional in state A from the mass functiona in state A + 0A
yields

To = p,

3M = 2nI§p—+5 —+5 —a+6b—BH rdz

+6Q— +c ‘3J'T W.J/—gd!.

The functions of the form dM/da are variational deriv-
atives of the functional M with respect to the corre-
sponding function a(r, z).

Since the metric coefficients and their first deriva
tives are continuous at the boundary of the region dV,
the surface terms from variations of the gravitational
mass reduce to the integral over a distant surface at
pseudo-Euclidean infinity, where they vanish. The vari-
ational derivatives of M with respect to the metric coef-
ficients are zero by virtue of the Einstein equations.
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Using the equalities u’u, + u®u,= 1 and U= Qu°, we
can derive the following formula at fixed metric coeffi-
cients:

5u° = —u,(u°)’3Q. (25)

If we vary the gravitational-mass functional (25) at
given metric coefficients, we then obtain

dMc® = 2nc_1éIT8J—_g1drdz
Y (26)
= 2nc‘15J'(s—TSQ)J—_gdrdz.
\Y%
We now use the expressions for rest mass m and
angular momentum J (Hartle and Sharp 1967)

m = ZTIIpUOA/—_ng’dZ,
\%

= —2c_1nJ’T$J—_g]drdz
\"

and the relativistic integral of dynamical equilibrium
conditions

pte
(pcu’)
In view of (24), the following formula holds:

= WU = const.

o = p+85p = p+0€(6(pu°)—p6uo)
P pu

_p+e
= E225(pu’) + TpdQ.
pu

The quantity &M can then be easily represented after
reducing similar termsin (26) as

dMc® = Q&J + pom; 27
hence,
_ oMc® _ oMc®
Q=3 RS (28)

Theorem 3. For any two closeisentropic equilibrium
states of a NS, the variations in gravitational mass,
angular momentum, and rest mass are related by (28).

Energy releaseduring disk accretion ontoaNSin
general relativity. Let us now use Theorem 3 to calcu-
late the NS radiation and evolution from equilibrium
states. The constant in the relativistic case is also con-
venient to estimate from its value at the stellar equator:

b= c/u’ = cA/aZ—(oo—Q)zbz; (29)
the metric coefficients (23) are taken at the stellar
equator.
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In genera relativity, the NS equatorial radius can be
larger and smaller than the radius of the marginally sta-
ble orbit, which is equal to three gravitational radii
when the star does not rotate (Kluzniak and Wagoner
1985; Sunyaev and Shakura 1986). For slow rotation of
NS, its external field cannot be described by the Kerr
solution linearized in angular momentum. The physical
processesin the field of adlowly rotating NS were con-
sidered by Kluzniak and Wagoner (1985), Sunyaev and
Shakura (1986), Biehle and Blanford (1993), and
Miller and Lamb (1996). In the former case, we denote
the energy and angular momentum of atest particle of
unit mass in a Keplerian orbit with the NS radius by e
and |, respectively, take into account the law of conser-
vation of angular momentum dJ = Idm, and equate the
expressions for the change in gravitational mass from
Theorem 3 and from the law of conservation of energy:

(Ql +p)dm = dme—Ldt.

We use the equalities e = (U ), | = c(Uk)q, 1 = ¢/U°, and
u®= Qu°, and express L, as

Ls = M(e—Ql—p) = p(u ik —1)M,

dm -
at M.

Here, we introduced the designation for a scalar prod-
uct of the 4-velocity vector of a particle rotating with
the NS angular velocity and the 4-velacity vector of a
particle rotating in a Keplerian orbit at the same point
on the stellar equator. Expression (30) for L, is always
positive and becomes zero if the NS angular velocity
reaches the Keplerian one at the stellar equator. In our
previous paper (Sibgatullin and Sunyaev 2000), we
gave approximation formulas for the dependences of
M, e, I, and fx on Kerr parameter and rest mass for par-
ticlesin equatorial Keplerian orbitsfor a NS with EOS
A and FPS. We used (28) to calculate the NS angular
velocity and chemical potential. For stars with EOS A
and FPS and with a gravitational mass of 1.4Mg, we
derived approximation formulas for the dependences of
total luminosity L, + L, and L,/(L, + L,) ratio on NS
angular velocity by using (30).

Thecasewherethe NSradiusissmadler than theradius
of the marginally stable orbit is characteristic of general
relativity alone. Inthis case, the gravitationa field doesan
additional work on the spiraling-in particlesin the gap; no
stable Keplerian orbits exist within the marginaly stable
orbit. Thus, the rate of energy releaseis

Lo = M(e, —=Ql, —p) = p(u L, —1)M,  (31)
where udenotes the 4-velocity vector of the particle

that fell onthe stellar surfacefrom acircular marginally
stable orbit with the energy eqand angular momentum

|7 corresponding to this orbit. In our previous paper

(Sibgatullin and Sunyaev 2000), we gave universal
(valid for an arbitrary equation of state) approximation

(30)
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formulas for the dependences of e I Ry and ¢ on

Kerr parameter and on dimensionless quadrupol e coef-
ficient b for the particlesfalling on the surface from cir-
cular marginally stable orbits. We constructed plots of
total luminosity against angular velocity for a NS with
gravitational mass M = 1.4M, by using (27) and (30).

Note the fundamenta difference between our for-
mulas (30), (31) for the luminosity and formulas (16),
(28) from Thampan and Datta (1998). These authors
calculated the energy rel ease produced by particles dur-
ing accretion as a difference between the particle
energy in the stable circular equatorial orbit nearest the
body and the energy of the particles lying on the equa-
tor and corotating with the body.

Using Theorem 3 to calculate the NS angular
velocity and equatorial radius. Asthe NS parameters,
we choose its rest mass and Kerr parameter j (dimen-
sionless angular momentum ¢J/GM?). The methods of
constructing the function M(j, m) were developed pre-
viously (Sibgatullin and Sunyaev 2000).

According to (28), the NS angular velocity at given
rest mass m and Kerr parameter j can be determined
from the known function M(j, m) by using the formula

M|
3 _ Jlm
QGM/c” = ME2iM I +2jM,j|m1

where M |, = aa_M

m

Another important formula that relates the constant
| to a derivative of the gravitational mass with respect
to the rest mass at constant angular momentum follows
from (28). Taking (29) for u, we obtain

MM |
| = Ja’-b(Q-w)’, R=b, (32)

‘M+2im,], "

where R is the geometric equatorial radius of the star
(the equator length divided by 21); the metric coeffi-
cients a and b are taken at the NS equator.

In the static case, the NS radius can be determined
from (32) by using the Schwarzschild metric (w=Q =0,

2GM[
a=ctt - ==
U Re2 U
Rc’ 2
= = £ (33)
GM  1-Mm%

Remarkably, formula (33) [if M(j, m) is substituted into
it and differentiated at constant j) closely agrees with
the numerical data from Cook et al. (1994) and Ster-
gioulus (1998) for the equatorial radius of a rotating

NS, to within afew percent: R=2GM/(c? — ¢? M,2m|j )-
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Abstract—The Spin-X wide-field X-ray monitor of the Spectrum—X-Gamma astrophysical observatory,
which isbased on the principle of acoded-aperture telescope, isdesigned to detect and |ocalize cosmic gamma:
ray-burst (GRB) sources; to survey large areas of the sky in search of new transients; and to carry out long-term
observations of bright Gal actic sources, including X-ray bursters. The monitor consists of two noncoaxial iden-
tical modules, Spin-X1 and Spin-X2, which together cover 6.8% of the sky. The high-apogee, four-day orbit of
the Spectrum-XG satellite allows the instrument to be in observing mode more than 50% of the time. Having
simulated the rate of GRB detection by Spin-X, we show that extrapolating BATSE 50-300-keV average data
on the number of GRBSs, their duration, and their mean energy spectrum to the X-ray energy band leadsto dis-
agreement with the observed detection rate of GRBs in the X-ray band. The number of GRBs that can be
detected and localized with an accuracy r < 3' (30) (the error-circle radius) by Spin-X is estimated to be ten
bursts per year. We present data on the Spin-X sensitivity achievable during long-term observations of per-
sistent and transient sources and on its sensitivity to X-ray bursts from Galactic sources in the 2—30-keV
energy band. © 2000 MAIK “ Nauka/lnterperiodica” .

Key words. X-ray monitor, gamma-ray bursts, bursters, Galactic center, coded aperture

INTRODUCTION

Since the discovery of gamma-ray bursts (GRBS),
progress in understanding their origin has aways
turned on their accurate localization. The initialy
achieved accuracy of one degree obtained from flux
ratios on differently directed detectors [the so-called
cosine method implemented in the Konus (Mazetset al.
1979) and BATSE (Meegan et al. 1992) experiments],
aswell asthetriangulation method based on determina-
tion of the arrival direction of a wave front from the
delay of its detection on spatially separated spacecraft,
has not allowed GRB sources to be identified with any
astrophysical objects.

The simultaneous detection and accurate (to within
several arcminutes) localization of GRBs by a single
instrument hold the greatest promise. Such an accuracy
makes possible attempts to identify GRB sources with
objects showing up in other energy bands and, prima-
rily, in the optical. GRB detection statistics show that,
on the average, one GRB is detected per day by space-
craft near the Earth and that the sky distribution of their
sources is uniform. Thisimposes obvious requirements
on the instrument: to have the widest possible field of
view (up to 4m) and a localization accuracy of no less
than one arcminute at a sufficiently high sensitivity.

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

Attempts to devise such an instrument have been
made repeatedly. In the mid-1980s, it was proposed to
divide GRB detection and accurate localization
between different instruments on the same spacecraft.
This idea was embodied in the Konus—Podsolnukh
package of instruments onboard the Granat orbiting
observatory (Aptekar’ et al. 1992). The Konus instru-
ment must have determined the GRB source direction
with a 1°-2° accuracy within 1-2 s after GRB detection
and must have given target designation for the second
Podsolnukh instrument, which included a platform
with X-ray counters and an optical monitor. The plat-
form could turn in any direction of the hemisphere with
a20" accuracy in 1-2 s. Unfortunately, virtually imme-
diately after the Granat spacecraft was placed into orbit
in December 1989, problems with telemetry transmis-
sion from the Konus and Podsol nukh instruments arose
and this original idea produced no serious results, nor
did it lead to any discoveries.

A code-aperture technique in the X-ray band came
into wide use in the 1980s. A coded aperture allows
images with a resolution of the order of one arcminute
to beformed within fairly widefields of view. The XRT
(Skinner et al. 1987), TTM (Brinkman et al. 1985;
Zand et al. 1989), and ART-P (Sunyaev et al. 1990a)
X-ray telescopes serve as examples of such instru-
ments. The successful detection and localization of X-ray
bursts with a one-arcminute accuracy by the above
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instruments (Skinner et al. 1987; Sunyaev et al. 1990b;
Pavlinsky et al. 1994) stimulated the use of such tele-
scopes with the widest possible fields of view for
detecting and localizing GRBs.

Thefirst results could appear on the TTM telescope
of the Kvant/Mir module, because the instrument had a
relatively wide field of view (~200 sguare degrees)
covering ~0.5% of the sky. Since 1987, ~3000 20-min-
long observing sessions, which is equivalent to ~40 days,
have been carried out with TTM over more than ten
years of its in-orbit operation. This time, however,
proved to be insufficient. The probability of GRB
detection was low. The same result was also obtained
with the SIGMA gamma-ray telescope (Roques et al.
1990) onboard the Granat observatory. There was no
GRB within afield of view of ~100 square degreesin a
total observing time of ~700 days (Sunyaev et al.
1993). This was somewhat unexpected, because it was
assumed that the SIGMA tel escope would detect one or
even two GRBs within its field of view during this
period.

It al fell into place with the launch of the Bep-
poSAX satellite (Perola1990) in 1996. The WFC wide-
field X-ray monitors onboard the BeppoSAX satellite
(Jager et al. 1993) detected and localized GRB 960720
on July 20, 1996, with a 10" accuracy (Piro et al. 1996).
Confirmation that this was actually a GRB rather than
an X-ray burst wasreceived from the simultaneous trig-
gering of the GRBM monitor (Frontera et al. 1997)
onboard the BeppoSAX satellite. A revolutionary result
was obtained after GRB 970228 was detected and
localized with a3’ accuracy on February 2, 1997 (Costa
et al. 1997a). Eight hourslater, having modified the sat-
ellite observing program, the BeppoSAX narrow-beam
telescopes detected an X-ray afterglow of the GRB
source (Costa et al. 1997b, 1997¢). Over a period of
three and a half years, from July 1996 until December
1999, the WFC/BeppoSAX instruments detected 25
GRBs. A distinctive feature of the operation of the Bep-
poSAX low-orbit satellite lay in a routine (every one
and a half hours) data transmission to the Earth. This
made it possibleto rapidly process dataand to generate
the coordinates of GRB sources for pointing ground-
based and orbiting telescopes. Unique data on GRBs,
suchasGRB 970508 (z=0.835), GRB 971214 (z=3.14),
and GRB 980425 (z=0.0085), were obtained with the
WFC/BeppoSAX ingruments; they showed a cosmol ogi-
ca origin at least for some of the GRBsand their possible
relationship to supernova explosions. WFC/BeppoSAX
dataalowed X-ray, optical, and radio afterglows of GRBs
to be discovered, which gave strong impetus to the devel-
opment of theoretical models.

These achievements have stimulated the develop-
ment and construction of the Spin-X X-ray monitor for
the Spektr—Rentgen—-Gamma astrophysical orbiting
observatory, which is designed to detect and localize
GRB sources; to survey large areas of the sky in search
of new transients; and to carry out long-term observa-
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tions of bright Galactic sources, including X-ray
bursters.

Below, we describe the Spin-X monitor and present
Monte Carlo simulations of the Spin-X functionalities
in solving the scientific problems listed in the preced-
ing section.

2. DESCRIPTION OF THE SPIN-X MONITOR

The instrumentation of the Spectrum-XG astro-
physical observatory includes two completely identical
(but turned rel ative to one another through an azimuthal
angle of 120°) wide-field Spin-X X-ray monitors. The
instrument is being developed and constructed at the
Space Research Ingtitute (Russian Academy of Sci-
ences) and at the Aalam Specia Design Officein Bish-
kek, the Republic of Kyrgyzstan (the former branch of
the Specia Design Office of the Space Research Insti-
tute). Figure 1 shows a photograph of an engineering
mock-up of one such monitor.

The Spin-X monitors are wide-field coded-aperture
telescopes simultaneously covering 6.8% of the sky.
Their basic parameters are given in Table 1. Only two
Spin-X monitors were included in the Spectrum-XG
instrumentation because of the mass and energy-con-
sumption limitations.

Detector

A multiwire proportional chamber similar in design
to the chamber of the KFRD focal detector (Pavlinsky
et al. 1998) of the Sodart/Spectrum-XG telescope is
used asthe Spin-X position-sensitive detector. Figure 2
shows the inside of the Spin-X detector; the wire fields
on the leucosapphire frames are clearly seen. The inner
sizeof thewirefieldis 180 x 180 mm. The chamber has
two layers: the first is position-sensitive and spectro-
metric and the second is only spectrometric. The sec-
ond layer servesto reject charged particles and operates
on anticoincidence with thefirst layer.

A circuit with an LC-type induction—capacitive
delay line on discrete elementsis used to determine the
photon position in the chamber. The chamber case is
made from titanium. A supporting grid is mounted on a
beryllium entrance window on the outside to offset the
internal gas pressure on this window. The chamber is
filled with a gas mixture, 85%Xe + 10%Ar + 5%CQO,,
under a 1.3-bar pressure. Four collimated radioactive
sources on the periphery of the working detector field,
three Fe> and one Cd!%°, are used for continuous in-
flight calibration of the detector energy and position
channels.

An energy resolution of 19% at 6 keV and 13% at
22 keV was obtained on the Spin-X detector during
preliminary ground-based tests for integrated illumina:
tion by external Fe>> and Cd'"® sources. The spatia res-
olution along the anode wires was found to be 0.6 mm
(FWHM) at 6 keV. The resolution across the anode
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wires pulled at 3-mm steps cannot unequivocally be
said to be 0.6 mm, because there is awell-known effect
of coordinate modulation by the anode wires. The res-
olution ranges from 0.4 to 1.5 mm, depending on the
distance to the nearest anode.

Optical System

The Spin-X monitor uses a system with incomplete
coding, in which the mask size matches the size of the
detector entrance window. The minimum size of the
mask pixel is constrained by the detector spatial resolu-
tion; it must be no lessthan 1 x 1 mm. The size of the
detector entrance window (144.5 x 142.2 mm) prede-
termined the choice of a pseudorandom sequence of a
127 x 129-pixel mask witha1.12 x 1.12-mm pixel size.
The separation between the mask and the detector
entrance window is 413 mm, which provides anominal
angular resolution of 9'3 within a 38°5 x 38°0
(FWZR) field of view. The position accuracy of events
on the detector is severa times higher than the mask
pixel size, allowing sources to be localized with an
accuracy higher than the nominal angular resolution.

The Spin-X coded mask iscomposed of aset of cop-
per plates with a total thickness of 1.0 mm. At the
1.12 x 1.12-mm pixel size, the size of the open field is
1.0 x 1.0 mm. The fraction of open pixels in the mask
is 50%. A copper-coated aluminum tube supports the
mask and simultaneoudly serves as a collimator limit-
ing the monitor field of view.

Electronics

The Spin-X electronics accumulates scientific and
service information in a 1-Mb buffer memory, supports
the communications protocol with the onboard
1553 MIL-STD bus of the Spektr—RG instrumentation,
and provides data transmission to the common onboard
memory.

The Spin-X monitor has two operating modes:
“Burst” and “Flux.” The first is designed to detect
GRBs, and the second is designed to survey large areas
of the sky in search of new transients and to carry out
long-term observations of bright Galactic sources. The
instrument processesfluxesupto 10* events per second. In
the Burst mode, al photons detected by the instrument in
a64-stimeinterval before the event detection and al pho-
tons arrived within 1024 s after the detection are written
into the onboard memory. The information stored for a
single photon is 5 bytes. In the Flux mode, al detected
photons are written into the onboard memory.

3. SSIMULATIONS OF SPIN-X OBSERVATIONS
Model

To evaluate the functionalities of the Spin-X wide-
field monitor in detecting and localizing GRBs and
monitoring persistent Galactic sources, we developed a
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Tablel

Operating energy band 2-30 keV
Total field of view (FWZR) 3825 x 3820
Nominal angular resolution 9'3
Statistical localization accuracy at signa | r < 3'(30)

level =50 on restored image

Effective area (corrected for mask shading)| 80 cm? of 6 keV
Energy resolution (FWHM) 19% of 6 keV

13% of 22 keV
Time resolution 11024 s
Dead time 25us
Charged-particle rejection level >96%
Detector type Multiwire proportion-

Detector area (=mask size)

a chamber
1445 x 142.2 mm

Gas mixture 85%Xe + 10%Ar +
5%CO,
Gas pressure 1.3 bar
Spatial resolution (FWHM) at 6 keV:
along anode wires, 0.6 mm
across anode wires 0.4-1.5 mm
Thickness of beryllium entrance window | 250 pm
Thickness of detector position-sensitive | 48 mm
layer
Mask pixel size 112 x1.12mm
Separation between mask and detector en- | 413 mm
trance window
Mass 40 kg
Energy consumption 30w

mathematical model for the instrument that included all
basic parameters (see Table 1). Observations were sim-
ulated by the Monte Carlo method by taking into
account the instrument geometry and the detector
effective area and spatial resolution.

During observations, Spin-X will record three radi-
ation components:

(1) isotropic diffuse X-ray radiation;
(2) fluxes of charged particlesleft after useful events
have been selected by the instrument;

(3) radiation from pointlike compact X-ray
sources.

In most cases, diffuse X-ray radiation will make a
major contribution to the instrument count rate. Estimates
show that a diffuse background described by a power-law
spectrum, 8.5 x E!'4 phot. st cm? keV! ser?
(Zombeck 1982), will give ~37 counts s per detector
in the 2-30-keV energy band. The charged particles
passed through the Spin-X charged-particle rejection
systemwill give~9 countss (lessby afactor of 4); the
selection efficiency will be =96%. Depending on the
monitor pointing, thetotal count rate from persistent X-
ray sources can change by three orders of magnitude.
When pointing Spin-X at the Crab Nebula, its contribu-
tion to the count rate will be ~182 counts s™. The
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Fig. 1. A photograph of an engineering mock-up of one Spin-X module.

densely populated region of the Galactic center will
give ~473 counts s. When pointing the monitor at a
sparsely populated region of the sky, for example, at the
point with o = 0° and & = 0°, the sources’ contribution
will be negligible compared to the diffuse background,;
it will drop to 0.4 countss™. Clearly, Spin-X will reach
amaximum sensitivity when pointed at sparsely popu-
lated regions of the sky.

In our simulations, we used the UHURU Fourth
Catalog of X-ray Sources (Forman et al. 1978). For
simplification, all sources were assumed to have the
energy spectrum of optically thin plasma bremsstrahl-
ung with KT = 5 keV. We used the Crab flux (947
UHURU units in the 2-10-keV energy band) to recal-
culate the spectrum normalization from UHURU units.

For simplicity, the interstellar absorption column den-
sity for all sources was taken to be N, = 10%! cm.

We simulated the Spin-X instrument by using the
ratio of the mask pixel size to the size of one detector
bin d,/d,. = 4. In principle, the detector position chan-
nelsprovidearatio of 8, but using such alargeratio makes
senseonly for bright transients, wherethe signal statistical
significance is considerably higher. The smple cross-cor-
relation method was used for image restoration. The
restored images of sourceswerefitted by abivariate Gaus-
sian function, and the error-circle radius was determined.

GRB Detection

The greatest GRB statistics was accumulated by
BATSE. The Spin-X operation was simulated for the
model that used BATSE data (Petrosian and Lee 1996;
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Vikhlinin 1998) on the distribution of N(>F) GRBs
with fluences exceeding some threshold level F (in

1700
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ergcm™) in the 50-300-keV energy band. For the
BATSE data, we used a simple analytic fit

N(>F) =

at fluences F = 1077 erg cm2.

1+ (FI11x 107 erg em %)Y + (F/1.4 x 10° erg em ™)

-1
L bursts yr

As the average GRB photon spectrum integrated
over the time profile, we used a spectrum of the form

- 0_E de,0E0 0

u (100 keVU pD—EOD (a-B)E,zE 0 L )
Ne(E) = Al 0 phots ~cm ~ keV

o =BEyfF q E f 0

(11100 keV U exp(B_a)[ﬂ_OO kev’ (a—B)Ey< ED

with the parametersa = -1, 3 = -2, and E, = 150 keV
from Band et al. (1993). The spectrum is described by
optically thin plasma bremsstrahlung with temperature
KT = 150 keV at soft energies and by a power law with
aslope of -2 at high energies.

The mean GRB duration Ty, = 30 swith 90% of the
fluence was taken from the review by Fishman and
Meegan (1995). The sky distribution of GRBs was
assumed to be isotropic.

As was already said above, the Spin-X sensitivity
depends strongly on how many bright sources fall
within the field of view. The observing program and,
accordingly, the fields in the sky that will be observed
by Spin-X cannot be guessed in advance. Therefore,
our simulations of GRB detection with Spin-X were
averaged over 100 randomly chosen pointing coordi-
nates a and o of the instrument principal axis. For such
anumber of points, the Spin-X field of view coversthe
sky several times.

With the Spectrum-XG four-day orbit, observations
will be performed for three days; the fourth day (to be
more precise, ~18 h) islost, because the satellite passes
through the Earth’s radiation belts. We plan to carry out
continuous observations for approximately 20-21 h;
the remaining 3—4 h will be spent on communication
sessions with the Earth. Consequently, the largest pos-
sible duty cycle of the Spectrum-XG observatory in
orbit is 67-68%. Observing experience shows that the
above level is very difficult to reach; therefore, when
simulating the Spin-X operation, we used a more real-
istic value of 50%. All our simulations are given for the
simultaneous operation of two modules.

Our simulations of GRB detection yielded the fol-
lowing results:

(1) The radius of the Spin-X GRB error circleisr <
3" (30) at asignal confidence level =50 on the restored
image and the ratio dy;/dy., = 4;

(2) Figure 3 shows the sky-averaged Spin-X sensitiv-
ity to GRBs. The GRB 50-300-keV fluence F (erg cm?)
isaong the X axis, and the fraction (in %) of the nom-
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inal Spin-X solid angle (100% =2 x 0.428 = 0.856 ster)
isalong the Y axis. The solid linereflectsthe solid angle
within which the instrument is sensitive to GRBs with

Table2

GRB Fe 0 TS ¢ | 1AuCe
960720 10 gf 17" 6467
970111 | 4 10 43f 60f 6533
970228 | 0.23 3 80f 55f 6572
970402 | 0.46 12 150 150 6610
970508 | 1 5 15f 2o 6649
971214 | 1 39 35 35f 6787
971227 | 1.8 10 10 6796
980109 | 0.8 10 25 6805
980326 | 4 8 5 6851
980329 | 6 3 58f 68" 6853
980425 | 3 8 31f 40f 6884
980515 | 1.5 4 15 6910
980519 | 25 3 30 190 6910
980613 | 0.6 4 50 50 6938
981226 | 0.26 6 20 260 7074
990123 | 34 2 100 100 7095
990217 | 05 3 15 7110
990510 | 4.3 3 80 80 7160
990627 | 0.1 3 50 60 7211
990704 | 6.2 4 40 40 7217
990705 | 4 3 45 45 7218
990712 2 30 30 7221
990806 3 7235
991014 | 25 6 3 10 7281
991105 | 1.1 3.6 13 40 7301

& Maximum flux in the WFC energy band, in Crabs.

b Error box radius (30), inarcmin.

€ Burst duration, in seconds, as determined by GRBM (40-700 keV).
d Burst duration, in seconds, as determined by WFC (2-28 keV).
€ Reference to IAU Circular.

f Referenceto Fronteraet al. (2000); blank columns mean lack of data
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Fig. 2. A photograph of the inside of the Spin-X detector. The wire fields on leucosapphire frames are seen. The inner size of the

wirefield is 180 x 180 mm.

fluence F a 5o confidence (by count rate), and the
dashed line reflects the solid angle for GRB localiza-
tion with an accuracy r < 3' (30). We see from Fig. 3
that the instrument has a“ sensitive” solid angle that is
half the nominal one for GRBs with fluencesF = 2.1 x
10 (50 by count rate) and 4.9 x 10° erg cm2 (by
localization), the maximum sensitivity on the principal
axisis 1.9 x 107 erg cm?;

(3) Inthe model using BATSE data, 24.4 GRBswith
fluences F=1.9 x 107 erg cm? (50-300 keV) fall
within the Spin-X nominal solid angle in ayear, on the
average. Of these, the monitor will detect only 8.9
bursts at a count-ratelevel 250 and only 4.9 of them are
localized with an accuracy r < 3' (30).

The following two points must be noted:

(1) The Spin-X relatively soft energy band starting
from 2 keV can be used to determine the interstellar
absorption column density.

(2) A nonzero thickness of the detector position-sen-
sitive layer affects the PSF shape at large angles (astig-
matism), which results in areduction of their localiza-
tion accuracy and, accordingly, in aslightly lower than
expected percentage of burststhat can belocalized with
r < 3' (30) compared to the number of bursts detected
by count rate at alevel =50.

What can our results imply? The number of GRBs
that can belocalized by Spin-X and its comparison with
WFC/BeppoSAX data are of primary interest. The
number of bursts localized by Spin-X in our simula

tions recalculated to the WFC/BeppoSAX observing
time is 4.9 x 3.3 = 16.17 bursts (we took 3.3 years,
because BeppoSAX carried out no observations from
May through August 1997 due to problems with its gyro-
scopes). The WFC/BeppoSAX  effective area at 6 keV
isafactor of 1.77 larger than the Spin-X one, which is
tantamount to reducing the mean burst duration Ty,
from 30 to 16.9 s when simulating Spin-X. In our sim-
ulations with Ty, = 16.9 s, the number of GRBs local-
ized by Spin-X increased only slightly, by amere 10%,
i.e, to 17.8. If we analyze the publicly available
WFC/BeppoSAX archival data, then the WFC/Bep-
pPoSAX duty cycle recalculated to two monitors, given
the time losses associated with the Earth’s shading and
with datatransmission, is~35%. Thisisafactor of 1.43
smaller than the duty cycle used to simulate Spin-X. In
other words, if the average burst duration and the mean
energy spectrum in the 2-30-keV energy band had been
the same as those in the 50-300-keV band, then
WFC/BeppoSAX would have detected a factor of 2
fewer bursts from July 1996 until December 1999, i.e.,
amere ~12.5.

The discrepancy in the results can only be explained
by the fact that the BATSE average gamma-ray dataon
GRB duration and energy spectrum differ from the
average X-ray data. Simultaneous BeppoSAX and
GINGA X-ray and gamma-ray observations of GRBs
serve as a clear example of this.
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Average GRB duration. Table 2 gives data on the
25 GRBs detected and localized by the WFC and
GRBM instruments of the BeppoSAX satellite from
July 1996 to December 1999. If we compare the mean
burst durations in the hard and soft energy bands, then
we find that T, = 39.6 s (for 24 bursts) and Ty = 71.5 s
(for 19 bursts), respectively.

Average energy spectrum. The average data on the
22 GRBs detected by the GINGA instruments show
that the ratio of 2-10-keV energy to 50-300-keV
energy is Ry, = 0.24 (Strohmayer et al. 1998). The
average data on the eight GRBs detected by the Bep-
poSAX instruments (Frontera et al. 2000) show that the
ratio of 2-10-keV energy to 40-700-keV energy is
Rxy=0.12. The ratio Ry, inferred from the average
energy spectrum of Band et al. (1993) is lower in the
former and latter cases, Ry, = 0.085 and 0.053, respec-
tively.

The observed differences in the average data can
account for the discrepancy by afactor of 2 between the
number of GRBs detected in the X-ray energy band and
their number obtained by our simulationsusing BATSE
data. We thus assume that the estimate in which the
results obtained by our simulations with average
BATSE data would be multiplied by 2 is correct, i.e.,
the expected number of GRBs that can be detected and
localized with Spin-X isten bursts per year.

Long-Term Observations of Persistent Sources

Apart from detecting and localizing GRBSs, the
Spin-X monitor can be used to survey large areas of the
sky in search of new transients and to carry out long-
term observations of bright Galactic sources. To illus-
trate the Spin-X potentiaities, we simulated observa-
tions of the densely populated Galactic-center region.
When the monitor is pointed at the Galactic center with
o =265.62° and & =-28.980° (epoch 1950), 36 sources
from the 4th UHURU Catalog with a total flux of
~7450 UHURU fall within the Spin-X field of view. As
was already said above, these sources give amajor con-
tribution to the instrument count rate, 473 counts s,
which accountsfor 290% of thetotal count rate. Obser-
vations were simulated for an exposure of 10* s. Virtu-
aly all bright sources were detected on the restored
image. For example, two sources, MXB 1735-28 and
GX 1+4, with fluxes of 565 and 60 UHURU near the
Spin-X principal axisare seen at ~1370 and ~150 con-
fidence levels, respectively. This implies that the Spin-
X sengitivity on the principal axis reaches ~4 UHURU
(10) in 10*s. For comparison, when pointed at the point
with a = 0° and o = 0°, the Spin-X sensitivity increases
to~1 UHURU (10).

Figure 4 shows the sky-averaged Spin-X sensitivity
(50) for an exposure of 10* s assuming a power-law
energy spectrum for a source with aslope similar to the
Crab spectrum, OE 2%, Thetotal 2-30-keV energy flux
S(erg st cm?) from the source is along the X axis, and
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the fraction (in %) of the Spin-X nominal solid angleis
along the Y axis. The solid line reflects the solid
angle within which the instrument sees the source on
the restored image at 50 confidence. The instrument
has a “sensitive” solid angle that is half the nominal
one for compact sources with energy fluxes S= 3.9 x
10 erg s cm2, or 108 mCrab.

Detecting X-ray Bursts

We estimated the Spin-X sensitivity to X-ray bursts
(from bursters) by assuming a blackbody spectrum of
bursts with temperature KT = 2 keV and mean duration
AT = 10 s. For simplicity, the interstellar absorption
column density for all compact sources falling within
the Spin-X field of view, including the X-ray burster,
was taken to be Ny = 10%2 cm,

Figure 4 shows the Spin-X sensitivity to X-ray
bursts when the instrument is pointed at the Galactic
center with a = 265.62° and 6 = —28.980° (epoch 1950).
The dash—dotted line reflects the solid angle within
which theinstrument is sensitive to bursts with flux Sat
50 confidence (by count rate); the dashed line reflects
the solid angle for burst localization with an accuracy
r<3'(3o0).

The maximum Spin-X sengitivity to X-ray burgtsinthe
2-30-keV energy band was estimated from the restored
imageat 50 confidencetobe4.4 x 10 erg s cm?, which
corresponds to aluminosity Ly = 3.8 x 10%7 erg s for the
assumed distance of 8.5 kpc to the source. For example,
theluminosity averaged over the 19 X-ray bursts detected
with ART-P in the fall of 1990 (Pavlinsky et al. 1994;
Grebenev et al. 2001) was found to be Ly = 6.14 x
107 erg s in the 4-17-keV energy band, or Ly =
108 erg s in the 2-30-keV energy band. At this lumi-
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Fig. 3. The Spin-X senditivity to GRBs. The 50-300-keV
burst fluence F (erg cm‘z) isalong the X axis, and the frac-
tion (in %) of the Spin-X nominal solid angle (100% = 2 x
0.428 = 0.856 ster), which is sensitive to bursts with fluence
F at a50 level by count rate (solid line) and by localization
with an accuracy r < 3' (30) (dashed line), is aong the
Y axis.



786

100

—_
=}

Fraction, %

—

0.1

10—10

1 Ll
107°
S, ergs? cm™

Fig. 4. The sky-averaged Spin-X senstivity during long-term
(104 ) observations of persistent sources and during observa
tions of short X-ray bursts (AT = 10 s) from the Galactic-center
region. The total 2-30-keV energy flux S (erg s cm‘z) of
bursts is along the X axis, and the fraction of the Spin-X
nominal solid angle is along the Y axis. The solid line
reflectsthe sensitive solid angle within which theinstrument
sees a source on the restored image at 50 confidence, the
dash—dotted line (filled circles) reflects the solid angle
within which the instrument is sensitive to bursts with flux
Sat 50 confidence by count rate, and the dashed line (trian-
gles) reflects the solid angle for burst localization with an
accuracy r < 3' (30).
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nosity, Spin-X has a sensitive solid angle equal to
~6.4% of the nominal one, which isequivaenttoa9°6
x 9°6 field.

CONCLUSION

We have described the Spin-X wide-field X-ray
monitor of the Spekir—-RG astrophysical observatory
and provided its basic technical specifications. We sim-
ulated the functionalities of the instrument in solving
the following problems:

(1) Detecting and localizing GRB sources,

(2) Surveying large areas of the sky in search of new
transients and performing long-term observations of
bright Galactic sources;

(3) Detecting and localizing X-ray bursts from
sources in the Galactic-center region.

Our simulations of the GRB detection rate have
shown that extrapolating BATSE 50-300-keV average
data on the number of GRBs, their duration, and mean
energy spectrum to the X-ray band leads to disagree-
ment with the observed GRB detection ratein the X-ray
band. Given the available observational data, the
expected number of GRBs detected and localized by
Spin-X will reach ~10 bursts per year.

We presented data on the Spin-X average sensitivity
for long-term (10* s) observations of compact sources
and for observations of X-ray bursts from Galactic
sources. The instrument has a sensitive solid angle that
is half the nominal one for compact sources with

PAVLINSKY et al.

energy fluxes S=3.9 x 10-? erg s cm2 (~108 mCrab)
and a solid angle equal to 6.4% of the nominal one
(~9°6 x 9°6) for observations of X-ray bursts with a
mean luminosity Ly = 10%® erg s? in the 2-30-keV
energy band.
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A Two-Dimensional Hydrostatically Equilibrium Atmosphere
of a Neutron Star with Given Differential Rotation
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Abstract—An analytic solution has been found in the Roche approximation for the axially symmetric structure
of a hydrostatically equilibrium atmosphere of a neutron star produced by collapse. A hydrodynamic (quasi-
one-dimensional) model for the collapse of arotating iron core in a massive star gives rise to a heterogeneous
rotating protoneutron star with an extended atmosphere composed of matter from the outer part of theiron core
with differentia rotation (Imshennik and Nadyozhin, 1992). The equation of state of a completely degenerate
iron gas with an arbitrary degree of relativity is taken for the atmospheric matter. We construct a family of tor-
oidal model atmospheres with total masses M = 0.1-0.2M, and total angular momenta J = (1-5.5) x 10* erg s,
which are acceptable for the outer part of the collapsed iron core, in accordance with the hydrodynamic model,

asafunction of constant parameters wy, and r,, of the specified differential rotation law Q = w,exp[—(r sin6)?/ r(z) ]
inspherical coordinates. The assumed rotation law isal so qualitatively consistent with the hydrodynamic model
for the collapse of an iron core. © 2000 MAIK “ Nauka/Interperiodica” .

Key words: pulsars, neutron stars and black holes; plasma astrophysics, hydrodynamics, and shock waves

1. The gravitational collapse of an iron stellar core
in the case of its sufficiently rapid initial rotation can
produce a binary of neutron stars (NSs) (Imshennik
1992) and surrounding residual gaseous medium that
does not become part of the rotating protoneutron star,
which is generally unstable to fragmentation (Aksenov
et al. 1995) and to conversion into a NS binary. The
presence of agaseous medium can result, first, from the
heterogeneity of collapse, as revealed by hydrody-
namic modeling (Imshennik and Nadyozhin 1992), for
the outer part of the collapsing iron core, and, second,
from subsequent protoneutron-star fragmentation, as
was found in three-dimensiona hydrodynamic models
(Houser et al. 1994; Aksenov 1999); however, the | atter
models have failed to yield a NS binary and only give
the gjection of a gaseous envelope. In any case, the gas-
eous medium is most likely an iron gas with a com-
pletely degenerate electron component, which is in
hydrostatic equilibrium in the externa gravitational
field produced almost entirely by the more massive NS
of the putative binary if its mass exceeds appreciably
the total mass of the iron gas and the less massive NS.
It should be noted that both NSs (particularly the more
massive one)—the fragmentation products of the proto-
neutron star—Ilie in the immediate vicinity of the center
of a vast iron-core cavity. Therefore, a satisfactory
approximation for the problem of hydrostatic equilib-

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

rium of an iron gas is the Roche approximation with a
central source for the gravitationa field of the more
massive NS with M, = (1.4-1.8)M, which must be
equal to theinitial iron-core mass Mg, = 2.0Mg minus
theiron-gasmass M, = (0.1-0.2)M, and the mass of the
low-mass NS M, =(O.1—O.4)M@. In the quasi-one-
dimensional approximation with the centrifugal force
averaged over angle © (in spherical coordinates), this
problem was approximately solved by Imshennik and
Zabrodina (1999). These authors showed the possibility
of hydrostatic equilibrium for agasmass of ~0.1M, if the
centrifugal forces (on the average) accounted for 90% of
the gravitati ond forces of attraction with a central mass
M, = 1.9Mg. The remainder of the repulsive forces are
produced by electron gas pressure, with p O r=32 and the
external radiusr,, = 2.4 x 10 cm, which isalmost half
theinitial radius R, = 4.4 x 108 cm of a2M, iron core.
In order to estimate the radial sizes of the atmosphere,
r., should be compared with the radius r;, of the more
massive NS, rather than with the binary orbital radius,
if theinequality M, > M, is satisfied for al times of the
binary evolution. Indeed from the very outset of the
binary existence, i.e., since fragmentation, the proto-
neutron-star separation into two unequal parts seems
more likely. One of the arguments for this separationis
the detection of an early neutrino signal from SN
1987A, which, unfortunately, was recorded by only one
detector (LSD) 4.7 h before the main neutrino signa
recorded by three detectors (IMB, KlIl, BST). If we,
nevertheless, associate this early signal with fragmen-
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tation and the main signal with the collapse of the more
massive NS, then, according to our analytic model for
the evolution of a NS binary with atotal mass of 2M¢,
(Imshennik and Popov 1998), the initial mass ratio is
M,/M, = 0. 195L. During the evolution of the binary
orbit, the above ratio, after the low-mass NS fills the
Roche lobe, decreases at the end of the evolution to
M,/M, = 0.0526, when M, = 0.IM, and M, = 1.9M.

Calculations of fragmentation in the above three-
dimensional hydrodynamic model with the gjection of
a low-mass envel ope provide another argument for the
separation into two unequal parts. Here, we take the
radius of the more massive NSto ber;, = 6 x 10° cm,
bearing in mind that the radius of the Lagrangian layer
of a1.8M, protoneutron star was found in the hydrody-
namic model of Imshennik and Nadyozhin (1992) to be
3 x 10° cm (see also Imshennik 1995). The increase in
the NS radius can be easily understood by taking into
account the large contribution of centrifugal forceswhen
the angular momentum is partially conserved during
fragmentation. The adopted two-fold increase of this
estimate was dictated by convenience of our subse-
guent computation of the atmospheric structure and is
essentially of noimportancefor our results (see below).
Thus, we disregard the mass of the low-mass NS, along
with the mass of the atmosphere itself, as sufficiently
small and very distant from the coordinate origin with
a characteristic orbital radiusr,,;, ~ 10® cm (Imshennik
and Popov 1998).

2. The basic equations for the hydrostatic equilib-
rium of atwo-dimensional configuration with a central
pointlike or spherically symmetric gravitating body of
given massM, and with agiven rotation law Q = Q(w),

where @ isthe cylindrical radius, can be derived from
the most general, unsteady-state three-dimensional
hydrodynamic system with self-consistent “gravita-
tion,” for example, from Aksenov and Imshennik (1994).
A given rotation law (with no dependence on the z coor-
dinate) for barotropic equations of state P = P(p) is
known to be necessary for the conditions of hydrostatic
equilibrium to be satisfied (Tassoul 1978).

However, the equations of interest to us in the axi-
symmetric case can be easily derived. Each Lagrangian
particle of matter is subjected to the radially directed
gravitational force of the point source, Fy = -GM, /r?,

and to the centrifugal force, F, = Sj /@, directed per-
pendicular to the rotation axis (taken as the z axis),
from which the angle 0 of the spherical coordinate sys-
tem ismeasured. Inthat case, an external force (per unit
mass), which wewritein theright-hand part of therela-
tion

1 The estimate is given for a circular orbit (with a zero eccentric-
ity). For eliptic orbits, this ratio slightly increases, but this
increase is generally modest as long as g, < 0.8 (Imshennik and
Popov 1994).
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2
10P _ a0 GMp, _ 3y GM,
Sar = oSOt = E-—E (1)

actsin the radial direction and an external force, which
is also written on the right,

19P _ 9 _ 9
016 = F,cosB = rSinecose =7 cotd  (2)

actsin the meridional direction tangential to a circum-
ference of radiusr centered at the coordinate origin.

The counterbalancing external forces of the r- and
B-components of the pressure gradient are written in
the left-hand parts of Egs. (1) and (2). Thus, the system
of equations of hydrostatic equilibrium for matter with
a barotropic equation of state P = P(p) takes explicit
form in spherical coordinates if we substitute the rela-
tionsfor the azimuthal rotation velocity 8, = (rsin0)Q,
where Q = Q(rsin0) is so far an arbltrary function of
the only argument rsin8 in Egs. (1) and (2):

10P - ro%snte— Mo, 3)
por r2

10P _ 2.2

pae = r'Q"sinBcosO. 4)

Clearly, the matter density p = p(r, 8) can be deter-
mined from this system by additionally specifying the
equation of state and boundary conditions. Thisis done
below, but first we formulate some corollaries obtained
during amore detailed derivation of the equations from
the general system of unsteady-state, three-dimen-
sional hydrodynamic equations in Aksenov and Imsh-
ennik (1994). This derivation is contained in Manuk-
ovskii (1999). The main corollary is as follows: in the
Roche approximation, the system of equations (3) and
(4) isunique for ahydrostatically equilibrium (0/0t = 0),
axially symmetric (0/0¢ = 0) atmosphere composed of
matter with a barotropic equation of state P = P(p). In
this casg, itis, of course, implied that the specific inter-
nal energy E is given by the thermodynamic relation
P = p?’dE/dp. Other corollaries are formulated as fol-
lows: (i) we first exclude a singular rotation law, Q [

, & nonzero velocity components, 9, # 0 and
9g # 0, and (ii) then rule out the possibility of nonzero
velocities; i.e., we assume that 3, = 94 = 0. The latter
corollary follows from such an unacceptable property
of these velocity components in the steady-state, axi-
symmetric case: their resultant at any point in spaceis
directed along the rotation axis, because the identity
9,sin@ + d4c0s0 = 0 holds. This al implies that the
well known meridional matter circulations, which, in
contrast to the above ones, have closed trgjectories and
require no external sources of matter (Mestel 1970), are
not possible.

Below, we use the equation of state of a completely
degenerate electron gas with an arbitrary degree of rel-
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ativity, i.e., weimply anonzero entropy of matter com-
posed of °Fe, so the electron density is

26p
56m

In this case, we have for the pressure P and the spe-
cific internal energy E (see Landau and Lifshitz 1951)

= ofefet-1fe v 1ramE] ©

E = %[EF(2£§+1)«/E§+1—Arsth], ™

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

Ne =

(&)

1/3

¢ = Bp ®)

and the constants B and C have the following known
values:

_2mhg 39 {2 _ 3 U3
B = o @—24T[muD = 7.792x 10 " cml/g ",

_ oM _ B 2 1
C = tim. om0 - 1.801 x 10™" g(s” cm)

It is easy to verify that the functions (6) and (7), as
should be the case, satisfy the thermodynamic relation

2dE
dp’

because the specific entropy of matter with the equa-

tions of state (6) and (7) is zero. However, our subse-

quent calculations are seriously simplified if a simple

representation of the derivatives of pressurein Egs. (3)
and (4) with (8) is used,

P=p

oP _ 0Q 2 2 213
= + = +
on = Moge. 0= [1+& = 14897, ©)
and if the constant M is expressed in terms of B and C,
M = 2083 = 2272 x 10" cm® s

We take the following simple analytic formula as
the differential rotation law:

0 2.2 O
Q = wexps 300 (10)
O ro O

which is in satisfactory agreement with the collapse
calculations by Imshennik and Nadyozhin (1992) if we
substitute appropriate values for the arbitrary constant
parameters w, and r in it. Note that we may use any
other plausible rotation law, for example, a law for
which the rotation frequency decreases with increasing

cylindrical radius as l/d)k. However, because of the
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stringent constraint on the mass, virtually the same tor-
oidal solutions with dightly different profiles are
obtained in all cases.

Using formula (9), let us write Egs. (3) and (4) in
final form, which we will solve to determine the struc-
ture of ahydrostatically equilibrium iron atmospherein
the form of p = p(r, 0) for the rotation law (10):

0 1l GM
mIe - rwoexpE}—zr Sn02e-SMe )
or r0 O r?
0 0
acp =r moexpE}—Zr sin eDsmecose (12)
Mae O r2 O

where @isdefined in (9).
3. The system of equations (11) and (12) can be eas-
ily solved. Let usfirst integrate (11):

2
Wl 0
Mo = — °4°exp[}2r sme p+F(e)’ (13)
O r? D r

where F(0) is an arbitrary function of 6. In order to
determine F(0), we differentiate (13) with respect to 6
and substitute the result in (12):

F'(6) = 0, F(8) = F, = const.
Thus, the sought-for solution is

(14)

2.2 2 .2

Wl 0 U G

Mo = — ooeXpDZI' S|2n e|:|+
4 0 2 O

M
- P+F, (15

hence, we can easily find p = p(r, 6) by using the defi-
nition of @ from (9):

101 |GM
p=p(r6) = =0=—
B’om?| T
2 Ij3/2 (16)
O
_woro pDZI’ sin el]"‘F —1|] .
4 0 rl O

Equation (16) contains an arbitrary integration constant
of the system (11) and (12), which is yet to be deter-
mined from the boundary conditions. It isimportant to
note that the system (11) and (12) has a solution only if
wetakef(0) =sinBin Q = Q(rf(0)); no solution existsfor
any other function f(0), as would be expected (Tassoul
1978). In this case, the form of dependence on the argu-
ment rsin @ is unimportant. We chose it in the form (10).

Next, we consider the boundary conditions to deter-
mine the constant F,. Let the external radius of the
atmosphere at which the density takes on a constant
value p, be equal tor.,. Note that it would be more nat-
ural to specify the boundary condition at the equator of
the atmosphere, i.e, at 6, = 172, though relation (16)
formally requires such a boundary condition only at
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some unique angle 8. After simpletransformations, we
derive the final expression for the density distribution
of an iron atmosphere by eliminating the integration
constant F, from (16) using the above boundary condi-
tion:

p:

ex

1 2 23, GM 1
B—%V“B% M i

+

2.2 2 2
wirsd O2r20 O or?gn?ed O
00 o0 exp 231 8
MO 020 O re M 0

As can be verified, only the factor sin?6, appearsin the
first exponential term in (17) at other angles 6, # 172.
However, choosing the boundary condition not at the
equator for constant r., (particularly at small 8,) gener-
ally causes the total atmospheric mass to increase con-
siderably, which seems unnatural.

4. Let uswrite someintegrated quantities that are of
interest in physically interpreting the solution (17) with
allowance for a mirror symmetry. The total atmo-
spheric mass M, for the given density distribution
p(r, 8) (17) is

lex 2

M, = 2 x 2T[J’r2er’p(r, ) sin6do.

r

(18)
0

Thetotal angular momentum J,, of the atmosphereis
lex /2
J, = 2 2nIr4drIp(r, 0)Q(rsin®)sin°0do. (19)

r 0

in

The gravitationdl (E,), internal (E,,) [using (7) for E(p)],
and rotational (E,,,) energies are, respectively,

o 2
M
E, = _2x2nj'g%’%2drj'p(r, 8)sin6de, (20)
r 0

in

lex W2
E, = ZXZTrIerrIp(r, 8)E(p)sin6dd,  (21)
i 0

lex

Eo = 2><2nJ’r4dr

. " (22)

y Ip(r,e)%gz(rsine)gsin%de.
0

All integrals (18)—22) are written in this case of sym-
metry about the z = 0 equatoria plane; they imply the
presence of a matter-free spatial region for which the
expression in curly braces in (17) becomes a negative
guantity without any physical meaning. Note that the
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equilibrium equations (11) and (12) formally admit of
an imaginary solution p, though the function ¢ [see
relation (9)] in Egs. (11) and (12) is, of course, always
positive. Therefore, the domain of the solution of inter-
est to usis bounded by theline of zero density p =0 (17):

f(r7,0) = 1+ 877"+ SR - 10
in &

(23)
worll D22 0 2r*?sin’ed
+2—'\7|— pE—-0- G———0 -1=0.
U rg O U ro 4

As our numerical solution of the transcendental equa-
tion (23) shows, the angle 6 at small values of the prod-
uct ryuy(£1.08 x 10! cm s™) varies in the range from
0=0,, =12 to 0 =0, <12 while passing through a
minimum 6 = 6,;, < 6.,. At large values of ryw, the
angle 6 monotonically decreases from 192 to 6,,. In all

cases, the radius r;;, monotonically increases from its

MiNiMUM 15 in = i 10 Maximum r . = lex. This
is how the inner surface of the toroidal volume of an
iron atmosphere is obtained, whereas its outer surface
coincides with the external sphere of radiusr =r,, and
the angle clearly increases from 6 = 6., to 6 = 172. In
this case, p = p, at the equator by our definition of the
constant F, described above when passing from (16)
to(17); p=0at 6 = 8,,, and, using (23), we explicitly

deriveat ry =r,,

0 2r2 sin’0, 0 2 o3
EXpl} ex . exDz 4l\/|2 1+sz2/3
0 ro O wyprg -,
O2r20 am
+ exXph—-U———.
U ro O wyprg

Here, we are primarily interested in low-mass atmo-
spheres with M, = 0.1My. As our calculations show,
they aretoroidal structureswithr,, > r>,, >r,>r,, and
0., = 6., ~ TV4. Therefore, r,,,, which is such an uncertain
quantity for a NS binary with a total mass M, + M, =
Mg, — M., isof no practical importance.

5. Next, it is instructive to show how the solution
changes when we pass from the general equation of
state (6) to a polytropic one; i.e., when the dependence
P = P(p) takes the form

P = Kp’, (25)

where the coefficient K can be formally represented as

K = P,/py . This passage affects only the form of the
dependence @ = @(p). When the equation of state (6) is
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Fig. 1. Admissible (by the atmospheric mass) regionsin the
ro—wy plane for central masses M, = 1.8 and 1.4Mg.

replaced by expression (25), the function ¢, according
to (9), takesthe form

(26)

Thus, since the entire line of reasoning when deriving
@= @(r, 8) from the solution of Egs. (11) and (12) does
not depend on the form of the equation of state and is
valid as before, we can immediately write the expres-
sion for the density distribution of an iron atmosphere
in the polytropic approximation:

where A(Y) = Ky/y — 1. Below, we also give explicit
expressions for the density functions p(r, 8) from (27)
in two limiting cases for the equation of state (6):

5
e<ly= 3’
Kgs = 1%CB5 = 2.758x 10% cm” s g_%,
0= 23 ZGMe[ﬂ-__];D (28)
O " BKgg L 10
2.2 2
wore 0 Oo2r2
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4
> 1 = -
E>1y= 3
Kas = %CB4 = 4424 % 10" cm®s™ g—l/s,
- 13 GMPEE‘__];D (29)
s 4K4/3D I el
wer2 0 Oor |:| 0 1
+ 000 Py D—exp[-)—zr sin 6 '
16K4/3|:| D ro D |:| ro DD

where B and C are the known constants. Note that, for
a given rotation law, replacing the general equation of
state by a polytropic one, as our calculations show,
causes no appreciable change in the shape of the atmo-
spheric surface, but causes a substantial density redis-
tribution inside the atmosphere and a considerable
reduction in mass (particularly for y = 5/3).

6. We now turn to the results of our numerical calcu-
lations of density distributions p(r, 6) [relation (17)]
and of the corresponding integrated quantities (18)—
(22). In order for the validity conditions of the Roche
approximation and the conditions of gravitational col-
lapse with a residual iron gas mass M, (see above) of
interest to usto be satisfied, we restrict the total mass of
an equilibrium atmosphere M, (18) to the range (0.1-
0.2)M. We take the external radiusto ber,, = 2.38 x
108 cm and the limiting equatorial density to be p, =
5.66 x 10° g cm™ (Imshennik and Zabrodina 1999).
Consider two masses of the centra NS: M, = 1.8Mg,
and 1.4M, (see above). Our numerical calculations
indicate that a fairly narrow admissible (by the total
mass M, of an iron atmosphere) region in the r, — wy,
plane is obtained for a fixed mass of the central NS.
Figure 1 shows two such regions for the two M,,, which
dlightly overlap with one another. We see from Fig. 1
that, as the central mass decreases, the admissible
region displaces to the coordinate origin in ther, — w,
plane, i.e., toward atmospheres with slower rotation
(with asmaller product r,w), asshould bethe case. The
table gives the rotation parameters of these regions;
quite naturally, r .« and .., for agiven w, correspond to
the minimum and maximum admissible atmospheric
masses M, = 0.1 and 0.2M,,, respectively (seedso Fig. 1).
Clearly, for any given M,,, more massive atmospheres
with M, > 0.2M and less massive atmospheres with
M, < 0.1M, lie, respectively, below and above the high-
lighted regionsin Fig. 1. The table also lists values for
al forms of energy (20)22), aswell as the total energy
Ew = Ex + B, + E,, and total angular momentum J,
(19). All these quantities refer to both boundaries of the
regions inside which they continuously change from
one limiting vaueto the other. We see from the table that
al E,, <0, with |E,,| ~ 10°° erg, for all w, except the
slowest rotation w, = 100 s~'. In this case, |E,| sharply

ASTRONOMY LETTERS Vol. 26

No. 12 2000



A TWO-DIMENSIONAL HYDROSTATICALLY EQUILIBRIUM ATMOSPHERE 793
Table
M = 1.8Mg, re=2.38 x 108 cm

g, ST 100 200 500 1000 5000 10000

o maxe 10° cm 106 o1 81 76 66 63

Fo min» 10% cm 101 85 75 70 61 58
Jiot maxr ,10%cm?s g 2.07 3.18 3.09 2.8 2.67 2.54
iot minr, 3.41 5.27 5.17 479 43 4.15
Egr maxr, ,10% erg —28.9 273 —2.79 —254 —2.62 —2.55
Egr minr, —69.7 -5.38 -5.64 -5.35 517 -5.14
Erot maxr, ,10%¥ erg 0.78 111 112 1.02 1.05 1.02
Erot minr, 1.49 2.08 2.16 2.04 1.96 1.95
Ein maxr, ,10°erg 5.10 0.84 0.87 0.80 0.84 0.82
Ein minr, 15.0 1.79 1.89 1.80 177 177
Erot mar, ,10% erg —23.1 -0.79 -0.80 -0.72 -0.74 -0.72
Etot minr, -53.2 -1.54 -1.59 -1.50 ~1.44 -1.43

M = 1.4M, re=2.38 x 108 cm

g, ST 100 200 500 100 5000 10000

Fo max» 10% cm 9% 86 76 71 62 59

Fomirn 10% cm 90 78 69 64 56 53
Jiot maxr , 109 cm?s g 247 2.44 2.45 2.29 2.08 2.01
Jtot minr, 3.76 418 3.94 3.75 3.27 3.19
Egr maxr, , 10 erg -7.65 —2.08 —2.25 -2.16 —2.12 211
Egr minr, -25.0 —4.55 —4.60 —4.57 ~4.29 —4.39
Erot maxr, ,10%erg 0.68 0.81 0.86 0.83 0.81 0.81
Erot minr, 1.49 1.66 1.66 1.64 154 156
Ein maxr, ,10%erg 1.56 0.77 0.85 0.83 0.82 0.82
Ein minr, 5.76 179 1.85 1.85 176 1.81
Etot maxr, ,10% erg -5.30 -0.50 -0.53 -051 —0.49 —0.49
Etot minr, -17.8 -1.09 -1.09 -1.08 -1.0 -1.02

increases (by severa tens of times). Clearly, thisis of
no interest from the viewpoint of the model for asym-
metric explosions of collapsing supernovae (Aksenov
et al. 1997), because the atmospheres closely approach

the centra star, up to the contact (r};, = r,), and

become gravitationally bound in explosion (JE| ~ 10°
erg). At the same time, for al other values of w, =200

s, the energy parameters of the atmospheres are
acceptable in the above ratio: the contributions of E;,
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and E,, turn out to be similar, ~10*° erg, while [E, | ~ 3
x 10°° erg. Note also that the table gives the correspond-
ing values of total angular momentum J,, (2—4) x 10
erg s, they vary in ardatively narrow range consistent
with the cal culations of Imshennik and Nadyozhin (1992).
Figures 2—4 show isochores in the 6-r plane of spatia
variables, which demonstrate the configuration of atoroi-
dal atmosphere for its density distribution p(r, 8) for the
general equation of state at three different points of the
admissibleregion for the central massM,, = 1.8Mg. The
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Fig. 2. Isochoresin the 6—r plane of spatial variables show-
ing the atmospheric density distribution p(r, 8) for the gen-
eral equation of state with a central ma$ M, = 1.8Mgp and
for rotation parametersr, = 86 x 10° cm and Wy = 200 s

figures also show minimum radii r;,, for the inner

boundary of the toroidal volume of an iron atmosphere
and maximum rotation frequencies w,,,, of the atmo-
spheric matter. This is clearly reached just near the
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Fig. 3. SameasFlg 2 forry =73 x 10® cm and wy =
1000 s!
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inner boundary with radius r};, [see (10)]. These data

lead usto conclude that, at all points within the admis-
sible (by the atmospheric mass) region shown in Fig. 1,
we obtain toroidal solutionswith acharacteristic highly
eongated (along the z axis) profile differing only
dlightly from each other. The characteristic features
shared by all solutions are a maximum matter density
in the atmosphere (107-10% g cm=) and an abrupt drop
in density at the inner boundary. When the mass of the
central NS is M, = 1.4M,, we obtain amost the same
results as would be expected. For comparison, Figs. 5
and 6 show the profiles of atmospheres with the same
rotation law asin Fig. 3, but for a polytropic equation
of state. Figures 5 and 6 correspond to atmospheres
with nonrelativistic (polytropic index y = 5/3) and rela-
tivistic (y = 4/3) equations of state, respectively. Both
cases are characterized by an appreciable reduction in
total atmospheric mass compared to the general equa-
tion of state through a dight change in the internal
structure of the atmosphere, with the shape of the outer
boundary being virtually unchanged. This effect turns
out to be particularly strong for atmospheres with the
polytropic index y = 5/3.

7. Let us discuss our results for toroidal iron atmo-
spheres with rotation in the vicinity of a central star
located near the coordinate origin with the mass of the
more massive NS from the putative NS binary. Of fun-
damental importance is the very existence of steady-
state solutions for such atmospheres with acceptable
sets of parameters for an asymmetric explosion with a
typical supernovaenergy to take place. The above state-
ment of the problem, which assumes a zero matter tem-

1412108 6 4 2 O
IR

2.96 :
M, =0.11837M,
@y = 5000 5!
ro=16.5x% 107 cm
o =15.03 x 107 cm
W = 23.68 51
2.22 ~
5 5
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N
0.74
0!®
0 1

r, 108 cm

Fig. 4. SameasFlg 2 forry = 65 x 10% cm and wy =
5000 5!
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perature, lifts any upper bounds on the lifetimes of
these atmospheres. At the sametime, it is clear that the
assumption of a zero temperature requires higher rota-
tion parameters w, and r,, than those in the general case
of nonzero temperatures. It is instructive to roughly
estimate the time scale of cooling through neutrino
energy losses for the matter of an iron atmosphere with
density p = 10° g cm=. Assuming akinetic equilibrium
for beta processes with volume emission of pairs of
electron neutrinos (v, and Vv, ), we may take (Imshennik

et al. 1967) q.” ~ 10% erg cm s! for the power of

energy losses in matter composed of free nucleons at
temperature T=2 x 10° K (see Fig. 1 in the above paper).
In our case of matter composed of completely ionized
iron, this estimate, roughly speaking, must be reduced
by afactor of Ag(ft)g./(ft), , Where Ag, = 56, (ft)g, = 10°

and (ft),, , = 2

we write the cooling time scale as T, = qn/qv 5 ), where
the internal energy density is

(ZFe 1)p
Aremy

= 10%i.e, q,; _2><lO‘5ergcm*3§‘.lf

23 erg

kT ~12x10

el =
" 2 cm

wethen obtain thefinal estimate 1, =~ 6 x 107 s = 2 years.
This estimate essentially corr&ponds to the conditions
of a nondegenerate iron gas and neglect of al energy
thresholds for beta processes; i.e., at least kg T ~ mc? ~
E,~1MeVandT=T, =2 x10° K (E, isthe charac-
teristic threshold energy of electron beta capture in
iron, and T, is the degeneracy temperature). Our rough
estimate of 1, impliesthat, over the lifetimes of the NS
binaries (~1 11) of interest to us, no significant matter
cooling in their atmospheres takes place. Therefore, the
atmospheric structures found in our analytic solution
dlightly overestimate the rotation parameters wy, and r,,
required for hydrostatic equilibrium. Finally, note that
the above temperature T = 2 x 10° K just corresponds
to the results of our collapse calculations (Imshennik
and Nadyozhin 1992; see also Imshennik and Zabrod-
ina 1999). The complex problem of the behavior of the
outer layersin SN progenitors, in particular, in circum-
polar vacuum holes, needs further study.

Having expanded in the transverse direction, the
explosion remnants of alow-mass NS moving at ahigh
velocity in an equatorial circular orbit eventually reach
theinner surface of such toroidal atmospheres and pro-
duce shock wavesinside them. Note, for compl eteness,
that the rotation axes of the binaries and the atmo-
spheres coincide, being the rotation axes of the origina
stellar iron cores. Thus, shock fronts propagate from
the centers of the atmospheresto their periphery, which
seem to gradually acquire the characteristic features
established in our previous two-dimensional hydrody-
namic cal cul ations of asymmetric explosions (Aksenov
et al. 1997; Imshennik and Zabrodina 1999; Zabrodina
and Imshennik 2000). Nevertheless, the new problems
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ing the atmospheric density distribution p(r, 6) for a poly-

tropic equation of state with y = 5/3, a central mass
Mp = 1. SMO and rotation parametersr,, = 73 x 10° cm and
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of shock generation and propagation in toroidal amo-
spheresdiffer significantly because of the nonuniform den-
sty distributions inside the atmospheres. However, since
the mean dengities of these atmospheres are gpproximately
equal to the constant density p, = 5.66 x 10° g cn3
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assumed in our previous calculations, such differences
will vanish in the course of time. In addition, the depen-
dence of the hydrodynamic pattern on the preshock
matter density is generally weak. In particular, the pre-
viously found high degree of asymmetry for late times
must be the same in the new statement of the problem.
Next, in all probability, theiron dissociation in toroidal
atmospheresis considerably reduced because of therel-
atively high matter density near the inner surface of
these atmospheres. After shock generation, the circum-
polar vacuum cavities must be partly filled with the
matter that passed through the shock front. We con-
clude that new calculations of asymmetric explosions
with allowance for the steady-state toroidal atmo-
spheres obtained here are undoubtedly of considerable
interest. However, it would apparently be unreasonable
to expect radical changes in the hydrodynamic pattern
of explosion compared to our previous calculations in
the approximation of homogeneous atmospheres.
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Abstract—We propose a method for computing the bolometric light curves of type la and Ib/c supernovae
based on Monte Carlo simulations of unsteady-state radiative transfer. The method is used to analyze the bolo-
metric light curve of the unusual type Ib/c supernova SN 1998bw associated with GRB 980 425. We show that
the previously noted inconsistency in the behavior of simulated light curves at early and late stages, which is
attributable to asymmetry effects, can be overcome in a spherically symmetric model. Agreement with obser-
vations requires complete 3°Ni mixing and a higher matter density in the central part of the envelope in the
velocity range v < 5000 km s! compared to standard models. © 2000 MAIK “ Nauka/Interperiodica’ .

Key words: supernovae and supernova remnants

INTRODUCTION

In general, computing a supernova light curve
requires the simultaneous solution of hydrodynamic
and unsteady-state radiative-transfer equations (Imsh-
ennik and Nadyozhin 1964; Falk and Arnett 1977; Hof-
flich et al. 1993). At the sametime, the optical luminos-
ity for SN laand SN Ib/c, which resulted from explo-
sions of compact stars, is virtually independent of the
internal energy stored in the envelope after shock pas-
sage; it is determined by the radioactive decay of %Ni.
On the other hand, the energy of radioactive decay for
such supernovae has no appreciable effect on the sub-
sequent expansion kinematics. Both these circum-
stances allow the problem of computing alight curveto
be simplified. Actudly, it remains only to solve the
unsteady-state transfer equation and the energy equa
tion in an envelope model specified by the mass and
6Ni velocity distributions. Moreover, adiabatic inter-
nal-energy losses can be disregarded; as aresult, com-
puting a bolometric light curve reduces to solving the
unsteady-state transfer equation for given opacity.

Below, we propose a method for computing SN la
and SN Ib/c light curves based on Monte Carlo simula-
tions of unsteady-state radiative transfer. The Monte
Carlo method for computing light curves is appealing
inthat asufficiently accurateresultisobtained inasim-
ple physical model with acompact computational algo-
rithm. Furthermore, this method can be naturally gen-
eralized to the three-dimensional case. Here, however,
we restrict our analysis to a spherically symmetric
model. We first describe the method itself and then use

* E-mail address for contacts: nchugai @inasan.rssi.ru

it to analyze the bolometric light curve of the unusual
supernova (hypernova) SN 1998bw, which was identi-
fied with GRB 980425 (Galama et al. 1998; Iwamoto
et al. 1998).

The problem is that the hydrodynamic model (Iwa-
moto et al. 1998), while reproducing the SN 1998bw
light curve near its maximum, is inconsistent with the
late stage (Nomoto et al. 2000). This forced Nomoto
et al. (2000) to assume the necessity of departuresfrom
spherical symmetry. On the other hand, it iswell known
that, as yet, there is no self-consistent hydrodynamic
model for SN 1998bw and the question of what the
actual envelope structure is remains open. Below, we
show that the mass and %Ni distributions can be deter-
mined in a sphericaly symmetric model, which satisfac-
torily reproduces the observed light curve of SN 1998bw.

MODEL

Consider a freely expanding supernova envelope
(kinematics v = r/t) with given distributions of density
p(v) and radioactive %Ni. Theinternal energy storedin
the envelope after shock passage is assumed to be neg-
ligible compared to the internal energy contributed to
the envelope by the decay of radioactive nuclel. This
assumption is quite justified for supernovae produced
by explosions of compact stars (SN la and SN 1b/c),
because, in this case, virtually the entireinitial internal
energy is expended on the work of radiation pressure
forcesat an early expansion stage (of the order of aday)
and does not contribute appreciably to thelight curve at
the subsequent stage. The problem involves computing
the supernova bolometric light curve for given density
and %Ni distributions by assuming a gray (i.e., fre-
guency-independent) absorption coefficient.

1063-7737/00/2612-0797%$20.00 © 2000 MAIK “Nauka/Interperiodica’
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Computation of the bolometric light curve can be
arbitrarily divided into two stages: (1) computing the
energy deposition e(v, t) (erg cm= s!) of radioactive
YNi—°Co—°Fe decay asafunction of velocity and time
and (2) computing the unsteady-state transfer of optical
radiation. We computed the gamma-ray energy deposi-
tion by the Monte Carlo method, which is commonly
used to model gamma-ray scattering in supernovae
(Bartunov et al. 1987; Grebenev and Sunyaev 1987).
The following justified assumptions were made for
positrons: local deceleration and instantaneous deposi-
tion compared to the expansion time.

The second part of the problem—computing
unsteady-state radiative transfer—is central in the pro-
posed method. Generally, the unsteady-state energy
equation along with the unsteady-state radiative-trans-
fer equation must be considered in this case. Fortu-
nately, for SN laand SN Ib/c, there is no need to solve
the energy equation for matter in the gray approxima-
tion. Let us show that this is the case. To this end, we
estimate the ratio of the radiation energy density to the
internal energy density of thermal particle motioninthe
envelope at maximum light by assuming that the opti-
cal and gammarray radiation isvirtually locked. In this
case, the energy equation for specific energy density e

(ergg)is

de, drlp_
i pthbD gAexp(=At), (D
where p is the pressure, p is the matter density, g =
2.95 x 10Z, erg g™ is the specific energy of radioac-
tive Ni—%Co decay (Zs, isthe massfraction of Ni),
and A istheinverse mean lifetime of °Ni (1/A = 8.8 days).
If we take into account the radiation alone (below, it
will become clear that thisis admissible), the solution
to the energy equation is

e= )%[1—(1+}\t)exp(—)\t)]. )

Having determined the temperature from aT* = ep, we
obtained the ratio of the radiation and thermal energy
densities for typical parameters of the SN 1998bw
model by assuming a uniformly mixed oxygen enve-
lope of constant density with a mass of 7M,, akinetic
energy of 2 x 10 erg, and a *Ni mass of 0.6M, (the
model of SN 1998bw) of the order of 10> and 10°,
respectively, one and ten days after the explosion. It
thus follows that, for characteristic adiabatic cooling
times of t and t/2 for radiation and matter, respectively,
the adiabatic internal-energy losses of matter account
for anegligible fraction (of the order of 10-2) of the adi-
abatic energy losses of radiation. The radiation-to-mat-
ter energy ratio for SN la is an order of magnitude
higher, whereas this ratio for normal SN Ib/c with
My; = 0.07Mg, is dightly lower (<0.05). Thus, the light
curvesof SN laand SN Ib/c can be computed by taking
into account the radiation energy alone.

CHUGAI

We represent the solution to the unsteady-state
problem of radiative transfer in terms of the distribution
function of photon escape time (Sobolev 1952). A static
case with variable sources was considered in the above
paper. In a modification for an expanding medium,
Sobolev (1979) also took into account the time depen-
dence of its density. However, for an expanding
medium, in particular, for supernovae, apart from a
delay of radiation in the medium, the radiation energy
losses through the work of pressure forces (adiabatic
energy losses) must be taken into account, which istan-
tamount to allowing for the Doppler effect in a micro-
scopic description. Note that the remaining effects of
the order of v/c, aberration and advection, are absent:
the former because there are no transverse motions for
kinematics v = r/t in a comoving frame of reference,
and the latter because of the very essence of a Monte
Carlo microscopic description of photon transfer.

Let us introduce the distribution function f(v, t;, t)
of escapetimet for optical photonsemitted at timet, by
an element of matter moving at velocity v. The bolom-
etric luminosity can then be expressed in terms of the
energy release e(v, t) and f(v, t,, t) asfollows:

V max t

L(t) = 4m J’ vidv Itfe(v, t)A(ty, 1) f (v, ty, t)dt;, (3)
0 0

where A(t,, t) is the factor that alows for adiabatic
energy losses; it is equa to the fraction of the initial
energy of aphoton leaving the envelope.

The photon residencetimein the mediumisthe sum
of the time t, spent by the photons between scatterings
and the time t,, between their absorption and emission.
At an opticaly dense expansion phase, the energy
exchange between radiation and matter takes place rap-
idly compared to the expansion time. Therefore, the
ratio of the above timesis equal to the ratio of the cor-
responding energy densities of radiation and matter:
t,/t. = U/U,,. In contrast to estimating the adiabatic
energy losses, one should take into account the total
energy, which is the sum of the energy of trandational
particle motion, the excitation energy, and the ioniza-
tion energy. The latter appreciably exceeds the energy
of trandationa mation and the excitation energy. In the
envelope model considered above, we obtain t /t. = 0.1
and 0.03 one and ten days after the explosion, respec-
tively. Thus, disregarding the time spent by the photons
in the absorbed state, in the form of internal energy of
the matter, at t > 1 day, we underestimate the photon
residence time in the envelope by less than 10%,; the
error decreases with time. With the same accuracy, the
energy of radioactive decay contributed to the matter
can be assumed to be instantaneously transformed into
optical photons.

It should be emphasized that disregarding the delay
of photonsin the absorbed state generally requires jus-
tification. In this connection, it is pertinent to recall the
following paradox: the Kelvin time for the Sun exceeds
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the diffusion time by an order of magnitude. The para-
dox stems from the fact that, when the diffusion timeis
estimated in a standard way, the time spent by a photon
in the absorbed state in the form of internal energy of
the matter is disregarded.

As was noted above, the adiabatic radiation-energy
losses during medium expansion in amicroscopic treat-
ment are described in terms of the Doppler effect expe-
rienced by individual photons as they wak in the
medium. In a comoving frame of reference in a homo-
logically expanding medium, the redshift of photonsin
flight is given by

dinv/dint = -1. 4)

This equation follows from a more general equation for
photons in a comoving frame of reference in a medium
with Hubble kinematicsdlnv = —dIna (see Zel’dovich and
Novikov 1975), where a is a scding factor. Equation (4)
also describes the photon redshift in the case of multi-
ple conservative photon scattering in a medium if the
resultant photon frequency and residence time in the
medium are cal culated by adding up the results on indi-
vidual segments of a polygonal tragectory. It follows
from Eq. (4) that, if a photon with frequency v, is gen-
erated at time t, and leaves the envelope at time t after
multiple scattering, its final frequency isv = v,(t,/t).
Clearly, the adiabatic photon cooling factor is A(t,, t) =
v/v, = t,/t. Note that the requirement of conservative
scattering for individual photonsis actually redundant.
Photons can break up during cascade transitions or
through true absorption and subsequent reemission.
When the bolometric luminosity is computed, only the
energy conservation of a photon packet during the
interaction of matter and radiation in genera is of
importance, asisthe case on time scales of the order of
t, <<t

All the above considerations allow a smple Monte
Carlo agorithm for computing light curves to be real-
ized. At each time step t,, simulated photons are ran-
domly generated in aspherical layer of the envel opewith
adistribution function proportional to e(v, t,)v?Av. We
then compute the distribution function of escape time
f(v, t,, t) and the adiabatic cooling factor A(t;, t) by the
Monte Carlo method, which are used to compute the
light curve in accordance with relation (3). When the
photon propagation in the envelope is computed, one
should take into account the fact that the matter density
falls off withtimeasp O t.

THE MASS AND Ni DISTRIBUTIONS
IN SN 1998bw

The type Ib/c supernova SN 1998bw before its
explosion appears to have been aWolf-Rayet star (Iwa-
moto et al. 1998; Woosley et al. 1999); i.e., it was com-
pact enough to disregard theinternal energy stored after
shock propagation and to guarantee the applicability of
the method for computing light curves described above.
As a standard model, we consider the model of Iwa
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moto et al. (1998): an envelope with a total mass of
11M, akinetic energy of 3 x 102 erg, and a %Ni mass
of 0.7Mg. We describe the density distribution in the
envelope by an exponentia law p O exp(—v/u), which
satisfactorily reproduces the density distribution in the
hydrodynamic model of a supernova associated with
the instantaneous explosion of a compact progenitor.
An example of this kind is the density distribution in
the CO60 model (Nomoto et al. 2000), which matches
an exponential law with an accuracy better than 25% in
the velocity range 2000-20 000 km s and in the den-
Sity range of five orders of magnitude. At the same
time, the structure of the inner layers may depend on
the explosion mechanism (Imshennik and Nadyozhin
1988), whichisnot known for SN 1998bw. For thisrea-
son, we describe the density as a superposition of two
exponentia laws (the core and halo model) with core
and halo masses M, and M, and with characteristic
exponential velocity scales u, and u,. Thus, in general,
the model is characterized by core and hal o parameters,
namely, by their masses M, and M,, velocities u, and u,,
kinetic energies E, and E,, and %Ni mass (seethetable).

The optical opacity is computed as a sum of the
Thomson and Rosseland opacities for free—free and
bound—free transitions. We computed the degree of ion-
ization by using the Saha formula in the average-ion
approximation (Zel’dovich and Raizer 1963). The radi-
ation temperature inside the envelope was determined
from (2) for the specific energy density with allowance
for the relation aT* = ep in the case of uniform %Ni
mixing in the envelope. The opacity was found to vary
only dightly along the radius; for this reason and to
speed up the computation, it was assumed to be con-
stant along the radius. However, the time dependenceis
fairly strong and, for atypical model of the SN 1998bw
envelope composed of oxygen matter, the time depen-
dence of opacity can be fitted at t > 1 day, with an
acceptable accuracy, by the relation k = 0.13/[1 +
(t/10)?] cm? g'. The nonthermal ionization is negligi-
ble at t <20 days. We disregard the contribution of lines
to the opacity.

Our computations show that, to ensure a rapid rise
in luminosity, the radioactive nickel must be present
virtually in the entire envelope. In model bw3 (table),
which is equivalent to the CO138 model (Iwamoto
et al. 1998), %Ni is assumed to be uniformly mixed
throughout the entire envelope up to its boundary
(=40000 km s). Thisisin qualitative agreement with
the assertion of Iwamoto et al. (1998) that %6Ni must be
present near the surface. The light curve of model bw3
(Fig. 1) reproduces the luminosity before the maximum
light and at t > 100 days, however, the luminosity is
enhanced during the intermediate period compared to
the observations

The CO138H model, which aso describes well the
maximum phase (Nomoto et al. 2000), have dightly
different parameters: M = 10My, E =6 x 10°? erg, and
My; = 0.5Mg. Model bw4 (see table) is similar to the
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Fig. 1. The bolometric light curve of SN 1998bw. The
sguares represent the observed bolometric luminosity esti-
mated by Woosley et al. (1999); the heavy segment repre-
sents the observed bolometric luminosity from Nomoto
et al. (2000). The solid curves correspond to models bw3
(heavy line) and bw4 (thin line); the dotted line corresponds
to models bw1.

CO138H model but differsby alightly larger amount of
%Ni, which is uniformly mixed up to 30000 km s!.
This model is actually in better agreement with obser-
vations at maximum light (Fig. 1) than model bws3;
however, it shows a significant deficit in luminosity at
t > 50 days, which is also present in the computations
of Nomoto et al. (2000).

The decrease in optical depth, which was obtained
in model bw4 by increasing the energy at fixed mass,
can a so be achieved by decreasing the mass. Like bw4,
model bwl withM =7Mg, E=2 x 10°% erg, and My; =
0.6M, satisfactorily reproduces the maximum (Fig. 1)
and is characterized by alow luminosity at the late stage.
Note that, in this model, 6Ni is uniformly mixed in the
velocity range v <20000kms™'. At v >20000kms™, the
nickel abundanceis afactor of 2 lower.

logL [erg s~!]

| |
400 600
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|
0 200

Fig. 2. The bolometric light curve of SN 1998bw: observa-
tions (see Fig. 1) and model bw2 (thin solid line).

CHUGAI

To reconcile the light curves at the early and late
stages, we added a dense core with an exponential den-
sity distribution to the model with a purely exponential
density distribution. Having computed a grid of mod-
els, we found satisfactory agreement with the observed
light curve (Fig. 2) for model bw2 (seethetable), which
consists of a 2M, core and a 5M halo. The kinetic
energy of thehalo (1.3 x 10°2 erg) islower than that for
model bw1, in accordance with the requirement of den-
sity invariance in the outer layers, which is determined
by modeling the spectrum at the photospheric stage
(lwamoto et al. 1998). Figure 3 compares the matter
and %tNi density distributions for models bw2 and
bwl. The central density in model bw2 is afactor of
7,5, and 14 higher than that in models bw1, bw3, and
bw4, respectively. Recall that models bw3 and bw4
are equivalent to the CO138 (Iwamoto et al. 1998)
and CO138H (Nomoto et al. 2000) models, respec-
tively.

With all the uncertainty in the details of the *®Ni and
total-density distributions, moddl bw2 gives a general
idea of the pattern of distribution of the above quanti-
tiesin aspherically symmetric model, which is consis-
tent with the observed bolometric light curve. The
salient features of the empirical model for SN 1998bw
are as follows: (1) the envelope must be appreciably
denser inthe central zone (v <5000 km s!) thanitisin
the CO138 (lwamoto et al. 1998) and CO138H
(Nomoto et al. 2000) models and (2) %6Ni must be
mixed virtually uniformly throughout the entire enve-
lope. It should be emphasized that, when searching for an
optimum modd (model bw?2), we sought to reproduce the
density in the outer layers (1000040000 km s), which
is typical of model bw3 and is virtually equivalent to
the density in the CO138 model (Iwamoto et al. 1998)
and, in turn, is in qualitative agreement with the pres-
ence of high-velocity gas absorption lines. For thisrea-
son, the uncertainty in the kinetic energy and mass is
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Fig. 3. Thematter and %®Ni density distributionson day 100in

modelsbw? (solid lines) and bw1 (dotted lines). The “°Ni den-
Sity correspondsto the lower curvefor each of the two models.
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Model parameters

My | M, £ vo | Ey Ey | My;
Model
Mg km 57! 107! erg Mg
bw3 0 11 04770 | O 30 0.7
bw4 0 10 07070 | O 60 0.6
bw1 0 7 04880 | O 20 0.6
bw2 2 5 1710 | 4730 | 0.7 13 0.56

essentially determined by uncertainty in the outer-layer
densities estimated from the photospheric spectra of
SN 1998bw (Iwamoto et al. 1998).

CONCLUSION

We have proposed a method for Monte Carlo simu-
lations of supernova light curves, which proves to be
efficient enough in computing the bolometric light
curves of supernovae produced by explosions of com-
pact stars, i.e., SN laand SN Ib/c. Using this method to
study the interesting anomalous type lb/c supernova
SN 1998bw has shown that the bolometric light curve
at the early and late stages can be explained in terms of
aspherically symmetric model. Our empirical model of
the density distribution for SN 1998bw is peculiar in
that it has a denser core than does the model of lwa
moto et al. (1998) and virtually uniform %Ni mixing.
Interestingly, the conclusion about a higher central den-
sity of the envelope than that in the model of lwamoto
et al. (1998) is actually contained in Nomoto et al.
(2000); however, thisis interpreted as evidence for the
asymmetry of the SN 1998bw envelope. In fact, as we
verified, the light curve by itself requires no departures
from sphericity.

The discrepancy between the empirical model and
hydrodynamic models of SN 1998bw is further empha-
sized by thefact that complete %Ni mixing in the enve-
lope is aso inconsistent with the hydrodynamic model
of instantaneous explosion of a CO star (Nomoto et al.
2000). The two facts provide circumstantial evidence
that the envelope gection was slow compared to the
hydrodynamic time of the bulk of the SN progenitor
envelope (~10? s), because, in this case, the conditions
for efficient envelope mixing are more favorable and
the density distribution definitely differs from that in
the instantaneous explosion model. Note in this con-
nection that slow energy release on atime scale of 10—
103 sisacharacteristic property of the models for mas-
sive-star collapse followed by disk accretion of matter

ASTRONOMY LETTERS Vol. 26 No. 12 2000

801

onto a black hole (MacFadyen et al. 1999). A possible
scenario for the SN 1998bw explosion could appear as
the envelope gection and mixing in the regime of
expansion of acentral hot bubble, in which energy was
injected with atime scale 2103 sin the form of hot jets
generated during disk accretion onto a black hole
(MacFadyen et al. 1999).
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Abstract—Based on aCS and C**S survey of dense molecular-cloud coresin regions of high-mass-star forma-
tion, we analyze the correlations between line width and size (AV-L), aswell as between mean density and size
(n-L). Thereis virtually no correlation between AV and L (AV O L%2%0%1) The velocity dispersion is several
times higher in absolute value than that in CO and dark clouds of the same size. The mean density decreases
with increasing size considerably faster than L', so the column density also decreases. Possible effects of selec-
tion and of the technique for determining object parameters on these results are discussed. Possible physical
causes of the above correlations are considered. © 2000 MAIK “ Nauka/lnterperiodica” .

Key words: interstellar medium, gaseous nebulae

INTRODUCTION

Studies of molecular clouds in lines of various CO
isotopes, as well as CO, NH;, and CS observations of
dark clouds, have revealed statistically significant cor-
relations between cloud size and velocity dispersion,
between cloud size and mean density, etc. (see, e.g.,
Larson 1981; Myers 1985). These correlations may
result, to some extent, from selection effects (Kegel
1989). Nevertheless, they can also reflect actual physi-
cal processesin clouds, for example, turbulence.

The first such studiesin CO and '*CO lines covered
mostly tenuous clouds, because the corresponding tran-
sitions are excited at gas densitiesn ~ 103 cm™3. Subse-
guent observations of molecules excited at higher den-
sities alowed the above correlations to be analyzed for
dense clumpsinside molecular clouds or coresin which
star formation takes place (see, e.g. Fuller and Myers
1992; Caselli and Myers 1995; Goodman et al. 1998).
These studies showed, in particular, a difference
between the low-mass cores in dark nebulae and the
cores in regions of high-mass-star formation. For the
latter, the slope a of the power-law dependence AV-L
(AV O LY) proved to be considerably smaller than that
for the former (~0.2 and ~0.5, respectively). A number
of theoretical papers have aimed at interpreting these
correlations [see Pirogov and Zinchenko (1998) and
references therein].

Recently, we have extensively studied dense clumps
in molecular clouds by their emission in lines of CS,
HCN, and HCO* and their isotopes (Zinchenko et al.
1989, 1994, 1995, 1998; Pirogov et al. 1995). Weinves
tigated mostly dense coresin regions of high-mass-star

* E-mail address for contacts: zin@appl.sci-nnov.ru

formation. The results of an analysis of the correlation
between velocity dispersion and size based on HCN
and HCO* observations were published by Pirogov and
Zinchenko (1998). However, the size of the sample
analyzed in the above paper was limited (about ten
objects). Since the maps were incomplete, the cloud
sizes were estimated from observations of severa
points around the emission peak.

The most homogeneous and representative data set
was obtained by surveying molecular clouds toward
H,0 masers in CS and C*S lines. During this survey,
we thoroughly mapped most sources in the line of the
main isotope and used observations of optically thin
C34S linesto determine basic parameters of the objects:
their sizes, masses, mean densities, and vel ocity disper-
sions. It isthese data that we discuss here.

DESCRIPTION OF THE DATA SET

Our analysisis based on our CS and C3*S survey of
dense molecular clumpstoward H,O masers carried out
in 1993-1996 with the 15-m SEST radio telescope in
Chile and with the 20-m OSO radio telescopein Onsala
(Sweden). These observations were described in detail
by Zinchenko et al. (1995, 1998). We also observed sev-
era clouds with the 14-m Metsahovi telescopein Finland
by using asimilar technique (Zinchenko et al. 1994).

These observations yielded isophotal maps for most
of the cores discovered inthe CSJ = 2-1line. CSemis-
sion peaks were observed in the C3*S J = 2-1 and CO
J = 1-0lines. Based on these data, we determined the
source sizes, their masses, the mean gas densities, and
other parameters. We will not go into detail on these
estimates, which are presented in the above papers, and
note only the most important paints.

1063-7737/00/2612-0802%$20.00 © 2000 MAIK “Nauka/Interperiodica’
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To estimate the core sizes and masses and the mean
gas density, we used spectrophotometric distances to
starsin nearby Hll regionsor, if such datawere unavail-
able, the kinematic distances computed from measured
radial velocities. The error in kinematic distances
depends strongly on Galactic longitude and is particu-
larly large toward the Galactic center and anticenter
and inthetangential direction. Itis~0.5—-1 kpc for most
of the sources.

The next step in our data analysis was to estimate
the core sizes, masses, and densities. To this end, we
first determined the solid angles (Q) of the sources by
integrating line intensities within our maps. The angu-
lar sizeswere calculated from 0 = ./(4/T)Q . Using the
source distances d, we then determined their linear
sizes L. The mean gas densities were calculated from
n = N_(H,)/L. We inferred the hydrogen column densi-
ties by assuming that the CS abundance relative to H,

was X(CS) = 4 x 10” (Irvine et al. 1987). The core
masses were estimated using the formula

M = pumN_ (H,)Qd’, (1)

where mis the mass of the hydrogen moleculeand L is
the ratio of the total gas mass to the hydrogen mass
(M =1.36). We used the source-averaged CS line
widths to compute the virial core masses

J—
W LSR5 LAV
wo. 3G 16In2 G '’

where o is the three-dimensional velocity dispersion
and G isthe gravitational constant.

We were unable to determine the masses and densi-
ties for some (about 20%) of the cores by the method
described above because of the lack of insufficiently
high quality C**S data. In these cases, we took their vir-
ial masses as mass estimates and used them to compute
the densities. This approach is justified by the fact that
they are very similar for the cores whose masses were
inferred by both methods (i.e., the objects under study
arein virial equilibrium).

)

RESULTS

The correlaions between size and line width (L-AV),
aswell as between size and density (L—n), aretradition-
aly discussed in the literature. It should be noted that
linesin these objects are generally broadened by small-
scale differential motions of cloud parts and the line
widths considerably exceed the thermal widths. The
figure shows our data on these correlations for the data
set described above.

There is no datigtically significant correlation
between L and AV (the correlation coefficientisp = 0.3
and the significance of regjecting the hypothesis of a
zero correlation is ~60%). The correlation coefficient
between L and n is |p| = 0.7, and the correlation is
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highly significant. The best fits to the above relations
obtained by ordinary least squares(i.e., by minimizing the
sum of the squares of deviations aong they axis) are

0.16 + 0.08

AV = (33202)L,, km s, 3)
4 -16+0.2 -3

n=(22+03)x10"L,, cm “)

However, if there is uncertainty in the data along
both coordinates, it would be more appropriate to
derive regression relations by other methods, for exam-
ple, by minimizing the sum of the squares of deviations
from the regression line orthogona to it. For this
approach, we derived the following relations by using
the SLOPES code (Feigelson and Babu 1992):

0.24+0.10

AV = (31£02)L

-1

km s, (5)

n = (42%10) % 10°L,7***cm” (©6)

Note that the high degree of correlation between
mean density and size can, at least in part, stem from
the fact that these parameters are not independent: the
mean density is computed from measured column den-
sities and sizes. Therefore, it seems reasonable to ana-
lyze the correlation between these parameters (column
density and size), which are inferred independently of
one another. The corresponding plot is shown in Fig. 1c.
Here, the correlation coefficient is considerably lower
(Ip] = 0.35), but the correlation remains statistically
significant: the hypothesis of a zero correlation is
rejected at asignificance level of ~1%. The exponent of
the N (L) relation is—-0.6 = 0.2 and -3.4 = 1.2 for the
“ordinary” and “orthogonal” least-squares methods,
respectively. The difference between these estimatesis
large, but of importance is the very fact of decreasein
column density with increasing size, which seems to
have been firmly established.

3

RESULTS AND DISCUSSION

The slope for the L-AV relation agrees with the
results of Casseili and Myers (1995), who found AV O
L0-21£003 for the massive cores in the molecular clouds
Orion A and B. This slope is smaller than that for the
lower mass coresin cold dark clouds (~0.5).

Asfor the L-nrelation, to the best of our knowledge, it
differs markedly from &l the previous ones, which were
close to n O L'. Analyzing objects of the same class,
Plumeet al. (1997) found no correlation between sizeand
density at al. However, they used the dendties estimated
from an analysis of CS excitation conditions based on
multifrequency data, i.e., the dengties in line formation
regions. The mean densities discussed here can differ from
them by severa orders of magnitude (which suggests a
low factor of volumefilling by emitting clumps).

Of importance in studying these kinds of correla-
tions is to properly allow for the possible effects of
selection by particular parameters. In particular, it has
repeatedly been pointed out in the literature that the
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Fig. 1. (a) CSlinewidths, (b) mean densities, and (c) hydro-
gen column densities versus size for the sources observed
with SEST (filled squares) OSO (triangles and dots for the
dataobtained from C3*S column densitiesand virial masses,
respectively), and Metsahovi (open sguares) radio tele-
scopes. The heavy solid and dashed lines correspond to the
ordinary and orthogonal |east-squares methods, r&epec’uvely
The thin solid lines correspond to the J = 101 CO obser-

vations. The dash—dotted lines correspond to the * 3co (Lar-

con 1981), CS, and NH5 [upper for cores with embedded
stars, and lower for cores without stars (Fuller and Myers
1992)] observations of dark-cloud cores.

commonly obtained relation n O L' may well be the
result of selection by column density.

Our data are not free from selection effects either. In
particular, if we construct the mass—distance relation,

ZINCHENKO

we see that only massive cores are observed at large
distances (d = 4 kpc). By contrast, cores of relatively
low mass dominate nearby (d < 1 kpc). Thereisalso a
similar selection by size. How can these effects affect
the detected correlations? The selection by mass and
size mentioned above apparently cannot distort them
serioudly. Asaresult of this, wewill have many (or few)
disproportionate data pointsin one part of the plot, but
the pattern of relations will not change significantly.

The dope of our L-n relation cannot be explained
by possible selection by column density either, which,
as was pointed out above, results in a relation of the
formn O L. In general, the fact that CS emission was
detected virtually in all directions rules out any sub-
stantial selection of thiskind.

The next important question is as follows. How can
the adopted technique for determining cloud parameters
affect the results? In particular, we estimated the sizes
from the solid angles of sources. Thisisone of the stan-
dard approaches. Another commonly used approach is
to determine the size at half intensity L, 5. It should be
noted that the ratio of these sizes depends on the bright-
ness distribution over the source, which, in turn, is
determined by the density and temperature distribu-
tions. For a Gaussian brightness distribution, L is the
size at ! of the maximum. It is related to the half-

intensity sizeby L =L, s/+/In2. In other cases, the ratio
of these sizes can differ, but only slightly.

To find out how our results depend on size determi-
nation, we also computed half-intensity sizes virtually
for all objects of our sample. The correlations between
Lys, line width, and mean density essentially match
those given above. Thus, our correlations are clearly
not the result of selection effects or of the measurement
technique, but reflect the physical realities.

The L-AV and L-n relations for clouds in viria
equilibrium [this condition is satisfied for the objects
under consideration, as we showed previousy
(Zinchenko 1995; Zinchenko et al. 1998) are linked via
the virial equation (2). The question arises as to which
of them is“primary”.

A number of authors (e.g., Caselli and Myers 1995;
McLaughlin and Pudritz 1996) derived relations
between AV and L similar to those obtained here either
by assuming a peculiar equation of state of the gas
(“logotropic” model) or by using amodel combiningin
a certain way thermal and nonthermal motions (TNT
model). However, in these models, the velocity disper-
sionin aspecific cloud increases with distance from the
center. Our data (Zinchenko 1995; Zinchenko et al.
1997) most likely imply an inverse radial dependence
of the velocity dispersion.

The L-n relation can be assumed to be primary. In
this case, the following must be borne in mind: (i) the
gas column density decreases with increasing size, and
(ii) the gas density in line formation regionsis more or
less constant and exceeds considerably the mean den-
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sity. It thus follows that the variations in mean density
and cloud size are mostly determined by variations in
the factor of volume filling by emitting clumps and by
the rate of decrease in density toward the cloud edge.
More extended clouds must have smaller filling factors
and smoother radial density-decrease laws. What we
see may be a manifestation of the evolution of the
objects under study: from extended tenuous clouds to
compact clumps.

According to CS observations, the velocity disper-
sions in massive cores are larger in absolute value than
those in CO clouds and dense cores in dark nebulae.
Thisis consistent with our previousresultsin HCN and
HCO" lines (Zinchenko 1992; Pirogov and Zinchenko
1998). Similar results were also obtained during a CS
J = 1-0survey of thedense coresin Orion A (Tatematsu
et al. 1993) and by Plume et al. (1997). Some models
link the vel ocity dispersion with an external pressureon
the cloud (e.g., EImegreen 1989). In these models, the
above discrepancies can be explained by ahigher exter-
nal pressure on the cores under study, which can be pro-
duced, for example, by tenuous shells.

CONCLUSION

We have analyzed the correlations between line
width and size (AV-L), as well as between mean den-
sity and size (n-L), by using a CS and C**S survey of
dense molecular-cloud cores in regions of high-mass-
star formation. There is virtualy no correlation
between AV and L (AV O L%2*01) The velocity disper-
sions are several times higher in absolute value than
those in CO clouds and dark nebulae of the same size.
The mean density decreases with increasing size faster
than L', so the column density also decreases with
increasing core size. These results could not have been
affected significantly by possible selection effects. So
far it seems impossible to unambiguously answer the
guestion of why these correlations appear. They may
reflect the evolution of dense clouds.
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| nvestigation of Dynamical Chaotization in Stellar Systems
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Abstract—The Ricci curvature criterion is used to investigate the relative instability of various configurations
of N-body gravitational systems. Systems with double massive centers are shown to be less stable than homo-
geneous systems or systems with single massive centers. In general, thisis a confirmation that the Ricci curva-
turecriterionisefficient in studying N-body systems by means of relatively simple computations. © 2000 MAIK

“Nauka/Interperiodica” .

Key words. dynamical instability of gravitating systems

1. INTRODUCTION

The interest in the dynamics of systemswith double
massive centers stems from the discovery of double
nuclei at the centers of some galaxies with projected
component separations from 2 pc (M 31) to 800 pc
(Markarian 273); amassive double object was also dis-
covered at the center of Arp 220 (Baan and Haschil
1995). Massive double objects in the central parts of
galaxies may be responsible for anumber of dynamical
effects.

We used the Ricci curvature criterion, which was
introduced by Gurzadyan and Kocharyan (1987) to
analyze the relative instability (chaos) of N-body sys-
tems, to investigate the effect of a massive central dou-
ble object on the dynamical instability of gravitational
systems. In particular, using this method, Gurzadyan
and Kocharyan (1988) established that aregular central
field makes the N-body systems more unstable.
Remarkably, this result was established by numerically
analyzing a system with a moderate number of bodies
and was subsequently confirmed by extended simula-
tions with more powerful computers (EI Zant and
Gurzadyan 1998). The effect of acentral regular fieldis
crucia in understanding the relaxation, mixing, and
evolution of galactic nuclei. Here, we explore the ques-
tion of how a double center, i.e,, a massive double
object at the center of an N-body system, affects the
system’s instability. The situation is complex in that
there are both types of effects, causing both an increase
and decrease in the degree of chaos in the system.

* E-mail address for contacts: bekar@uniphi.yerphi.am

Note that there isawide range of methodsfor inves-
tigating the instability of N-body systems: from com-
puting the Lyapunov characteristic indices and the Kol-
mogorov—Sinay entropy and successive iterations to
methods based on exact solutions (Gerald and Wheat-
ley 1994; Aarseth 1985, 1994, Lichtenberg and Lieber-
man 1983). The efficiency of each of these methods
generally depends on the objectives of aparticular task,
S0, in many respects, selecting numerical methods is of
crucial importance. Thus, for example, when the
Lyapunov indices are computed, the errors increase
exponentially with time.

Geometric methods based on theorems of the theory
of dynamical systems provide rich possibilities for
studying N-body systems by reducing the problem to
investigating the geometric properties of the system’s
phase and configuration spaces (Arnold 1979). Krylov
(1950) and Gurzadyan and Savvidi (1984, 1986) were
the first to apply this method to physical problems and
N-body gravitational systems, respectively. The latter
authors showed that spherical systems are K-systems,
i.e., those with mixing and exponential instability.

Statistical properties play a key role in understand-
ing the relaxation and evolutionary effects in many
astrophysical systems, ranging from the Solar system
to clusters of galaxies.

2. NUMERICAL SIMULATIONS

Aswas pointed out above, we used the Ricci curva
ture criterion (Gurzadyan and Kocharyan 1987) to
study the relative instability of dynamical systems. In
essence, this criterion involves determining the sign
and magnitude of the Ricci curvature. A systemis con-

1063-7737/00/2612-0806%$20.00 © 2000 MAIK “Nauka/Interperiodica’
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sidered to be more unstable relative to another system
if its Ricci curvature is negative and larger in magni-
tude.

In our numerical ssimulations, we determined the
Ricci curvature of various N-dimensional configura
tions; i.e., we traced the time dependence of the Ricci
curvature. The Ricci curvature for an N-body system
was computed by using the following formulas (Gurza-
dyan and Kocharyan 1987, 1994; Gurzadyan and Pfen-
niger 1994):

(3N —2) W, u'U”

ru(s) = 2 W
i\2 2
+§(3I\|_2)(Wiuz) _(BN-4)jow”
4 W 4 we
where
- E_\v- - T M
W=E-V; V G_zk —t
_JW. W
Wi = aq;’ Wi = 8Q; 00’

)

We studied different configurations of systems with
N = 22 using the scheme described by Gurzadyan and
Kocharyan (1987); i.e., we considered systems with
bodies uniformly located at the vertices and edges of
two concentric cubes. The body velocities were chosen
in such away that the system’s angular momentum was
zero.

We determined the change in Ricci curvature with
timet (in units of dynamical time 1) for the following
configurations (Figs. 1-4):

(1) Homogeneous systems, i.e., al bodies have the
same mass m;

(2) Systemswith a central massive body m,, while the
remaining N-1 bodies have the same massessm < my;

(3) Systemswith two central massive bodies m, and
m,, with the remaining N-2 remaining bodies having
the same masses m < m;, m,.

Numerous computations (see Fig. 3) indicate that
systems with a single central mass are more unstable
than homogeneous systems, confirming the previous
results (Gurzadyan and Kocharyan 1987, 1988; El Zant
1997; El Zant and Gurzadyan 1998). Note that systems
become more unstable as the central mass increases.

Figure 1 illustrates the relative instability of the three
typesof systemsfor m, = 10. Systemswith double mas-
sive centers are most unstable. Note that, although the
Ricci curvature tends to zero for al three systems, this
rate is at a maximum for systems with double massive
centers. It is physically clear that systems of the third
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Fig. 1. Relative instability of threetypes of systems: homo-
geneous (my = 1); a central body with m; = 10 and the
remaining N-1 bodies of unit mass; two central bodieswith
masses m; = 10 and m, = 10 and the remaining N-2 bodies

of unit mass.
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Fig. 2. Relative instability of systems: homogeneous; with
m; = 100; and with m; = 100 and m, = 100.
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Fig. 3. Relativeinstability of the systemswith asingle mas-
sive center.

type must break up faster for asmall number of bodies.
It is this tendency that was revealed by our numerical
simulations: the Ricci curvature tends to zero more
slowly with increasing number of bodies. In other
words, double massive centers make the systems ini-
tially more unstable, but such systems reach the final
regular state faster.

Figure 2 shows the results of our computations for
m, = 100. Figure 4 shows how the Ricci curvature



808

—102 T T T
—10%F a
~-10°K A .
oml =
8L emy=my =10 _
-10 K my =m, =100
_10100 . . om1=l(|)m2=1000
0.001 0.01 Typ00 0.1 Tyoo Ty9 1 T4 10

t

Fig. 4. Degree of instability versus mass of the central dou-
ble object.

depends on the mass of a central double object. The
tendencies shown in the figures were observed during
our numerical ssimulations with avariety of initial con-
ditions.

3. CONCLUSION

We have used the Ricci curvature criterion to study
the relative instability of three types of N-body sys-
tems. homogeneous systems, systems with a single
massive center, and systems with a double massive cen-
ter. Our numerical simulations have led us to the fol-
lowing conclusions.

(1) The presence of asecond central mass makesthe
systems more unstabl e relative to the two systems men-
tioned above.

(2) Systems with binary massive centers approach
the regular state faster.

(3) The larger the mass ratio of the central objects
and the remaining bodies, the greater the difference in
theinitial instability and in the rate of evolution.

Our main conclusion is that the Ricci curvature cri-
terion is efficient in studying complex multidimen-
siona systems, such as N-body systems, using rather
simple numerical simulations.

BEKARYAN, MELKONYAN
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Abstract—Our main goal isto investigate the effects of dataincompleteness on the results of Fourier analysis
of line-of-sight velocity fieldsin the disks of spiral galaxies. We have carried out anumber of numerical exper-
iments, first with an artificially created simple velocity field and then with the velocity fields of two real galax-
ies, which qualitatively differ in data filling: NGC 157 and NGC 3631 with good and bad data filling, respec-
tively. Thefield of purely circular velocitiesis chosen as the simplest artificial velocity field, because the circu-
lar velocities of spiral galaxies are much high than the residual (noncircular) velocities. Superimposing a
“mask” simulating blank spots (holes) in the map of observational data on this artificial field has no effect on
the results of Fourier analysis of thissimplest field. A similar result is obtained for real galaxieswith good data
filling of the observed velocity fields. Superimposing arbitrarily shaped masks on the observed velocity field of
NGC 157 in such away that the field was filled by a mere 50% (at each radius) could not change appreciably
the radial variations of large-scale Fourier harmonics. The situation qualitatively changes in attempting to fill
the holesin the observed velocity field of NGC 3631 in someway. When missing velocitiesare artificially intro-
duced by using the simplest model of purely circular gas rotation, the amplitudes and phases of the principal
Fourier harmonics are distorted. In particular, a substantial distortion of the third harmonic also causes an
increase in the error when determining the corotation radius from data of thefilled field. When thefilling of the
velocity field is increased by degrading the spatial resolution, the amplitudes of most harmonics decrease
throughout the entire disk region; as aresult, their radial variations are smoothed out and the behavior of har-
monic phasesin the range of moderately high initial amplitudes can be distorted. An abnormal enhancement of
the highest Fourier harmonicsin the regions of low filling of theinitial field is also possible. At the same time,
despite the above distortions, the corotation radius determined from the smoothed fields matches that for the
initial velocity fields. © 2000 MAIK “ Nauka/Interperiodica” .

Key words: spiral galaxies, Fourier analysis of line-of-sight velocities

1. INTRODUCTION

The recently appeared possibilities for measuring
gas line-of-sight velocities in the optical and radio
spectral ranges for thousands of pointsin galactic disks
opened up new prospects for investigating large-scale
gas motions. An analysis of the velocity field based on
the extraction of Fourier harmonics in the azimuthal
distribution of gas line-of-sight velocities at various
galactocentric distances alow us not only to refine the
disk orientation and inclination and the shape of the
galaxy rotation curve, but also to reveal systematic
deviations from circular gas motion attributable to the
large-scal e density waves associated with the spiral pat-
tern, as well as to estimate parameters of these waves
and to construct amodel for the three-dimensional vec-
tor residual velocity field (Lyakhovich et al. 1997; Frid-
man et al. 1997, 1998, 2000). To perform a Fourier anal-

* E-mail address for contacts: okhor@inasan.rssi.ru

ysis, the disk is broken down into circular (corrected for
disk inclination) concentric rings. A certain galactocen-
tric distancer isassigned to each ring, and a dependence
of the measured velocity on azimutha angle ¢ is sought
for each ring in the form of a Fourier series:

Vrad(r! ¢)

= 3 [adncos(kd) + b()sn(ko)] +&,

where m = 10 and & is a random deviation. In accor-
dance with our Grand-Design model (Lyakhovich et al.
1997; Fridman et al. 1997, 1998, and 2000), a corre-
spondence can be established between the large-scale
behavior of individual gas velocity componentsin gal-
axies and the lowest Fourier harmonics. In this case, it
isimportant that the agreement between specific obser-
vational data and the model can be verified by several
independent methods (Lyakhovich et al. 1997; Fridman
et al. 1997, 1998, 2000).

1063-7737/00/2612-0809%$20.00 © 2000 MAIK “Nauka/Interperiodica’
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Fig. 1. Theorigina line-of-sight velocity field of NGC 3631
obtained with the 6-m Special Astrophysical Observatory
telescope (Fridman et al. 1998). Since holesin observations
are grouped in the interarm spaces, the field looks like a
two-armed spiral.

If velocity measurements cover the entire disk, no
difficulties arise when computing Fourier harmonics.
However, the velocity field is often filled incompletely:
there are holes in which line-of-sight velocity data are
lacking. The situation is compounded by the fact that it
is not uncommon for holes to form something of a spi-
ra pattern concentrating toward the interarm spaces
rather than being arranged chaotically. Thisimpliesthat
the data incompleteness can be not only random in
nature, but can also exhibit some azimuthal periodicity
associated with the spiral pattern.

We face a similar problem in optical observations
when analyzing time series. In this case, daytime holes
in observations are arranged periodically, in contrast to
“random holes’ caused, say, by bad weather. In his book
devoted to an analysis of time series, Terebizh (1992)
showed that, in general, data sampling could give rise
to spurious maximain the power spectrum of the signal
under study; theoretical studies based on observational
data are used to clean them out. Here, we compare sev-
eral methods of computing Fourier spectra for line-of-
sight velocity fieldsin galaxies with spatial dataincom-
pleteness attributable to weak emission lines in some
galactic-disk regions. As a daytime, when there are no
observations, we do not assume peculiaritiesin the stellar
variability that are inconsistent with the theory of its evo-
Iution based on nighttime observations, nor do we assume
any peculiarities inconsistent with the dynamical the-

BURLAK et al.

ory of gaseous disks based on extensive observational
datain the holes of the velocity fields of gaseous disks.
The absence of real holes in a literal sense in weak
emission line regions is also corroborated by galaxy
observations in other wavelength ranges: radio and
infrared. As arule, the holes seen in optical emission-
line images are absent in radio and infrared galaxy
images.

We can imagine holes in the observed vel ocity field
as the result of observing the galaxy through a mask
covering certain disk regions where the velocities
remain unmeasured. The mask can be described as a
map made up of points with indices 1 (line-of-sight
velocity measurements available) and 0 (measurements
unavailable). The Fourier spectrum of such a mask for
afully filled velocity field will contain only azero har-
monic with value 1. In general, the spectrum of an
imaginary mask through which the velocity field is
observed will have a complex shape dominated by cer-
tain harmonics. For example, if thereisan m-armed spi-
ral pattern in the galaxy, then the spectrum of the map
will be dominated by the mth harmonic. Such acorrelated
incompleteness of the velocity field can be assumed to
affect the results of Fourier analysis. However, the degree
of influence of thisfactor is not clear in advance.

Here, our god is to study the influence of holesin
line-of-sight velocity fields on the results of Fourier
analyses. One might expect the incompleteness effect
to depend both on the total area of the holes and on the
Fourier spectrum of their distribution. Wetherefore car-
ried out the following numerical experiments:

—superimposing artificial masks of various geome-
tries, including those describing holes in the observed
velocity fields of spiral galaxies, on the velocity field
corresponding to purely circular gas motion;

—superimposing artificial masks of various geome-
tries and filling factors on the observed line-of-sight
velocity field with initially good filling.

In addition, we analyzed two possible methods for
suppressing the strong incompleteness effect in the
velocity field:

—artificia filling of holes in the observed velocity
field of a specific galaxy based on the simplest model
of purely circular gas motion;

—Dblurring out holes by smoothing the observed
velocity field or by degrading its spatial resolution.

Astheinput datafor our experiments, we used pub-
lished data on the line-of-sight velocity fieldsin the spira
gaaxies NGC 157 and NGC 3631 (Fridman et al. 1997,
1998, 2000). These fields differ qualitatively in filling
ratio. Whereas the velocity field of the former galaxy is
essentially filled with measurements, much of the
velocity field in the latter is covered with holes. These
galaxies were observed in the Ha line with a scanning
Fabry—Perot interferometer attached to the 6-m Specia
Astrophysical Observatory telescope. To compute the
Fourier harmonics of the velocity field, we used the
VORTEX code devel oped at the Institute of Astronomy
2000
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Fig. 2. Radial behavior of the principal Fourier harmonicsfor the line-of-sight velocity field of gaswith purely circular motion. The
disk orientation and the field filling reproduce the characteristics of the actual velocity field in NGC 3631.
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of the Russian Academy of Sciences (Lyakhovich et al.
1997). Observing conditions and data reduction were
described by Fridman et al. (1997, 1998, 2000).

2. SUPERIMPOSING AN ARTIFICIAL MASK
ON THE LINE-OF-SIGHT VELOCITY FIELD

-200-100 O

100200 -200-100 O

V, km s
100 200 —-200-100 O -

100 200

OF PURELY CIRCULAR GAS MOTION
To make sure that the mask by itsdf introduces no

additional harmonicsinto the Fourier spectrum of theline-
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No.
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2000

80

X, arcsec
Fig. 3. (8) The original and (b), (c) masked velocity fields of NGC 157.

of-sight velocity field, we carried out several experiments
on superimposing amask on the velocity field of purely
circular gas motion. The latter implies that, to each
velocity-field pixel with galactocentric coordinates r
and ¢, we assigned the line-of-sight velocity V,,.4(r)
determined by the rotation velocity at a given radius
V,«(r) according to the following standard relation (see,
e.g., Lyakhovich et al. 1997; Fridman et al. 1997):

Vmod(r, ¢) = Vrot(r)cos(¢)5ini- (2)
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(a) the original and (b), (c) masked velocity fields of NGC 157.

Here, i is the inclination of the galactic disk. In addi-
tion, we introduced small random deviations of the
line-of-sight velocity from that calculated from (2) into
each pixel. Below, our results are presented for thefield
generated by using the rotation curve of NGC 3631
(Fridman et al. 1998).

We first superimposed a mask whose shape corre-
sponded to the observed line-of-sight velocity field of
this galaxy (Fig. 1). By the definition of the mask in
Section 1, this implies that we covered the areas for
which no measurements were available in the real gal-
axy, i.e., we covered the holes. Figure 3 shows the

results of our computations of Fourier harmonics for
this case. We see from the figure that all amplitudes,
starting from the amplitude of the sine of the first har-
monic, are present only at a noise level; i.e., the mask
introduces no artificial harmonicsinto the Fourier spec-
trum of the velacity field, although the observed veloc-
ity field in NGC 3631 has the shape of a two-armed
clumpy spiral, implying that the superimposed mask
contains a pronounced second harmonic.

We then superimposed “provocative’” masks with
pronounced first, second, and third harmonics on the
constructed velocity field of purely circular motion. For

ASTRONOMY LETTERS Vol. 26
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the first and second harmonics of the mask, we varied
the angle between the line of mask zero phase and the
galaxy mgjor axis. A total of several tens of experi-
ments were carried out. Only in some exotic cases did
the radial dependence of the harmonic amplitudes dif-
fer from that shown in Fig. 2. In particular, if no line-
of-sight velocities are available in both quadrants along
the galaxy minor axis (second harmonic) or in the disk
half on one side of the major or minor axis (first har-
monic), deviations from zero in the zero and second
harmonics of the order of the velocity noise divided by
the sine of the galaxy inclination to the line of sight
appear in the Fourier spectrum.

Thus, our experiments show that the results of Fou-
rier analysis are stable to changes in the mask shape,
i.e., to the gap pattern in the observed velocity field.

3. SUPERIMPOSING AN ARTIFICIAL MASK
ON A WELL-FILLED GALAXY
VELOCITY FIELD

The above experiments used a galaxy model with
purely circular gas motion. To check how data incom-
pleteness affects the results in the presence of noncircu-
lar gas motions in galaxies, we superimposed artificial
masks on the observed line-of-sight velocity field of
NGC 157. The velocity field of this galaxy iswell filled
and exhibits pronounced Fourier harmonics in the azi-
muthal line-of-sight vel ocity distribution, which are pro-
duced, as can be shown, by the two-armed density wave
observed in this galaxy (Fridman et al. 1997, 2000).

Our Fourier analysis with superimposed masks
yielded results that qualitatively agreed with the origi-
nal ones (i.e., without masks). The amplitude and the
location of the zero-phase line of thefirst three harmon-
ics remained unchanged, within the limits of the mea-
surement errors, even when the masks covered much of
the disk area. The corresponding examples are givenin
Figs. 3-6. Figure 3 shows the shape of the superim-
posed mask; Figs. 4 and 5 show the amplitude and the
lines of maximum values of the second and third har-
monics calculated from the masked field; and Fig. 6
shows the behavior of the |b,| - [b, | curve, where b, and
b, are the amplitudes of the sines of the first and third
Fourier harmonics, respectively. In the method pro-
posed by Lyakhovich et al. (1997), the latter curve is
used to determine the position of the corotation radius:
the corotation position corresponds to the change of
sign of [bs| - |b, | from minusto plus. Aswe seefrom the
above examples, the results of our Fourier analysis
were severely distorted only when the unmasked part of
the disk decreased to 20-25%.

Our results show that the results of Fourier analysis
of the line-of-sight velocity field are sensitive only
dlightly both to the filling factor and to the gap pattern.
A filling factor of 50% (at each radius) is essentially
enough for the radial variations of large-scale Fourier
harmonics to be reliably determined.
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Fig. 6. Behavior of the function |bs| — |b;|, which is used to
determine the position of the corotation radius (Lyakhovich
et al. 1997; Fridman et al. 1997, 2000), cal culated from (8) the
origina and (b), (c) masked velocity fields of NGC 157.

4. FILLING HOLES IN THE OBSERVED
LINE-OF-SIGHT VELOCITY FIELD

Despite the stability of the results of Fourier analy-
sis to incomplete filling of the galaxy disk with the
observations shown above, it isof interest to discussthe
potentialities of several most evident methods for sup-
pressing holes in observations.

The simplest way out of the situation where there
are holes in the velocity field seems to be their filling,
i.e, an artificia introduction of missing velocities
based on a particular model of gas motion. The simplest
model requiring no additional data is the model of
purely circular gas motion. In other words, we can try
tofill the holesin the observed field with vel ocities that
would be observed for purely circular gas motion at a
given orientation of the galaxy disk. At first glance, this
model makes sense, as the galactic disk is a disk pre-
cisely because its circular rotation velocity is much
higher than the perturbed (or residual) velocities char-
acterizing noncircular gas motions in the density wave.

Wefilled the holesin thevelocity field of NGC 3631
by using the rotation curve computed from thisfield. In
Figs. 7 and 8, the amplitudes of lower harmonics calcu-
lated, respectively, from the origina and filled line-of-
sight velocity fields of NGC 3631 are plotted against
galactocentric radius. It isimmediately apparent from a
comparison of these figures that the harmonic amplitudes
decreased after the holes were filled. This can be easily
understood given that, in the case of circular rotation, the
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Fig. 7. Radial behavior of the principal Fourier harmonicsin the original gas velocity field of NGC 3631.

amplitudes of al harmonics, except the amplitude of
the cosine of the first harmonic, are zero. Therefore,
filling holesis tantamount to assuming that there are no
noncircular gas motions in these regions, which just
correspondsto the lower amplitudes of the Fourier har-
monicsin general.

A more careful comparison of Figs. 7 and 8 clearly
showsthat filling the holeswith purely circular motions
causes not only areduction in the radial dependence of
harmonic amplitudes, but also in itsdistortion; the third
Fourier harmonicisdistorted most severely in thiscase.
In support of this conclusion, Figs. 9 and 10 show the
behavior of the amplitudes and the lines of maximum
values of the second and third Fourier harmonics cal cu-
lated from the (a) original and (b) filled velocity fields.
We see that the distortions of the third harmonic are
considerably more pronounced than those of the second
harmonic: not only its amplitude decreases, but also the
phase behavior in the outer region, where the fraction
of holes is relatively large, changes qualitatively. This
factor also causes the error in the position of the coro-
tation radius inferred from the filled field to increase:

we see from Fig. 11 that the zeros and extrema of the
function |b;| - |b,| are displaced.

The severe distortion of the third harmonic can be
explained by taking into account the dominance of the
second harmonic in the mask reflecting the velocity-
field filling. The interference between the first har-
monic describing circular rotation and the second har-
monic in the form of artificially introduced additional
points produces distortions primarily in the third har-
monic of the velocity field “corrected” in this way.
Interestingly, the same effect causes virtually no reduc-
tion in the amplitudes of higher Fourier harmonics of
the filled field compared to the original field and artifi-
cia abnormally large amplitudes appear in some cases.
For example, Fig. 12 shows the behavior of the ampli-
tude and the lines of maximum values of the fifth Fou-
rier harmonicsfor the (a) original and (b) filled vel ocity
fields. We see that, after the holeswerefilled, an ampli-
tude peak appeared at gal actocentric distances of about
60"; it was so pronounced that the fifth harmonic artifi-
cially dominated in this region.
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Fig. 8. Radia behavior of the principal Fourier harmonicsin the gas line-of-sight velocity field constructed from the original field
of NGC 3631 by filling holes in observations based on the model of purely circular gas motion.

Thus, filling holes in the observed line-of-sight
velocity field based on the simplest model of purely cir-
cular gas motion cannot improve the quality of Fourier
analysis. Rather, it distorts the radia behavior of the
amplitudes and phases of the principal Fourier harmon-
ics and, when there are holes of well-defined structure
in the mask spectrum, can result in abnormally large
amplitudes of higher Fourier harmonics. This makes
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the method of “correcting” poorly filled observed
velocity fields totally unacceptable.

5. INCREASING THE FILLING FACTOR
OF A VELOCITY FIELD BY DEGRADING

THE SPATIAL RESOLUTION

Of special interest isthe effect of angular resolution
on Fourier harmonics. As the angular resolution is
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Fig. 10. Behavior of the amplitude (top) and the lines of maximum values of the third Fourier harmonic (bottom) calculated from
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reduced, the holes in the velocity field are blurred and  galaxies NGC 157 and NGC 3631 as examples. The
thefilling factor increases for the same number of mea-  velocity fields were obtained from the input observa-
surements in the galaxy disk. We studied the effect of  tional data with a resolution several times lower than
resol ution degradation on Fourier analysisby using the that of the original field (1 pixel =07 91). The blurring
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was made by folding with a Gaussian of appropriate
profile width.

Our computations of Fourier spectra for the con-
structed smoothed fields shows that, although degrad-
ing the spatial resolution leads to a better filling of the
disk, it produces the following distortions in the radial
dependence of the harmonic amplitudes and phases.

First, the amplitudes of most harmonics decrease
throughout the entire disk region. This effect can be
explained by taking into account the fact that the con-
tributions of individual harmonics to the line-of-sight
velacity change sign both in azimuth and in radius. As
aresult, when the resolution is degraded, the contribu-
tions of regions with opposite signs partialy cancel
each other out. Naturally, this suppression must be par-
ticularly strong near the center at galactocentric dis-
tances comparable to the resolution. Indeed, as we see
from the figures given below, the amplitudes of al har-
monics are nearly zero in the central region.

Second, the radia dependence of harmonic ampli-
tudes is smoothed out. As aresult, distortions are pos-
sible in the behavior of harmonic phases in the regions
of (originally) low amplitudes. In support of this point,
Figs. 13 and 14 show the behavior of the second and
third harmonics calculated from the smoothed vel ocity
fields of NGC 157 (cf. Figs. 4a and 5a) and NGC 3631
(cf. Figs. 9aand 10a), respectively.
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Fig. 12. Behavior of the amplitude (top) and the lines of maximum values of the fifth Fourier harmonic (bottom) calculated from
(a) the original and (b) filled velocity fields of NGC 3631.
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Third, as in the case of gap filling based on the
model of purely circular gas motion, the higher Fourier
harmonics can be enhanced in poorly filled regions of
the original field. For example, Fig. 15 shows the
behavior of the parameters of thefifth Fourier harmonic
in the smoothed velocity field of NGC 3631, demon-
strating an abnormally high amplitude at 45"-60"
attributable solely to the smoothing (cf. Fig. 12a).

At the same time, despite the above distortions, the
predicted position of the corotation radius inferred
from the smoothed fields based on the function |b;| —
lb,| is stable for both galaxies (Fig. 16, cf. Figs. 6a
and 11a).

6. CONCLUSION

(2) Introducing a velocity-field mask (i.e., the pres-
ence of holesin the disk filling with velocity measure-
ments), even with pronounced higher harmonicsin the
spectrum, does not significantly affect the results of
Fourier analysis of the resulting field. Fields with
extremely low (below 20-25%) filling factors, in which
the effect of random noise increases when calculating
harmonics, constitute an exception.

(2) A practical corollary of the previous conclusion
isthat line-of-sight vel ocity measurements from optical
emission lines can be used to analyze harmonic veloc-
ity components and to reconstruct a vector velocity
field even if there are regions that are not filled with
measurements.

(3) Although degrading the spatial resolution of the
velocity field by up to afactor of 10 causes the ampli-
tudes of thefirst three Fourier harmonicsto decrease, it
weakly affects the radial behavior of their phases and,
in particular, the coordinate of zero of the function that
determines the position of the corotation radius of a
density wave.

(4) A practical corollary of the previous conclusion
is that the results of Fourier analyses for optical and
radio data, which differ greatly in angular resolution,
can be compared. This conclusion has already been
used previously when analyzing optical and radio line-
of-sight velocity measurements of the gasin the galaxy
NGC 3631 (Fridman et al. 1998). At the sametime, the
suppression of harmonic amplitudes with degrading
spatia resolution makes low-resolution fields unsuit-
able for reconstructing the vector velocity field in gal-
axies.
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Kopylov Ivan Mikheevich
(October 14, 1928-July 29, 2000)

On July 29, 2000, Professor |.M. Kopylov, an emi-
nent Russian astrophysicist, a brilliant pedagogue, the
founder and first director of the Specia Astrophysical
Observatory (Academy of Sciences of the USSR), died
at the age of 72.

I.M. Kopylov's career as a scientist began at the
Crimean Astrophysical Observatory (Academy of Sci-
ences of the USSR) after he graduated from the Astro-
nomical Department of the Leningrad State University
in 1950. At that time, G.A. Shain gathered a brilliant
galaxy of scientistshere: A.B. Severnyi, S.B. Pikel’ ner,
I.S. Shklovskii, E.R. Mustel’, K.K. Chuvaev, and oth-
ers. In this creative environment, 1.M. Kopylov formed
as an energetic, demanding, stellar astronomer. He
mainly did research on stellar atmospheres, stellar
spectroscopy, and stellar evolution. Together with
A.A. Boyarchuk, he discovered a nonuniform depen-
dence of the rotational velocity of stars on their lumi-
nosity. He developed a spectroscopic criterion for stel-
lar classification. Under his leadership and with his
direct participation, techniques for investigating stars
were improved and new equipment was created for the
2.6-m telescope.

His authority as a scientist and experience in
research and organizational work were so significant
that I.M. Kopylov was offered to take charge of the
Special Astrophysical Observatory (Russian Academy
of Sciences), under construction at that timein the Cau-
casus. He bore the whole burden of setting up and
developing this largest Observatory in the USSR and
the world. He paid great attention to forming a creative

staff at the Observatory and to developing lines of
research. The largest astronomicd instruments—the 6-m
Large Telescope Azimuthal (LTA) and the RATAN-600
radio telescope with a 600-m ring-shaped antenna—
were designed and put into operation at the Observa-
tory. It became the world astronomical center. Studies
in the field of stellar spectroscopy, polarimetry, pho-
tometry, stellar physics, and Galactic and extragalactic
astronomy were successfully developed and are being
carried out at the Observatory to this day.

I.M. Kopylov received a government award for his
services in creating and devel oping the Observatory—
an Order of the Red Banner of Labor—and was hon-
ored with the title of a Council of Ministers Price lau-
reate. In recent years, .M. Kopylov had fruitfully
worked with astronomers of the Pulkovo Astronomical
Observatory on fundamentally new astronomical prob-
lemsinthefield of space astrometry (STRUVE project)
and took part in creating the International Solar Stereo-
scopic Observatory (STEREOSCOPE-A project).

The research activities of 1.M. Kopylov are directly
associated with the development of problemsin stellar
astronomy, stellar atmospheres and their chemical
composition, stellar physics and their evolution, two-
dimensional stellar spectroscopy, and binary nonstable
stars with relativistic and degenerate components. The
results of his studies were presented in more than
160 publications. |.M. Kopylov made asubstantial con-
tribution in compiling onboard input and specialized
catalogs of spectroscopic, photometric, and astronomi-
cal datafor astrometry and applied problems.

Trueinterest in science, thoroughness and conscien-
tiousness in studies, encyclopedic knowledge, experi-
ence and intuition, goodwill, and willingness to help
characterized this brilliant man, a man of word and
business. |.M. Kopylov founded a scientific school and
his numerous pupils work at many observatories in
Russia and the Ukraine.

I.M. Kopylov was a member of the International
Astronomical Union and a member of the Editorial
Board of Pis'mav Astronomicheskii Zhurnal (Astron-
omy Letters). He was the vice-chairman of the Com-
mittee on large telescopes of the Russian Federation
and amember of many academic councils.

The death of 1.M. Kopylov is a heavy loss for our
astronomical science.

Friends and colleagues
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