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Abstract—We present our observations of the pair of interacting galaxies NGC 6285/86 carried out
with the 6-m Special Astrophysical Observatory (SAO) telescope using 1D and 2D spectroscopy. The
observations of NGC 6286 with a long-slit spectrograph (UAGS) near the He line revealed the rotation
of the gaseous disk around an axis offset by 5”—7" from the photometric center and a luminous gas at a
distance up to 9 kpc in a direction perpendicular to the galactic plane. Using a multipupil fiber spectrograph
(MPFS), we constructed the velocity fields of the stellar and gaseous components in the central region of
this galaxy, which proved to be similar. The close radial velocities of the pair and the wide (5’ x 5) field of
view of the scanning Fabry—Perot interferometer (IFP) allowed us to simultaneously obtain images in the
Ha and [N II] A6583 lines and in the continuum, as well as to construct the radial velocity fields and to
map the distribution of the [N 11] A6583/Ha ratio for both galaxies. Based on all these data, we studied the
gas kinematics in the galaxies, constructed their rotation curves, and estimated their masses (2 x 10! M,
for NGC 6286 and 1.2 x 10*° M, for NGC 6285). We found no evidence of gas rotation around the major
axis of NGC 6286, which argues against the assumption that this galaxy has a forming polar ring. The [FP
observations revealed an emission nebula around this galaxy with a structure characteristic of superwind
galaxies. The large [N 1I] A6583/Ha ratio, which suggests the collisional excitation of its emission, and
the high infrared luminosity are additional arguments for the hypothesis of a superwind in the galaxy
NGC 6286. A close encounter between the two galaxies was probably responsible for the starburst and the
bipolar outflow of hot gas from the central region of the disk. © 2004 MAIK “Nauka/Interperiodica”.
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INTRODUCTION

NGC 6285/86 (Arp 293) is a pair of interacting
galaxies (Fig. 1) with similar luminosities and ra-

dial velocities.! They are ~1'5 apart, which corre-
sponds to ~40 kpc for a distance D =91 Mpc (at
Ho =65 km s~! Mpe™! and V3" = 5925 km s™1;
see below). A faint bridge can be seen between the
galaxies in deep CCD images. Whitmore et al. (1990)
included one of the galaxies from the pair, NGC 6286,
in the catalog of polar-ring galaxies as a possible
candidate (C 51), because a diffuse structure (semi-
ring) located to the southeast (SE) of the main body
of the galaxy is clearly seen in the reproduction in the
atlas by Arp (1966).

NGC 6286 is a spiral Sb-type (RC3) galaxy
seen almost edge-on with a thick dust lane that

"E-mail: 1shal@astro.spbu.ru
!'According to NED data.

runs at an angle to the stellar disk of the galaxy.
Since, according to IRAS data, this galaxy has
a high infrared luminosity, log(Lgr/Le) = 11.28
(Soifer et al. 1987), it was included in the studies of
bright infrared galaxies (see, e.g., Baan 1989; Young
et al. 1989). The infrared fluxes from NGC 6286 were
measured at various wavelengths (Soifer ef al. 1987,
1989). These fluxes were used to determine the dust
temperature and mass (Young et al. 1989) and to
estimate the star-formation rate, SFR ~ 56 M, yr—!
(Smith ef al. 1998). Based on radio data, Sanders
et al. (1986) estimated the Hy mass for this galaxy,
log M (Ha)/Ms = 9.97.

The optical spectra of this galaxy have been de-
scribed by several authors. Reshetnikov and Combes
(1994) classified its nuclear spectrum as H II and
pointed out a peculiarity in the radial velocity distri-
bution of the gas along the minor axis of the galaxy.
Veilleux et al. (1995) classified the nuclear spectra
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Fig. 1. An R-band image of the NGC 6285/86 pair
obtained with the 6-m SAO telescope (for the assumed
distance to the galaxies of D = 91 Mpc; 1” corresponds
to 0.44 kpce).

of NGC 6286 and NGC 6285 as LINER and H II,
respectively. Smith ef al. (1996) used the Ha line
to construct the rotation curve for NGC 6286 and
estimated its mass (M = 1.3 x 10 My).

Reshetnikov et al. (1996) performed a detailed
photometric study of NGC 6286 in the B,V and R,
bands. Based on peculiarities of the radial velocity
curve along its minor axis and on photometric data,
they assumed that the diffuse structure (semi-ring)
located at the SE edge of the galaxy is a forming polar
ring.

To analyze the kinematics of the gaseous and
stellar components of the galaxy NGC 6286 in more
detail, we have undertaken its study using long-slit
(1D) and 2D spectroscopy.

1. OBSERVATIONS AND DATA REDUCTION

The spectroscopic observations of NGC 6286
were made at the prime focus of the 6-m SAO
telescope. The first observations were carried out
with a long-slit spectrograph (UAGS) (Afanasiev
et al. 1995) in 1997 and 1999. The observations with
a multipupil fiber spectrograph (MPFS) (a descrip-
tion of the spectrograph can be found on the Internet
at the SAO webpage?) were performed in 2001, and
the data were obtained with a scanning Fabry—Perot

2h’[‘[p://www.sao.ru/gafan/devices/mpfs/mpfs_main.h‘[m

interferometer (IFP) in 2002. A log of observations is
given in table.

In the UAGS, the detectors were Electron 530x
580-pixel and Photometrics 1024 x 1024-pixel CCD
arrays in 1997 and 1999, respectively. The UAGS slit
size in the observations was 2” x 140”. The observed
spectral range included the Hey, [N II] A6548, 6583,
and [S [I] A6716, 6731 emission lines.

The UAGS spectroscopic data were reduced in
the ESO—MIDAS environment using the LONG
context. After the primary reductions, we performed

a smoothing along the slit with windows of 078 for
the central region and 2" starting from a distance
of 15” from the center. The radial velocities were
measured from the positions of the centers of the
Gaussians fitted to the emission lines. The accuracy
of these measurements was estimated from the night-
sky [O 1] 6300 line to be +10 km s~!. We also mea-
sured the relative intensities and full widths at half
maximum (FWHMs) of the above emission lines. The
observed FWHMs were corrected for the FWHM of
the instrumental profile by using the standard relation

(FWHM)? = (FWHM)?  — (FWHM)2 , . Accord-
ing to the measurements of lines from a calibration

lamp, the FWHM of the instrumental profile was

3.6 A. The Hoy, [N 1] 6583, and [S 11] A6716, 6731
emission lines are most intense in the spectrum of this
galaxy. These lines were used to construct the radial
velocity curves for the ionized gas.

During our MPFS observations, we simultane-
ously took spectra from 240 spatial elements (in the
form of square lenses) that formed an array of 16x
15 elements in the plane of the sky. The angular
size of a single element was 1”. The detector was
a Techtronix 1024 x 1024-pixel CCD array. The
observations were carried out in two spectral ranges.
The green range included emission lines of the
gaseous component (Hg, [O III] A 4959, 5007) and
absorption lines of the stellar population of the galaxy
(Mg I A5175, Fe I A5229, Fe I 4+ Ca IA5270, and oth-
ers). The red range contained the He, [N II] A 6548,
6583, and [S 1] A 6716, 6730 emission lines.

We reduced the observations by using the software
that was developed at the SAO by Afanasiev et al.
(1995) (SAO) and that runs in the IDL environment.
We constructed two-dimensional maps of the inten-
sity and radial velocity (velocity field) from the emis-
sion lines and fitted the line profiles by Gaussians. The
radial velocities were determined with an accuracy
of 10—15 km s~!. The radial velocity fields of the
stellar component were constructed by means of a
cross-correlation technique modified to work with 2D
spectroscopic data and described in detail by Moi-
seev (2001). Spectra of the star HD 148293 and the
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Log of observations

Instrument, year | Exposuretime,s | PA, field Spectral range, A Reciprogjl)?izfersion, Seeing
UAGS 3 x 1800 34° 6200—7000 1.5 372
Sep. 1997 3 x 1800 116 6200—7000 1.5 2.5
3 x 1800 133 6200—7000 1.5 2.5
Aug.—Sep. 1999 3 x 1800 60 6200—7000 1.2 1.6
3 x 1800 85 6200—7000 1.2 1.6
3 x 1800 85 6200—7000 1.2 1.5
3 x 1800 133 6200—7000 1.2 1.6
MPFS 3 x 1200 Center 4900—-6200 1.35 2
Apr.—Sep. 2001 3 x 900 Center 5900—7200 1.2 2-2.5
IFP 32 x 300 Ha + [N 1I] 0.9 1.5
Apr.—Sep. 2002 32 x 180 [N 1] A6583 0.9 2.0

twilight sky were used as templates for cross corre-
lation. The radial velocities were determined from the
absorption lines with an accuracy of ~10 km s~*.

The IFP observations were carried out using the
SCORPIO focal reducer. The reducer is described at
the SAO webpage?; its parameters in interferometric
observations were given by Moiseev (2002).

For our observations, we used an interferometer
that worked in the 235th order at a wavelength of

6562.8 A. In this case, the spacing between neighbor-
ing orders of interference, A\ = 28 A, corresponded

to a ~1270 km s~! region free from order over-
lapping. Preliminary monochromatization was done

by using narrow-band filters with FWHM =19 A
centered at the selected spectral range, which in-
cluded the Har or [N 1] A6583 emission line of the
galaxy. During the exposure, we sequentially took
32 interferograms of the object at various IFP plate
spacings, so the size of the spectral channel was
oA~ 0.9 A(~40 km s~!). The width of the instru-
mental profile was FWHM & 2.5 A(~110 km s 1).
The detector was the same CCD array as that used in
the MPFS observations. Since the readout was per-
formed in the 2 x 2-pixel binning mode, a 512 x 512-
pixel image (the pixel size was 0"56) was obtained in
each spectral channel.

Shittp://www.sao.ru/~moisav/scorpio/scorpio.html.
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We reduced our interferometric observations using
the software developed at the SAO (Moiseev 2002).
After the primary procedures (the subtraction of
night-sky lines and the reduction to the wavelength
scale), the observational data constituted data cubes
in which each point in a 512 x 512 field contained a
32-channel spectrum. Optimal data filtering, a Gaus-
sian smoothing in spectral coordinate with FWHM
equal to 1.5 channels and a two-dimensional Gaus-
sian smoothing in spatial coordinates with FWHM =
2—3 pixels (depending on the seeing), was made by

using the ADHOC software package.* To construct
the velocity fields and monochromatic images, we
fitted the emission line profiles by Gaussians. The
measurement errors of the radial velocities did not
exceed 10 km s~ for single lines.

However, the following factor hindered our mea-
surements of the radial velocities and intensities of the
emission lines during our observations near Ha: Ac-
cording to the long-slit observations, the range of ra-
dial velocities in the galactic disk is 450—500 km s~!
(see below). On the wavelength scale, this range ac-
counted for about half of the FWHM of the narrow-
band filter used to separate out the required spectral
range (see Fig. 2a). Therefore, during the observa-
tions with the IFP670 filter centered on the shifted

*The ADHOC software package was developed by
J. Boulesteix (Marseilles Observatory) and is freely available
on the Internet.
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Fig. 2. (a) IFP observations. The spectra of the galaxy (the Ha A6563 and [N I1] A6548, A6583 lines) are shown schematically.
The spectra that correspond to V' = 5450 and 5950 km s~ are colored black and gray, respectively. The solid lines represent

the transmission curves of both filters (IFP670 and IFP671). (b) The distribution of the [N 1I] A6583/Ha ratio, as constructed
from (/) UAGS and (2) IFP data (at PA = 116°).
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Ha line (Ac = 6691 A), the [N II] A6583 line was
also seen in the wing of the filter transmission curve
in the central and SW regions of the galaxy. Thus,
for the blueshiited regions, the observed intensity of
the nitrogen line increased sharply, while the intensity
of the Ha line decreased. Our standard procedure of
correction for the filter transmission curve (a spec-
tral flat field) does not allow the true intensities of
the lines in the wing of the filter transmission curve
to be restored (Moiseev 2002). In addition, in the
central region of the galaxy (see Section 2.1), the
Hea and [N 1] line profiles virtually overlap, because
the FWHMs of the emission lines increase. The two
effects (the increases in relative [N II] intensity and
line profile width) made it difficult to measure the
radial velocities and intensities of Hav in the central
and SW regions of the galactic disk.

To improve the radial velocities in the galactic

disk, we carried out additional observations with a
filter centered on the [N II] A6583 line (IFP671 with

Ae = 6707 A). In this case, the filter separated out
only one spectral line (Fig. 2a).

Thus, we constructed the radial velocity fields and
intensity distributions in the Ha and [N 1] 6583
lines from the observations with the IFP670 and [FP671
filters, respectively. A comparison of the measured
line intensities based on the UAGS and IFP ob-
servations shows good agreement (Fig. 2b). We
also imaged the galaxies in the continuum near the
emission lines.

2. RESULTS
2.1. UAGS

We took long-slit spectra of NGC 6286 near Ha at
the five position angles of the slit indicated in Fig. 1.
The radial velocities were measured from the He,
[N II] A 6548,6583 and [S II] A 6716,6730 emission
lines. The data obtained from the forbidden lines are
in close agreement, within the error limits. However,
since [N II] A6583 is more intense than the remaining
lines, we will present the measurements of this line.
Below, we give heliocentric velocities.

Figure 3a shows the radial velocity distribution
along the major axis (PA = 34°). On the horizontal
axis, R = 0 corresponds to the position of the peak
continuum intensity, the photometric center. Along
most of the velocity curve, the radial velocities mea-
sured from both lines (He, [N I1]) are equal, except the
region —9” < R < 7” where the data obtained from
these lines systematically differ by ~20 km s~1.

The radial velocity to the SW of the photometric
center is almost constant, decreasing slightly toward
the edge. In the region 0 < R < 6”, the radial velocity
gradient is virtually constant. Farther out, in the NE
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direction, the velocity increases, but with a slightly
smaller gradient. Note that the slit crosses the dust
lane here. At distances from the photometric center
larger than 22", the curve flattens out, as confirmed
by the data obtained later with the IFP.

Since the galaxy is seen nearly edge-on, the radial
velocity curve along its major axis may be considered
to be the curve of circular rotation (to within the radial
projection of the noncircular velocities). Within the
error limits, our data closely agree with the rotation
curve from Smith ef al. (1996) if we take the middle
point of the radial velocity range, which is offset by

about 5”5 to the NE of the photometric center, as the
coordinate origin and assume that the velocity at this

point (5650 km s™1) is the velocity of the system.

The noncoincidence of the photometric and dy-
namical centers also follows from our MPFS and [FP
observations (see Sections 2.2 and 2.3) and is prob-
ably attributable to the presence of light-absorbing
dust in the circumnuclear region. Note that there is
a large uncertainty in establishing the position of the
galactic nucleus. Since the dust lane runs at an angle
to the disk plane (Fig. 1), the isophotal shape in the
central region is distorted and asymmetric (Smith
et al. 1996; Reshetnikov ef al. 1996). As a result, the
intensity peak is shifted to the SW of the nucleus, and
this shift changes with wavelength due to selective
dust absorption.

The middle parts of the radial velocity curves con-
structed at PA = 60° and 85° have rectilinear seg-
ments. As in the previous case, the centers of their
symmetry do not coincide with the positions of the
continuum intensity peaks, and the gradients de-
crease with increasing angle between the major axis
of the galaxy and the spectrograph slit. The rectilinear
segments are about 5” long, which suggests rigid-
body rotation of the gaseous galactic disk in this
region. A surprising fact is that the emission lines are
observed up to a distance of 4 kpc on both sides of the
plane of the galactic disk.

The radial velocities at spectrograph slit positions
close to the direction of the minor axis of the galaxy
differ in behavior. At PA = 133°, the radial velocity is
constant in the central region (|R| < 5”—6"), as must
be the case for the circular rotation of the gaseous
disk in the galactic plane. Farther out, as one recedes
from the center on both sides, there is a large spread in
radial velocities, with the intensity of the [N I1] A\6583
line increasing, compared to the intensity of Ha. In
this case, the spectrograph slit crossed the major axis
of the galaxy at a point offset by ~6” to the NE of the
photometric center.

Let us consider the features of the radial velocity
curve at PA = 116° shown in Fig. 3b. As we see
from the figure, the emission lines are traceable far
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Fig. 3. Line-of-sight velocity curves: (a) PA = 34° along the major axis of the galaxy, (b) PA = 116°; /—Ha measurements,
and 2—[N II] A6583 measurements. The peak continuum intensity was taken as zero on the horizontal axis.

from the disk plane, up to 9 kpc in the SE direction.  about 5”—7" to the SW of the dynamical center. This
In the central part of the curve, the radial velocities —assumption is justified in Section 2.3.

increase on both sides of the center. This behavior Apart from the radial velocities, we measured the
of the radial velocities can be explained by assuming  relative intensities and full widths at half maximum
that the directions of the slit and the rotation axis (FWHMs) of the emission lines. As we noted above,
almost coincide and that the slit position is shifted by  a characteristic feature of the individual spectra is an
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increase in the intensity of the [N II] line compared
to the intensity of Ha as one recedes from the disk
plane (Fig. 2b). The [N II]/Ha ratio is 0.35 at the pho-
tometric center and reaches 1.5 in the outer galactic
regions. Below (see Section 2.3), we will consider the
distribution of relative line intensities in more detail
using IFP data.

The UAGS data suggest the existence of a lu-
minous gas far from the plane of the galactic disk,
but they do not allow the full picture of its motion to
be constructed. In addition, they give no information
about the stellar component of the galaxy. Such in-
formation was obtained when NGC 6286 was studied
using 2D spectroscopy.

2.2. MPFS

The MPFS observations were performed for the
central part of the galaxy. The positions of the spec-
trograph fields are shown in Fig. 1. The center of
the field coincides with the photometric center in the
green range and is shifted by 5” to the NE in the red
range. Near and to the SW of the photometric center,
the radial velocities of the forbidden lines are higher
than those of Ha and Hg, as in the case of long-slit
spectra. In general, however, the velocity fields con-
structed from the emission lines are similar, and we
will consider the data obtained from H to compare
them with the velocity field of the stellar component.
The results are shown in Fig. 4. We see that the
motions of the stellar and gaseous components are
similar and generally consistent with the assumption
of circular rotation of the gas and stars, although the
isovels are appreciably distorted in both fields. These
distortions are most likely attributable to the presence
of dust. Since the size of the field is small, we failed
to accurately determine the position of the dynamical
center. We may only note that it is shifted to the NE
of the photometric center.

Based on the measured equivalent widths of
absorption lines, we determined the Mgb and (Fe)
chemical indices in the Lick system (Worthey et al.
1994) and constructed their radial distributions. The
Mgb indices increase from 1.8 to 3, while the (Fe)
indices have a small gradient and change from 1.5
to 2. The [Mgb/(Fe)|] ratio changes from 0.0 dex
near the photometric center to +0.3 dex at a dis-
tance of 4”—5" to the NE. Using model calculations
(Worthey 1994), we determined the mean metallicity
and age of the stellar population. Unfortunately,
because of the strong emission in H3, we were unable
to isolate the absorption line and made estimates
using only metal absorption lines; hence we could
not reliably separate the effects of the metallicity
and age variations. Therefore, the metallicity near
the photometric center of the galaxy is determined
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unambiguously, [Fe / H] = —1 dex, while the age can
range from 12 x 10° to 17 x 107 years. At a distance
of 4"—5" to the NE (in a region closer to the galactic
nucleus), the metallicity and age lie within the ranges
0.0—0.25 dex and (1.5—2) x 107 yrs, respectively.
These results provide circumstantial evidence that
the galactic nucleus (where the metallicity must
be higher and the age must be younger) does not
coincide with the photometric center.

2.3 IFP

The IFP observations were performed in the Ha
and [N 1II] A\6583 lines. Since the interferometer
has a large field of view, the radial velocity fields
as well as the distributions of line and continuum
intensities, line FWHMs, and line ratios were con-
structed for both components of the interacting
system NGC 6285/86 (Fig. 5). As we see from this
figure, both the velocity fields and the emission-line
images of each component are peculiar, but the most
peculiar features are observed in NGC 6286. Let us
consider the data for each galaxy in more detail.

NGC 6286. Intense emission is observed in the
central part of the galactic disk, and a bright H II re-
gion can be identified ~10” to the SW of the pho-
tometric center. The [N II] A6583/Ha ratio in the
disk changes little; it is approximately equal to 0.35
in the SW part and is, on average, slightly higher in
the NE part, being largest (0.6) near the dust lane.
Since this ratio increases in the dust lane, we may
assume that in this region we see the outer parts of
the disk where the physical conditions differ from the
conditions at the center. The small [N II] A6583/Ha
ratio suggests that photoionization is responsible for
the formation of the emission-line spectrum.

A comparison of Figs. ba, 5b, and 5c¢ shows that
the emission-line and continuum intensity distribu-
tions for NGC 6286 are different. In all cases, disk
components crossed by the dust lane are traceable.
The outer continuum isophotes are lenticular in
shape, while two extended regions that are symmetric
relative to the point shifted from the photometric
center by about 5”"—7" to the NE in the continuum
are observed in the emission lines. These regions
are slightly asymmetric in extent relative to the disk
plane; their SE parts are slightly larger than their
NW parts. Remarkably, with the exception of a few
separate knots, there is no gas emission inside the
cones with an opening angle of about 60° the vertices
of which are located at the above point. On both
sides of the plane of the galactic disk, the intensity
of the [N II] lines rapidly increases compared to He
(Fig. 5f). Along the generatrices of the cones, the
line ratio reaches its maximum, [NII}/Ha ~ 2—2.5.



8 SHALYAPINA et al.

AY, arcsec

AX, arcsec

Fig. 4. MPFS data. The radial velocity fields of the gaseous component found from Hg (a) and of stars (b) are superimposed
on the HA and continuum intensity distributions (the flux gradation scale is in arbitrary units). The point with coordinates 0,0

corresponds to the continuum intensity peak.

Figure 5d shows the distribution of FWHMs for the
[N II] A6583 line. The FWHM changes from ~200
to ~320 km s~! in the galactic disk and reaches its
maximum, ~400 km s~!, along the generatrices of
the cones.

The emission nebula that we detected in NGC 6286
(Figs. 5b, 5c) resembles in shape the nebulae ob-
served in superwind galaxies, for example, NGC 1482
(Veilleux 2002). Not only the images of both galaxies
in the Ha and [N 1II] lines but also the distribution
maps of the [N II] 6583 /Ha ratio are similar.

The run of the isovels near the gaseous disk is
indicative of its rotation around an axis perpendicular
to the galactic plane. However, this axis does not
pass through the photometric center in the contin-
uum, but is shifted by ~5”"=7" to the NE of it. Its
position roughly coincides with the vertices of the
cones in the emission-line images. The extent of the
disk to the SW of the dynamical center is a factor of
approximately 1.5 larger than its extent to the NE,
which may be attributable to the disk asymmetry
that resulted from gravitational interaction with the
companion galaxy.

The behavior of the isovels in emission-line re-
gions outside the galactic disk (Fig. 5e) is of con-
siderable interest. The velocities are approximately
constant along the straight lines that are parallel to
the generatrices of the cones. For a clearer illustra-
tion of the peculiarities of the velocity field, Fig. 6a
shows one-dimensional radial velocity distributions
in directions that are perpendicular to the disk plane
and that are offset from the dynamical center by 2 kpc
to the NE (profile A) and SW (profile B). Both profiles

pass through the most extended parts of the emis-
sion nebula. The radial velocity curves are symmetric
relative to the disk plane and are mirror reflections
relative to each other. The radial velocity amplitude in
profile A that passes through the dust lane is smaller
than that in profile B. The central parts of the profiles
reflect the rotation of the gaseous disk; both profiles
flatten out in the outer parts, with the mean velocities
being approximately equal to 5720 and 5650 km s,
respectively. As we see from the velocity field, there is
no evidence of gas motion around the major axis of
the galaxy.

NGC 6285. The emission-line intensity distribu-
tion for the companion galaxy (Fig. 5b) exhibits the
following features: a gaseous disk, intense emission
in the nucleus, and a bright HII region ~7” to the
west of the nucleus. The nucleus and the HII region
lie on the opposite sides of the ringlike structure (7
in diameter) that is clearly seen in the Ha and [N 1]
images. The SE side of the gaseous disk is elongated
and bent toward the neighboring galaxy. In the unper-
turbed western part of the disk, the [N II] A6583/Ha
ratio is almost constant at ~0.4, which suggests that
photoionization is responsible for the formation of the
emission. In the region where the disk is bent, the
ratio changes randomly and, on average, is approx-
imately equal to 1.3. Peculiar features in the radial
velocity field can also be seen in this part of the disk
(Fig. 5e).

In general, the velocity field of NGC 6285 is char-
acteristic of an inclined gaseous disk with rigid-body
rotation in its central part. However, the isovels are
distorted both at the center and on the periphery,
particularly in the SE part of the galaxy.

ASTRONOMY LETTERS Vol.30 No.1 2004
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Fig. 5. I[FP data: (a) the continuum intensity distribution: the crosses mark the positions of the photometric (coordinates 0, 0)
and dynamical (—6, 3) centers; (b) and (c¢) the intensity distributions in the [N II] A6583 and Ha lines (the flux gradation scale
is in arbitrary units); (d) the distribution of FWHMs for the [N II] A6583 line; (e) the velocity fields in this line: isovels are
plotted in them at steps of 40 km s™*, the cross marks the position of the dynamical center, and the velocity at this point is
5690 km s~ *; and (f) the [N 1] A6583/Ha ratio.
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Fig. 6. (a) The radial velocity distributions in the emission-line regions A and B at slit positions parallel to the minor axis of
the galaxy constructed from IFP observations: / and 2 represent the Ha data; 3 and 4 represent the [N II] A6583 data. (b) The
rotation curve for NGC 6286. The NE half of the radial velocity curve: / and 2 represent the [FP and UAGS data, respectively;
the SW half: 8 and 4 represent the IFP and UAGS data, respectively; 5 is the model rotation curve for the disk, 6 is the halo

model, and 7 is the ultimate model rotation curve for NGC 6286.

3. ANALYSIS OF OBSERVATIONAL DATA
AND DISCUSSION

3.1. The Kinematics of Gas in the Galaxies
of the Pair

NGC 6286. Since NGC 6286 is seen nearly edge-
on (¢ = 89°; Smith ef al. 1996), we constructed the
rotation curve for this galaxy from our radial velocity

measurements of the Hoand [N II] lines along its ma-
jor axis by using both long-slit spectra and IFP data.
The direction of the rotation axis and the position of
the dynamical center were determined from the ve-
locity field (Fig. 5e). Subsequently, we improved this
position by achieving the closest coincidence in the
region where the gradient of both halves of the radial
velocity curve reached a maximum and where the

ASTRONOMY LETTERS Vol.30 No.1 2004
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latter flattened out. As a result, we obtained eryls =
5690 + 10 km s~ for the heliocentric velocity of the
galaxy, which yields V3" = 5925 km s .

Figure 6b shows the rotation curve on which the
data for the two halves of the radial velocity curve are
plotted by different symbols. Apart from the central
region, R < 1 kpe, there is good agreement between
the SW and NE parts of the curve only in some
segments. Some differences between the two parts
of the curve can be easily explained. For example,
the decrease in velocity at 1.5 < R < 4.5 kpc in the
NE part of the curve stems from the fact that the
dust lane passes through this region. Dust is known
(Bosma et al. 1992) to decrease the velocity in the
rotation curves of disk galaxies seen almost edge-on.
The thickest part of the dust lane ends at a distance
R ~ 5 kpc, and both branches of the rotation curve
converge. Further out, we see a local minimum of
the radial velocity on the SW branch at 5.5 < R <
7.5 kpe. The giant H Il region mentioned Section 2.3,
which probably has proper motion, is located precisely
in this place. Note that the waves in the radial velocity
curves caused by various factors are a common phe-
nomenon.

The initial part of the rotation curve, up to
R ~5 kpc along the SW half, is well fitted by
the model curve (Monnet and Simien 1977) that
corresponds to the rotation of an exponential disk
with a scale factor of h =3 kpc (the curve plotted
by long dashes in Fig. 6b). However, at a distance
R > 5 kpc, the points lie above this curve. There-
fore, we must assume the existence of a spherical
isothermal halo to represent the observed curve over
its entire length. Calculations show that this halo
must have the following parameters: the central
density is pg = 0.017M, pc~3 and the core radius
is 7. = 24 kpc (Fig. 6b, short dashes). The ultimate
theoretical rotation curve is represented by the solid
line in Fig. 6b. This curve exhibits a rapid rise up
to R ~ 5 kpc, which then slows down; the veloc-
ity reaches V =240 km s~! at R ~ 8 kpc, which
yields an estimate of the mass within this radius,
1.1 x 10" My, The total mass of the galaxy with the
halo is 2 x 10" M.

We particularly emphasize that we have found no
spectroscopic evidence for the existence of a kinemat-
ically decoupled system that rotates in the polar plane
with respect to the galactic disk. The radial velocity
distributions shown in Figs. 5e and 6a indicate that in
regions far from the disk plane, the velocities are close
to the velocity of the galactic center; i.e., they corre-
spond to those that might be expected in a spherically
symmetric halo.

NGC 6285. As we noted above (Section 2.3), the
velocity field of the companion galaxy NGC 6285
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generally corresponds to the rotation of an inclined
gaseous disk. We fitted our data by the model of gas
rotation in circular orbits with the following parame-
ters: the heliocentric radial velocity of the dynamical
center is 5670 km s™" (V. = 5905 km s™") and the

inclination of the disk plane to the plane of the sky
is 1 ~ 60°. The velocity turned out to reach its maxi-
mum, 180 km s~!, at a distance of ~2 kpc. The mass
within the radius of 2 kpc is 10'9M. Regions with
high residual velocities (50 km s~!) can be iden-
tified in the region of the ringlike structure between
the nucleus and the bright H II region and on the
SE side of the disk where the isovels are distorted. The
high residual velocities are indicative of appreciable
noncircular motions in these regions.

3.2. The Superwind in NGC 6286

Both the photometric and spectroscopic data sug-
gest that NGC 6285/86 is a pair of interacting galax-
ies. The strong interaction between them is evidenced
by the distortions of the structure of the galaxies—
the asymmetry of their gaseous disks and the inclined
dust lane in NGC 6286; the existence of a bridge
between the galaxies and an extended luminous re-
gion to the SE of NGC 6286; and the peculiarities
of the velocity fields. The most probable range of
relative space velocities of the galaxies during their
close encounter is 50—100 km s~!. The probability
that their relative space velocity is outside this range
for the derived radial velocity difference between the
galaxies of ~20 km s™! is low. We can then estimate
the characteristic interaction time, ~10% yrs.

The interaction during a close passage of the
galaxies could trigger a strong starburst in the central
part of NGC 6286. This conclusion is confirmed, in
particular, by FIR and IR data, according to which
NGC 6286 is a galaxy with a high FIR luminos-
ity: log(Lpir/Le) = 11.28. Such a luminosity Ly
is suggestive of a high star-formation rate in it:
56—65M yr=! (Smith et al. 1998; Poggianti and
Wu 2000).

Such a high rate of star formation, which, in
addition, takes place in a relatively small region in
the central part of the galaxy, eventually leads to
a much higher supernova rate than that in normal
spiral galaxies. As a result, a phenomenon called
a superwind arises (Heckman ef al. 1990); this
phenomenon consists in the strong heating of the
interstellar medium and its outflow in a direction
perpendicular to the galactic disk. X-ray emission
from the outflowing hot gas (which has actually been
detected from such well-known superwind galaxies
as M 82 (Lehnert ef al. 1999) and NGC 253 (Weaver
et al. 2002)) and the presence of an optical emission
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nebula serve as observational manifestations of this
phenomenon. In this case, the edge-on orientation
of the galaxy is most favorable for the detection of a
superwind.

Let us consider the observational evidence sug-
gesting the existence of a superwind in NGC 6286
in more detail. According to RASSFSC data, this
galaxy is an X-ray source. We detected an optical
emission nebula in the galaxy (Figs. 5b, 5¢) the size
of which reaches ~9 kpc in a direction perpendic-
ular to the plane of the stellar disk. Note that the
sizes of such nebulae in other superwind galaxies
(M 82, NGC 1482, and others) lie within the range
from several kpc to several tens of kpe (Heckman
et al. 1990). As we noted above, no optical emission
is observed inside the cones, because, according to
the calculations by Strickland and Stevens (2000),
the gas temperature in this region must be ~107 K.

A good illustration of a superwind in a galaxy is
an enhanced [N 1I] A6583/Ha emission-line ratio
compared to an ordinary H II region. Thus, whereas
this ratio is <0.5 in an H II region where photoion-
ization dominates, it is much larger than 0.5 for a
supersonic outflow of hot gas and the formation of
shock fronts (the conditions under which collisional
ionization dominates). We see from Fig. 5f that the
derived ratios increase severalfold as one recedes from
the disk plane. In this case, the emission-line ratio is
highest in the regions that form the boundary of the
conical ejections of hot gas from the galactic plane.

The line emission is strongest where the line of
sight runs along the walls of the cone. The space
velocity here is roughly perpendicular to the line of
sight, and the radial velocities cannot give evidence of
such motions. However, the increase in emission-line
FWHM:s to 400 km s~! near the walls of the cone and
their complex profiles, as was mentioned above, serve
as their indirect confirmation.

Thus, we conclude that a superwind-type bipolar
outflow of gas from the central region of the disk takes
place in the galaxy NGC 6286.

We note in passing yet another fact that con-
firms the interaction between the galaxies. The
[N I1] A6583/Ha ratio also increases in the SE part of
the galaxy NGC 6285 that is closest to NGC 6286
(Fig. 5f). This increase may be attributable to the
hot superwind gas that heats up and ionizes the
interstellar medium in this part of the galaxy, which
causes the intensity of the forbidden lines to increase.

Using the typical superwind outflow velocities
(~500 km s~1) from Veilleux (2002) and the observed
sizes of the ionization region above and under the
disk, we can estimate that the ejection began ~107
years ago. This estimate is consistent with the above
estimate for the characteristic time of strong interac-
tion.

CONCLUSIONS

In conclusion, we emphasize that our kinematic
study of the gaseous component of the galaxy
NGC 6286 has revealed no evidence of gas rota-
tion around its major axis. Therefore, NGC 6286 is
unlikely to be a galaxy with a forming polar ring, as
assumed previously.

Based on the entire set of observational data, we
have concluded that the peculiarities of NGC 6286
are attributable to the presence of a superwind that
outflows from its central region. This is suggested by
the following facts:

—the existence of an emission nebula stretching
to a distance of ~9 kpc from the galactic plane whose
shape corresponds to a bipolar outflow of hot gas; the
presence of this outflow is confirmed by the presence
of an X-ray source;

—the significant increase in [N 11] A6583/Ha ratio
characteristic of superwind galaxies;

—the high infrared luminosity of the galaxy, which
is indicative of a high star-formation rate (SFR 56—
65M@ yr’l )

The starburst in the central region of the galaxy
that gave rise to the superwind was probably triggered
by a close encounter between the two galaxies.
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Abstract—We consider an improved rotational mechanism of the explosion of a collapsing supernova.
We show that this mechanism leads to two-stage collapse with a phase difference of ~5 h. Based on this
model, we attempt a new interpretation of the events in underground neutrino detectors on February 23,

1987, related to the supernova SN 1987A. © 2004 MAIK “Nauka/Interperiodica” .

Key words: supernovae and supernova remnants.

INTRODUCTION

In effect, the idea of two-stage gravitational col-
lapse has long been a subject of discussion, par-
ticularly in the case of the resumption (of the sec-
ond stage) of the collapse in a neutron star with its
transformation into a black hole (see, e.g., Imshen-
nik and Nadyozhin 1988). However, if the rotation
effects are taken into account, then such a two-stage
collapse of an iron—oxygen—carbon (Fe—O—C) core
acquires a different, more specific content that we
have called the rotational mechanism of the explosion
of a collapsing supernova (SN). The reason is that,
in our opinion, the above rotation effects make it
possible to solve the crucial problem of the trans-
formation of the collapse into an explosion for high-
mass and collapsing supernovae (all types of SN
except the type-la thermonuclear SN). An extensive
series of studies has been carried out since 1992 in
connection with the famous SN 1987A (Imshennik
and Nadyozhin 1992; Imshennik 1992; Aksenov and
Imshennik 1994; Imshennik and Popov 1994; Ak-
senov et al. 1995; Imshennik 1995, 1996; Imshen-
nik and Blinnikov 1996). Below, we consider the so-
called improved rotational mechanism of explosion.
The possibility of this mechanism was first men-
tioned by Imshennik and Popov (1994) in connec-
tion with the reception of two neutrino signals from
SN 1987A (see Section 1) separated by a relatively
long time interval of 4 h 44 min (=4.7 h) (Dadykin
et al. 1987; Aglietta et al. 1987) at tyt = 2 h 52 min
(February 23, 1987) and tyr = 7 h 36 min (Hirata

"E-mail: imshennik@itep.ru

et al. 1987; Bionta ef al. 1987). These observations
of the neutrino signals were carefully analyzed by
Dadykin ef al. (1989). The above improvement of the
explosion scenario for the rotating Fe—O—C core of
a high-mass star stems not only from the necessity
of explaining the observations of the neutrino signals
from SN 1987A, but also from the intrinsic logic of
the development of this scenario—it arose on the road
to overcoming theoretical difficulties.

The neutrino spectra were obtained from theoret-
ical estimates. These spectra are based on the hy-
drodynamic calculations of a quasi-one-dimensional
model for the formation of a rotating collapsar (Im-
shennik and Nadyozhin 1977, 1992) and on the hy-
pothesis of bulk neutrino radiation from a rotating
collapsar (Imshennik and Nadyozhin 1972; Ivanova
et al. 1969a) with the almost total dominance of
electron neutrinos in the neutrino radiation (see Sec-
tion 2). The derived spectra include the dimensionless
chemical potential of electrons, ¢, which is considered
here as the only free parameter of these spectra.

In Section 3, we analyze the observations of
the neutrino signal on the LSD detector at tyr =
2 h 52 min (February 23, 1987) by using the previ-
ously obtained neutrino spectra that additionally take
into account the effects of self-absorption inside a
rotating collapsar. We develop the hypothesis about
the interaction of electron neutrinos with the nuclei
of iron that is actually present in the LSD detector
in large quantities. The products of these interaction
reactions, mainly in the form of gamma-ray photons
and electrons, are detected in a liquid scintillator
with a photomultiplier. The detection efficiency is

1063-7737/04/3001-0014$26.00 © 2004 MAIK “Nauka/Interperiodica”
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estimated by the Monte-Carlo method. We show that
the observational data are consistent with the theory
described in Sections 1 and 2 over a wide ¢ range.

1. THEORETICAL ANALYSIS OF THE TIME
INTERVAL BETWEEN THE TWO STAGES
OF COLLAPSE FOR SN 1987A

Thus, on the threshold of gravitational collapse,
the Fe—O—C stellar core has a given (from calcula-
tions of the evolution of high-mass stars with a total
mass on the main sequence Mps > 10M©®) mass M;
and a total angular momentum Jy, which are, obvi-
ously, conserved during the collapse of this core into a
rotating collapsar. Aksenov ef al. (1995) numerically
constructed a large family of such two-dimensional,
axisymmetric collapsars as a function of the parame-
ters M; and Jy. Dong and Shapiro (1995) proved the
high probability of collapsars falling into the region
of dynamical instability that is specified by the stan-
dard criterion 8 = &o1/|Egrav| > 0.27 (Tassoul 1978).
The quantities & and |Egrav| denote the total rota-
tional and total gravitational energies, respectively.
Note that during collapse with the conservation of
total angular momentum Jy and local specific angular
momentum, the energy &t greatly increases com-
pared to |Eqrav|, Which, of course, is also an increasing
quantity. This instability grows with a characteristic
hydrodynamic time and typically leads to the breakup
of the collapsarinto pieces, in the simplest case, into a
binary of neutron stars (NS); almost all of the angular
momentum can transform orbital angular momen-
tum, Jop < Jo. However, AJ = Jy — Jop becomes
the spin angular momentum of the NS themselves
essentially in the more massive component of this bi-
nary. In other words, the NS binary is formed through
the hydrodynamic fragmentation of a rotating collap-
sar. Imshennik (1992) showed that, under the addi-
tional assumption of a circular orbit of the binary and
for given M, and J,, all of the orbital parameters, in-
cluding the orbital radius ag and velocity vg (in terms
of the reduced binary mass M; My /M, according to
the Kepler law) can be determined:

ap = J(?rb . 1
GMP 32(1— 6)%
GM? M,
v = So(1—60),  bo=k (1
0= o( 0) 0= L (1)

where the free parameter 0 < §p < 1/2 appears. Be-
low, M is assumed to be the mass of the less mas-
sive NS. Remarkably, the evolution of the binary is
determined by only one factor—gravitational radia-
tion. The latter is unique from an astrophysical point
of view, because it pertains to the evolution of such
binaries, but in the presence of a low-mass NS whose
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mass is much lower than the mass of the more mas-
sive NS at the very outset; this mass is also small
in absolute terms—compared to M® (see below).
In the point-mass approximation, the gravitational
radiation (Peters and Mathews 1963; Landau and
Lifshitz 1973) and the conservative mass transfer are
described by a simple differential equation (Imshennik
and Popov 2002):

da  64G°MPo(1 —0)

da 1—-26 d_5
dt 5c¢5a3

A gy at’

where, according to the common property of NS (de-
generate stars), there is mass transfer with a decrease
in the mass of the low-mass NS (dé/dt < 0). The
derivative dd/dt can be explicitly calculated in the
Roche approximation (the Roche lobe and potential),
as was shown in detail in the paper mentioned above,
which continues the classic works in this field pio-
neered by Paczynski and Sienkiewicz (1972). Equa-
tion (2) then describes the evolution under the action
of two factors; the second factor is mass transfer
that causes the radius a to increase, in contrast to
the first factor that describes the approach of the
components. However, the second factor comes into
play only after the low-mass NS fills its Roche lobe.
Before this time, the NS only approach each other at
a constant parameter 6 = dy due to the gravitational
radiation that carries away not only the energy of the
NS binary, but also its orbital angular momentum.
For dé/dt =0, i.e., at § = &y, Eq. (2) has a simple
analytical solution from which fgray, the time of the
closest approach of the components with a constant
arbitrary parameter g, can be obtained formally up to
the radius a = 0 (Imshennik and Popov 1994):

(2)

-8

_ Jo
toray = 2.94 x 1074 ——20 3
grav X t1558(1 _ 50)9 S, ( )

where jo = Jo,/8.81 x 10* erg s and my =
M, /2M ®; this choice of scales for the dimensionless
quantities jo and my corresponds to the typical
conditions of a Fe—O—C stellar core on the threshold
of its collapse (as applied to SN 1987A). It should
be noted that the arbitrariness in specifying the initial
rotation in the stellar core is severely restricted by the
hypothesis that this rotation is rigid; this is related
to the action of convection inherent in the structure
of high-mass stars, particularly at the final stages of
their thermonuclear evolution. For this reason, the
rotational energy in the initial conditions is actually
negligible compared to the gravitational energy, i.e.,
B < 1, and the stellar structure is virtually spherically
symmetric.

Table 1 presents the values of §y that follow from
relation (3), as long as my = 0.9 (M; = 1.8M®) and,
most importantly, as applied to SN 1987A, tgry =
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Table 1

Jorb, ergs | 8.81 x 10 | 6.17 x 10%° | 3.17 x 10
o 1.00 0.700 0.360
Jac,ergs | 1.72 x 10% | 1.45 x 10%° | 1.25 x 10
Jac/ Jorb 0.195 0.235 0.394
My, M® 0.37 0.25 0.13

5o 0.206 0.139 0.0722
Atgy, s ~0.04 ~0.2 ~10
Atoe, s ~0.9 ~1.0 ~1.2

Note: My = 1.8M®, Jo = 8.81 x 10* erg s, tgray = 4.7 h.

4.7h = 16920 s are given. In these calculations, we
vary jo, i.e., the fraction of the total angular momen-
tum Jy transformed into the orbital angular momen-
tum Jy,. According to the data in Table 1, jy varies
between 1 and 1/3. The next row gives the orbital
angular momentum J,. at the time the low-mass NS
fills its Roche lobe and the evolution of the binary with
mass transfer begins. This evolutionary stage is called
accretion for short; clearly, the solution of Eq. (2)
with the second term dé/dt # 0 on its right-hand side
corresponds to this stage. We see that J,. decreased
significantly at the previous stage of NS approach
under the effect of gravitational radiation alone: by a
factor from ~5 to ~3, depending on jy. Finally, the
next rows give the sought-for values of the mass M;
and §g (its ratio to the total mass M), which also
decrease by a factor of almost 3. It is easy to see that
the following strong inequality holds over the entire jg
range: My < Mo (at least, My is larger than M by a
factor of 4 for the first column).

Thus, our identification of the time interval be-
tween the two neutrino signals for SN 1987 A with the
time of approach of the components of the putative
NS binary due to gravitational radiation alone (based
on relation (3)) fits into the theory of the rotational
mechanism of supernovae explosions for the follow-
ing reason: The minimum NS mass M; = 0.13M®
still exceeds the lower mass limit for stationary NS,
Mimin = 0.095M ® (Blinnikov et al. 1990; Imshen-
nik 1992; Aksenov et al. 1995), when the star ex-
plosively disintegrates with its transformation into an
iron gas. The derived strong inequality §p < 1 quali-
tatively agrees with the first three-dimensional hydro-
dynamic calculations of the fragmentation of a rotat-

ing collapsar (Houser ef al. 1994; Aksenov 1999), in
which a ~0.1M ® mass ejection actually emerges.!

Nevertheless, an analysis of the physical effects
disregarded in relation (3) is required to justify the
results presented in Table 1 more reliably. To this
end, the last two rows of Table 1 give Aty and
At,. that have the following meaning: The values of
these quantities should be compared with the tgr,, =
16920 s specified above. Our estimates separately
are smaller than the latter value at least by a factor
of 2000 and are of no importance within the accuracy
of the sought parameter éyg. The physical meaning
of Aty is that, strictly speaking, from the time ¢gp,y in
relation (3), we should subtract the time interval when
the radius of the NS binary a = agg, where agg, the
critical radius for filling the Roche lobe for a low-mass
NS, is (Paczynski 1971)

ago = 2.16Rys1 6, "%, (4)

where Rys; is the radius of a NS with mass M.
Thus, it follows from (4) that agg > Rns; at dp < 1.
It is easy to show that Atg = tgrav(Jac/Jom)®. The
values of Atg are given in Table 1; they are very small.
Imshennik and Popov (1998) analyzed in detail the
mixed type of evolution described by the complete
equation (2) with mass transfer (!) until § decreased
to its critical value of d¢r = Mymin/M; = 0.053, i.e.,
until the explosion time of the low-mass NS. By
definition, mass transfer is possible if the condition for
the immersion of a low-mass NS in its Roche lobe
is satisfied, i.e., a < ag, which includes the current
critical radius for filling the Roche lobe,

ag = 2.16Rns 0933, (4)
obtained by a natural generalization of relation (4),
depending on the parameter d < §y and the ra-
dius Rnys of an NS with mass My = dM;. This
inequality is actually satisfied throughout the mixed
evolutionary stage of the NS binary, which can also

'nterestingly, if a rotating collapsar fragmented into pieces of
equal mass (0o = 1/2) at the same values of m; = 1.8 and

jo = 1.0, the time of approach of the components (t’;,rav ~
400 s), according to formula (3), would be many times
shorter than the time specified by the observations of the
neutrino signals (tgay = 16 920 s)!
2As the NS radius Rys, we may take interpolation formulas
derived for numerical calculations of the radii of cold NS with
the inclusion of low-mass NS, for examples, from Yaranows-
ki and Krolak (1992). However, it should be remembered
that, in our case, still very young and, hence, relatively hot
NS whose radii are generally larger than the radii of cold NS
are members of the binary. This implies that their Roche
lobes are filled earlier and that their radii ago are larger, but
the related changed corrections Aty and Aty are still negli-
gible compared to the sought-for time gy from relation (3).
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be proved from physical considerations (Imshennik
and Popov 1996).

At,. follow from these calculations, because the
calculations yield a time dependence At(¢§) within the
range dp > d > 0¢r With Atae = At(der). In contrast
to Atgr, this quantity should be added to tgr,y, because
the two effects partly compensate each other. There-
fore, their total effect, which is at a maximum in the
last row of Table 1, is 8.8 s, which, we repeat, is negli-
gible for the sought-for parameter §y. In short, quan-
titatively including the second evolutionary stage of
the components of the NS binary turned out to be
completely unnecessary.

Nevertheless, it remains to determine how impor-
tant the assumptions about the total mass of the
Fe—O—C stellar core, M; (which was taken above to
be 1.8M®), about the total angular momentum Jy
(which was taken above to be 8.81 x 10%? erg s), and,
finally, about a zero orbital eccentricity eg = 0 are. At
a fixed tgray, obvious dependences follow from (3) for
S0 < 1: (1 — 09)do ~ &g o 5§39m 7. In Table 1, the
dependence &y oc jO-%, of course, holds. Since the de-
crease in initial Jy as well as its increase are severely
restricted by the condition of the dynamical rotational
instability itself (Aksenov ef al. 1995), the change in

My oc JO89 o JO® is small. The same is also true

for the dependence M; Mt’l'7 that follows from the
previous dependence of the dimensionless quantities,
but for a different reason: the masses of Fe—O—C nu-
clei are limited to the standard range 1.2M® < M; <
2M®, as predicted by the stellar evolution theory.
Note that, in this case, M; = 1.8M® in Table 1 is
close to the upper limit of the range, so the possi-
bility of its decrease in stellar cores before collapse
definitely does not bring the corresponding values
of &g outside the inequality 09 > .. We can reach the
important conclusion that all the possible changes in
parameters M; and Jy do not qualitatively change the
results that were formulated above based on the data
of Table 1.

Next, let us consider not a circular but an eccentric
orbit that may well result from the hydrodynamic
fragmentation of a collapsar, i.e., with an initial ec-
centricity eg # 0 (0 < eg < 1). The problem of the
evolution of an eccentric orbit for an NS binary was
completely solved by Imshennik and Popov (1994).
Although its solution (also analytical at an arbitrary
value of eg) is more complex than that in the limiting
case of a circular orbit with eg = 0, the quantity tgr,y
of interest can be expressed elegantly (see the pio-
neering paper by Peters 1964) at the same values

of M; and Jy as those in (3):
8
- Jo (eo)
toray = 2.94 x 107 —0 22 5
grav X mt15(58(1 _ 50)9 S, ( )
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where the new (compared to (3)) dimensionless func-
tion 7(eq) is given in the form of an easily calculated
integral with a certain factor (both are functions of the
parameter e ):

(co) 48 1
T\€0) = 79 18/19
19 e / (1+ %6%)3480/2299

€0

29/19 121 ,211181/2299
% / e (1 A+ 35¢°)

(1= c2)i/2 de.

This function 7(eg) > 1 differs only slightly from unity
(7(0) = 1) as long as eg < 0.5 and increases steeply
at eg — 1, 7(ep) o 1.81(1 — €3)~ /2. Our analysis
shows that the limiting (singular) case of ey =1
itself cannot be considered, because the necessary
condition for the orbits being quasi-stationary is not
satisfied. For this reason, this case has been excluded
in the above ey range. The qualitative result obtained
by Imshennik and Popov (1994) may be considered
to be the establishment of such a rapid decrease
in eccentricity e (de/dt < 0 for any ey and dg) due
to gravitational radiation that e =¢e; < 0.1 by the
time the low-mass NS fills its Roche lobe, i.e., the
orbit is almost indistinguishable from a circular orbit.
To be more precise, this inequality also depends on
the parameters m; and jy and on the radius Rys;
(Imshennik and Popov 1994 ):

m3 19/12 Rys: 19/12
044 | =L Siahi\ LSS . (7
acoou () (i) @

As our analysis indicates, the influence of these pa-
rameters and the radius is quantitatively small, so
the previous eccentricity estimate is definitely justified
by formula (7). This circumstance seems quite fortu-
nate, because the entire theory of mass transfer was
constructed precisely for circular orbits. It would be
instructive to estimate the influence of a finite initial
eccentricity eg on §y. We take jo =1 and my = 0.9
in formula (5) and substitute ey = 0.9, so the func-
tion 7(eg) = 3; hence we obtain §g = 0.241 at tgry =
4.7 h, which should be compared with §y = 0.206
(the first column in Table 1). The following general
conclusion can be reached: the influence of a finite
initial eccentricity, ey # 0, is negligible and does not
lead (like the influence of my) to any violation of the
condition dg > &.r. The latter inequality ensures the
existence of a low-mass ejection (dg < 1) in the form
of an NS.

One of the important results of the analytical
model for the evolution of a close NS binary is the
conclusion that, in the solution of Eq. (2) with mass
transfer, the approach of the components very soon
gives way to their recession from one another, and the
dependence on the initial arbitrary parameter g of the
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binary virtually disappears. We are talking here about
the sought-for dependence of § on time At during
the mixed evolutionary stage under the action of
both factors: gravitational radiation and mass transfer
(accretion) (see Fig. 6 in the paper by Imshennik
and Popov (1998) cited above). This circumstance
is formally similar to what has been said above
about the influence of the other initial parameter e
on the solution. Thus, during the evolution under
consideration, the influence of both emerged arbitrary
parameters, §y and eq, essentially vanishes, and the
evolution of a close NS binary finishes irrespective
of the choice of these parameters. However, a third
arbitrary parameter, AJ = Jy — Jor, appeared in the
course of our theoretical analysis. This parameter
may prove to be crucial: Will the evolution end with
the merger or explosion of a low-mass NS that
has overfilled its Roche lobe? As Imshennik and
Popov (1998) showed, the concept of a (circular)
orbit and the point approximation for the gravitational
interaction of both NSs become meaningless at the
very end of the evolution.® A numerical solution
of the three-dimensional hydrodynamic problem is
required. This solution is extremely complex if the
effects of gravitational radiation, neutrino radiation,
and the nonideal equation of state for these NS are
included in the problem. Of course, this solution is of
relevant interest, but we have to restrict our selves
to reasonable (?) physical estimates before it can
be implemented after the overcoming of fantastic
difficulties. Until now, it has been assumed that
the more massive component with mass My = (1 —
09) M does not collaps for the second time during
the fragmentation of the rotating collapsar due to
the residual total angular momentum AJy. The first
neutrino signal was produced only by the primary
collapse of the Fe—O—C stellar core that led to the
formation of this collapsar before its fragmentation.
However, even during the evolution, once the orbital
radius a = agpg was reached, the high-mass NS
gradually (in a time At,. ~ 1s)increased its mass up
to My = (1 — d.;) My. However, the centrifugal forces
attributable to the angular momentum AJ could still
reliably prevent its secondary collapse. Here, it is
important to note that this angular momentum AJ
can even exceed J,.: for example, for the second
column of Table 1, J,c = 1.45 x 10* erg s, while
the corresponding AJ = 2.64 x 10* erg s. Using
relations (1), but for the final state of a binary with

3Quan‘[i‘[a‘[ively, this last period of the evolution of a close NS
binary is very short in terms of §; more specifically, it arises
at 6 = 0™ = 0.082, which exceeds the above critical value
of d¢r = 0.053 only slightly. The parameter §* is virtually
independent of the initial value of do, but depends on other
parameters, M; and Jom, (Imshennik and Popov 1998).

the orbital angular momentum J,. given above, we
can easily find that the parameters of this orbit are
a; = 2.22 x 107 cm and v; = 3.28 x 10° em s71, so
the angular frequency of the binary is wy = vj/a; =
1.48 x 102 s~!. On the other hand, the angular
frequency of a high-mass NS with the above value
of My = 1.7T0M® is € ~ 10° s~! for rigid rotation
(overestimate) or Q; ~ 103 s~! for a typical differen-
tial rotation law (underestimate).

In short, the strong inequality €; > w; holds.
However, the corotation condition is valid in close
binaries. According to this condition, the orbital
angular momentum must be much larger than the
spin angular momenta, because the frequencies of
these rotations, w; and €, are equalized by tidal
forces.

Strictly speaking, this condition takes effect even
at the very beginning of the mixed evolutionary stage,
i.e., since the time the low-mass NS fills its Roche
lobe. Thus, a corollary of the corotation condition is
the transformation of spin angular momentum AJ
into the orbital angular momentum of the binary. In
this way, we also remove this main obstacle to the
secondary collapse of a high-mass NS. The following
legitimate question arises: Why did not the corota-
tion condition prevent the appearance of a significant
residual angular momentum AJ during the fragmen-
tation of the rotating collapsar? A completely justified
answer to this question will probably be given after
the construction of a three-dimensional (!) hydro-
dynamic model with a consistent allowance for the
same physical factors that we mentioned when dis-
cussing the end of the evolution of a NS binary, but we
can make a qualitative estimate. To be more precise,
we can draw attention to the characteristic times of
the hydrodynamic fragmentation, which was called
hydrodynamic not by chance. These characteristic
times are only 1073 s, while the characteristic times
of the mixed evolution for a NS binary, as has been
repeatedly said above, are much larger, ~1 s. There
is yet another factor in favor of the appearance of the
residual angular momentum under consideration in a
high-mass NS, as will be seen below.

Thus, a high-mass NS collapses in complete ac-
cordance with the standard model without rotation
(Nadyozhin 1977a, 1977b, 1978). This collapse is
accompanied by a standard neutrino signal, because
during its evolution, the binary has virtually gotten
rid of the bulk of its total angular momentum due to
gravitational radiation. However, the remnant of the
spin angular momentum was redistributed, accord-
ing to the above assessment, to the orbital angular
momentum, essentially transferring to the low-mass
NS (see also below). It is important to recall that the
integrated parameters of the standard neutrino signal
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are in satisfactory agreement with these parameters of
the second neutrino signal from SN 1987A (Imshen-
nik and Nadyozhin 1988; Blinnikov ef al. 1988).

2. ESTIMATING THE (ELECTRON)
NEUTRINO SPECTRA FOR SN 1987A

So far, we have been able to consistently ana-
lyze the collapse of a stellar Fe—O—C-core with ini-
tial rotation only in the one-dimensional, spherically
symmetric statement of the problem by averaging the
centrifugal force over the meridional angle (the only
change of the problem then concerns the equation of
motion from the complete system of four equations
written in Lagrangian coordinates). The assumption
that the local specific angular momentum j is con-
served played a key role in this great simplification
of the problem. In this case, the centrifugal force F;.
was unambiguously expressed in terms of the initial
rigid-rotation parameters wy = const and ro(m) and
the Eulerian radius r = r(m,t), with F. oc r=3. Ob-
viously, the total angular momentum was then also
automatically conserved in this case,

M M

2 2
Jo = g/jdm = gwo/rg(m)dm,
0 0

with the factor 2/3 being attributable precisely to the
angular averaging of the centrifugal force:

2y2 B 2w8’r§(’m)

33 (myt)

The first numerical calculations of this kind were
performed by Imshennik and Nadyozhin (1977). The
equations of state, the processes of material neu-
tronization, and the description of neutrino processes
did not differ in any way from their representation
in the standard model. These hydrodynamic models,
which were called quasi-one-dimensional because of
the described allowance for the rotation effects, were
computed until the formation of a hydrostatic equi-
librium configuration that was called above a rotating
collapsar.

Another study of the quasi-one-dimensional model
with detailed analysis and testing of the results was
carried out later (Imshennik and Nadyozhin 1992).
In this paper, we focus on the discussion of the
neutrino radiation parameters that were limited in the
papers by Imshennik and Nadyozhin (1977, 1992)
only to data on a light curve with a total energy
E,5 = 3.3 x 10°? erg (by the end of the computation
t =2.9 s) and to parameters of the neutrinosphere.
Apart from the marked difference between the neu-
trino light curves for the calculations of the stan-
dard model (wp = 0) and the quasi-one-dimensional

2w
F, = -
"3 r

(8)
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model with wy = 0.86Q0 (Qo = (GM;/R3)'/? is the
velocity at which the centrifugal and gravitational
forces are equal on the surface of the stellar core

near the equator),* an enormous difference appears
between the neutrino optical depths indicated by
several numbers in these light curves (see Fig. 6 from
Imshennik and Nadyozhin 1992). Whereas 7 > 100
for the standard model starting from the maximum of
the light curve, 7 is typically several units (except the
middle part of the light curve where it rises to 32)
in the model with rotation. This implies that the
approximation of radiative heat conduction used in
the calculations is near its validity boundary for the
quasi-one-dimensional model. In addition, the region
inside the neutrinosphere encloses less than half of M;
by mass (see Fig. | from the cited paper). By the end
of the computation, this mass decreases by several
more times (~5) (see Fig. 5 from the cited paper).
We must also take into account the ambiguity in
determining the neutrino optical depth itself (formally,
four different determinations of it are possible!), in
contrast to the photon optical depth. Nevertheless,
an optically opaque region near the center of the
collapsing stellar core since the time ¢t = 0.5 s was
introduced in the cited paper (see Fig. 1). The main
objection to this introduction is as follows: The rotat-
ing collapsar in the initial two-dimensional axisym-
metric configuration is a highly flattened structure
(Aksenov et al. 1995) the polar radius of which is
several times smaller than its equatorial radius. This
flattening naturally entails a decrease in 7 at least by
the same number of times. In addition, it is clear that
the rotating collapsar will be a hydrostatic equilibrium
configuration only in an axisymmetric geometry. If
the criterion for dynamical instability given above
and obtained quantitatively, 8 =0.42 > 0.27 = (.,
(Imshennik and Nadyozhin 1992), is satisfied, in-
stability relative to the third (azimuthal) coordinate
will rapidly (on the characteristic hydrodynamic time
scale) transform it into a dumbbell-like configuration.
The central region of the collapsar with the lowest
specific angular momenta will be located in the bar
of this dumbbell, which is very thin compared to
the end balls. Here, it should be emphasized that,
strictly speaking, the rotating collapsar cannot be
formed as an equilibrium structure if the criterion
8 > Ber is satisfied. It has the right to exist only for
our idealization of axial symmetry and, of course, in

*Since the adopted initial angular velocity wo is of great im-
portance, we give its numerical value specified in the calcula-
tions of the quasi-one-dimensional model: Qo = 1.78 s~ (at
M; = 2M® (1), Ry = 4.38 x 10® ¢cm), and the correspond-
ing value of wo = 0.86Q0 = 1.53 s™* (the substitution of the
coefficient 0.86 for 0.80 in the succeeding paper (Imshennik
and Nadyozhin 1992) is among the corrections to the pre-
ceding paper (Imshennik and Nadyozhin 1977)
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terms of the quasi-one-dimensional model. Thus,
the former center of the collapsing stellar core will
certainly be seen not only toward the poles, but also
on the sides of the bar, into which it falls during
the nonlinear growth of dumbbell barlike (m = 2)
instability (Tassoul 1978; Aksenov 1996).

The above qualitative discussion gives us the right
to advance the following hypothesis: the central re-
gion of the quasi-one-dimensional model with the
formation of a rotating collapsar may be considered
to be completely transparent for intrinsic neutrino
radiation. Concurrently, it seems quite justifiable to
retain the thermodynamic parameters in this region
obtained in the calculations by Imshennik and Na-
dyozhin (1977, 1992) as moderately sensitive to this
change of the status of neutrino radiation (from sur-
face to bulk), because the optical depths are so small
in these calculations. In any case, retaining such
quantities as the central density and temperature (p.
and T¢.) we can be sure of their consistency, because
they satisfy three of the four equations of the quasi-
one-dimensional model (together with a violation of
the entropy equation). Concurrently, we retain the
total energy of the neutrino radiation, £, = 2.76,; =
8.9 x 1052 erg. The numerical coefficient 2.7 is in-
troduced by analogy with the standard model (Nady-
ozhin 1977a, 1977b, 1978), where the corresponding
valueof £,; = 1.9 x 10°3 erg at time t = 2.4 s (see the
table from Imshennik and Nadyozhin 1992) trans-
forms into £*; = 5.3 x 10°3 erg through justified esti-
mates of the prolonged neutrino cooling stage of a hot
NS (Imshennik and Nadyozhin 1988). The presented
approach may be fraught with the overestimation of
the bulk radiation parameters, particularly the total
time of this process for an unstable rotating collap-
sar.® The interpretation of the observed time interval
between the two neutrino signals from SN 1987A
justified in the preceding section on the basis of the
previously advanced rotational mechanism of the ex-
plosions of collapsing supernovae may serve as an
indirect justification of the suggested approach.

Thus, we take the total energy carried away by
neutrino radiation with allowance made for the cool-
ing of the rotating collapsar (by the time #5, ~ 6 s),

£, =8.9 x 10°% erg. 9)

At this time, the material is so cold that the neu-
trons degenerate (actually, this effect should have
been taken into account at the end of the numerical
calculation of the quasi-one-dimensional model, ¢t =
2.9 s).

®We are grateful to D.K. Nadyozhin for a critical discussion
in which he, in particular, drew special attention to the above
circumstance.

Let us next consider the spectral properties of
the neutrino radiation by assuming the bulk radi-
ation mechanism due to the non-one-dimensional
hydrodynamic collapse noted above. We restrict our
analysis to the main reaction of the modified URCA-
process e~ 4+ p — n + v, in which electron neutri-
nos v, are generated. If the material contains only free
nucleons (see the estimates below), as was specified
in the quasi-one-dimensional model, then, based on
the Kirchhoff law and using the expression for the
ve mean free path (Ivanova ef al. 1969a; Imshennik
and Nadyozhin 1972), we obtain the spectral specific
radiation power:

4B, 1 2 1

Qv _ + mms 1
mo (ft)np 1 + @

PP

(10)

( Ev )5 1 —1 -1

X s,
mec? ) 14 exp (,‘f—i”p — go)

where © = N,,/N,, is the degree of neutronization of
the material, ¢ is the dimensionless chemical poten-
tial of the electron gas (see below), €, is the neutrino
energy in erg, and the spectral power is given per unit
interval of this energy. Below, we will be interested in
the dependence of (g, /p) on energy ¢,, in which an
allowance for the Pauli principle in the initial v, mean
free path plays a crucial role: it is responsible for the
exponential factor in (10). Note also that relation (10)
gives the spectral power of the neutrino radiation B,
per unit solid angle. By definition, the neutrino radi-
ation in the reaction under consideration is isotropic
in each (Lagrangian) particle of the material, so B,
in (10) is also isotropic. The energy dependence of
(qv/p) follows from (10):

qu Ev >
— x
p MeC?

1 xd

X x
l+exp (g5 —¢) 1+exp(z—)

(11)

= ¢(x7 90) s

where x = ¢, /kT, ¢ = p./kT, and p. is the chemical
potential of the electrons ([ue] = erg). The function
¢ = ¢(x, ¢) with a specified parameter ¢ has only one
maximum with . > ¢ and the following asymp-
totics: ~z® (for 2 — 0) and ~ z%e™* (for x — 00).
The quantity zmax = Tmax(¢) can be easily calculated
and is given in Table 2. Curiously, at ¢ = 10, the exact
solution for zmax = ¢ = 10, while in the remaining
cases of specified ¢, nax is given with four significant
figures. We probably could have also calculated the
v, energy averaged over spectrum (11), but it will
suffice to understand that it is close to xmax, and
exceeds it slightly. These important quantities in the
Ve spectrum appear to have the following main prop-
erty: Zmax > 5 for ¢ < 5; xmax >~ ¢ for ¢ >5). The
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inequality zmax > 5 always holds for the lower limit
of the maximum of the spectrum.

[t would be appropriate to apply a correction for
the self-absorption of neutrinos of sufficiently high
energies in the layers surrounding the center of the
rotating collapsar to the v, spectrum from (11). Let
the mean optical depth of these layers be (7,,) =k,
where k is an arbitrary number that may be close to
unity (k < 1) even if the non-one-dimensional effects
are taken into account. Of course, it is smaller than
the optical depths obtained by Imshennik and Nady-
ozhin (1992) (see above). The value of (7,) can be
determined by the following estimate together with its
spectral value:

[ B,(1/1,)de, "
(r,) = R T , =1 (12)
B,de, v
0

where R is an effective radius (to simplify the estima-
tion of (12), we disregard the weak dependence of the
thermodynamic parameters in the surrounding layers
on the current radius r). Thus, the mean (7)) in (12)
is weighted in radiation intensity B, from (10). Let us
write the expression for the mean free path I/, which
will be needed below (recall that it is uniquely related
to (10) for B, by the Kirchhoff law):

mpl+01 (meCQ)Q 1+ exp(e,/(KT) — )
€y exp(ey/(kT) —¢)
(13)

I, =
v ao © 1%

whence we find an explicit expression for the mean (7,,):

kT

mec?

(1) = rR% 9 ( (14)

2
U(p).
m01+@p ) (%)

The dimensionless function ¥ () is given by

[e.o]

U(p) = 7/”0—6613;

e i B

00 -1

25
x / S A —_
1+ exp(z — )
0
This expression can be easily tabulated by numerical
integration. Table 2 gives the values of ¥(¢). In con-
clusion, we can easily determine the dimensionless
energy y = £,/(kT) that with I, from (13) separates
the spectrum into two parts: 7, < kifx < yand 1, >
kif x > y. To this end, we equate the spectral depth 7,
to the mean (7,) from (14). Substituting Eq. (13)
for 1/, and Eq. (14) for (7,,) into the equality 7, = (7,
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Table 2
%) 0 2.5 5.0 7.5 110.0 | 20
Tmax(@)| 5.033| 5.303| 6.327| 8.008|10.00| 18.97
U (p) 42.30 [44.29 |50.14 |59.70 |71.39(125.9
y() 6.509| 6.750| 7.396| 8.757(10.57| 19.32

yields a transcendental equation for the sought-for
quantity y:

y? = U(p)exp(e —y) +1]. (16)

The numerical solution of Eq. (16)is also presented in
Table 2. We see that y exceeds xyax only slightly for all
values of ¢, implying that the v, spectrum at k ~ 1 is
cut off immediately after its maximum. For k& < 1, the
cutoff boundary is shifted slightly to higher energies.
Note that the true value of k& can be determined in
future hydrodynamic calculations, but its closeness
to unity follows from the paper by Imshennik and
Nadyozhin (1992).

Below, we apply these simple estimates to the
thermodynamic parameters of the quasi-one-dimen-
sional model for a rotating collapsar. Unfortunately,
only some of the characteristic quantities, and only
in the form of p. and T, the central density and
temperature, but not the parameter ., the central
chemical potential of the electrons from (10), are at
our disposal.® To calculate the corresponding value
of ¢, we will do the following. We will use the elec-
trical neutrality condition for the material, which is
naturally satisfied in the hydrodynamic calculations of
collapse. It is greatly simplified in the ultrarelativistic
case for a Fermi—Dirac electron gas:

8t (kT\®
—<—> (¢ + %) = —L

3 \ch mo(1+ ©)’ (17

We can determine ¢ of interest from this condition
(in the form of a cubic equation) by using the given
parameters p and 7. We know these parameters at
the stellar center, p. and T, for the time t = 2.9 s
at which the computation ends (Imshennik and Na-
dyozhin 1992; see the table there) and for the ear-
lier time ¢ = 0.0 s at which neutrino opacity sets in
(Imshennik and Nadyozhin 1977). Two pairs of these
parameters are presented in Table 3. However, as
we see from condition (17), the parameter © should

®In both their publications of the calculations of the quasi-
one-dimensional model, Imshennik and Nadyozhin (1977,
1992) focused on the rotation effects and the possibility of
the transformation of collapse into an explosion and provided
only minimum information concerning the integrated quan-
tities of the light curve for neutrino radiation and its total
energy.
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Table 3

pe=2.6x10%gem=3, | p. = 1.70 x 10 gem~—3,
T.=6.2 x 101°K T. =5.89 x 101° K
(kT. = 5.34 MeV) (kT. = 5.074 MeV)

O.]12.6/100 | 1000 |O, 12.6
ve | 25.7] 13.0 5.63 | o 10.6

also be specified to solve the cubic equation. In Ta-
ble 3, it is varied for the first pair of p. and T, over
a wide range; the lowest value from the previous
case will suffice for the second pair. In reality, the
hydrodynamic calculations yield values of the material
neutronization parameter © that do not exceed 100.
Therefore, we conclude from the data of Table 3 that
we ~ 10 may serve as a rough estimate. The corre-
sponding energies, the mean energy and the energy at
the maximum of the spectrum, in (11) are then found
to be equal (see Table 2):

<5u> X Eymax = chQOC (18)

~ (53.4—50.7) MeV =~ 50 MeV.

Estimate (18) should be improved further, but the
unusual hardness of the neutrino spectrum compared
to the standard model of collapse without rotation
is beyond question. We emphasize that the steep
fall attributable to the v, self-absorption considered
above (see Table 2) takes place immediately after the
maximum of the spectrum.

Next, let us first estimate the total number of v,
required for the almost complete neutronization of the
material of a rotating collapsar (© < 100) indepen-
dent of the mean energy of the v, spectrum:

N, =1.8My— = 1.0 x 10°".
®m0 <AFe

On the other hand, according to the previous estimate
of N,, the total energy &, of these neutrinos with
(ey) = 50 MeV is

£, = N,(g,) = 8.0 x 10° erg,

a value that is only slightly lower than &, from (9).
To be more precise, about 10% of the energy remains
for antineutrinos, 7,:

E=E, — &, = 0.9 x 10°? erg.

Note that the necessary condition &,; > &, is still
satisfied, with nothing remaining for muon and taon
neutrinos (&, = Evrpr = 0). Meanwhile, the large
deficit of 7, was clear from our estimate of the elec-
tron chemical potential. According to Imshennik and
Nadyozhin (1972), the latter is related to the neutrino

chemical potential by a simple relation for the ther-
modynamic equilibrium conditions of the v, (7. ) and
e~ (e™) degenerate gases:

Y=¢—1no.

Thus, for ¢ = 10, we obtain ¢ = 4.6—7.7, depending
on ©® = 100—10. This implies that the number of 7, is
strongly suppressed, being proportional to exp(—1),
compared to the number of v,.

[t may seem that we use the parameters 7¢ and p.
noncritically, with the density of the material (on the
order of nuclear density!) playing a major role in the
achievement of high characteristic values of ¢, ~
10. However, the density p. was carefully analyzed
by Imshennik and Nadyozhin (1992), including its
dependence on the initial values of the rotation pa-
rameter wy, using the derived analytical formula that
relates this density to the relative centrifugal force
near the center of the rotating collapsar. This analy-
sis inspired confidence that initial rigid rotation with
a sufficiently large total angular momentum, Jy ~
10°° erg s, does not prevent the emergence of a high
density, p. ~ 10'* g cm™3, at the center of the rotat-
ing collapsar.

One would think that a significant admixture of
iron nuclei etc. may be retained in the material under
these conditions of relatively cold collapse (for a com-
parison of the central temperatures of the calcula-
tion under consideration and the standard model, see
Imshennik and Nadyozhin (1992)). This admixture, of
course, would immediately made condition (17), from
which the chemical potential ¢ was estimated, more
complex. The iron mass fraction X, can be estimated
using the paper by Imshennik and Nadyozhin (1965),
where a universally accepted equation of state for
the material was derived. Thus, using formula (29)
from the cited paper for the specified parameters from
Table 3, we find that Xg./X,, ~ 1.3 x 1072 i.e., for
X, ~ 1, we actually obtain a negligible iron mass
fraction, Xp. ~ 1072. Note that a correction on the
order of unity to condition (17) then arises, but it also
implies an increase in the sought-for parameter .

In conclusion, we may mention one subtle effect
called the redistribution of specific angular momen-
tum. In the quasi-one-dimensional model, this redis-
tribution, of course, is constant, but it can change
in principle during the fragmentation of a rotating
collapsar. This would even be necessary at 6y ~ 0.5;
i.e., when the collapsar is divided into equal pieces.
What physical factors could provide this redistribu-
tion? First, we may point out the impact of three-
dimensional tidal forces on any shear viscosity (for
estimates of the neutrino viscosity, see Imshennik
and Nadyozhin (1992)) and, finally, on the magnetic
field. Of course, these factors should be included in
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Table 4
Model &1, erg Eo, erg Es, erg €p,, MeV &€,,, MeV Ev, . MeV T, s
I ) 12.6 10.5 — 20
(3—14) x 10°3 (0.5—2.3) x 1053 10°?
11 10 8 25 5

Note. & is the total burst energy transformed into neutrinos of all types; & is the total energy carried away by v;, where v; =
Ve, Vey Uy, Uy Vr, Uy €3 is the total energy carried away by v during the neutronization of the star in a time ~3 x 1072 s; &3,
Eve, Ev, , are the spectrum-averaged energies of 7e, ve, and v, -, respectively; T is the duration of the neutrino burst.

future hydrodynamic models. At present, however, we
may dispense with them if we are dealing with frag-
mentation into two pieces with a large difference in
their masses (09 < 1). The initial rigid-rotation law
then provides a high orbital angular momentum of a
low-mass ejection almost without any redistribution
of specific angular momentum. In our opinion, this
circumstance is another argument for fragmentation
with low values of the parameter §y (see Table 1)
suggested in Section 2.

It would probably make sense to discuss the
main conclusion of this section concerning the hard
spectrum of electron neutrinos in the absence of other
types of neutrinos from the viewpoint of possible
future studies. We repeat that this conclusion requires
a new series of quasi-hydrodynamic calculations of
collapse in which, first, the bulk nature of the neutrino
radiation in the generalized URCA process with
corrections for self-absorption (Ivanova et al. 1969a)
would be postulated, and, second, the more general
kinetic equation for neutronization to which the
complete system of kinetic equations reduces in
nuclear statistical equilibrium (Imshennik and Na-
dyozhin 1982) would be used in the calculations of
the degree of neutronization of the material instead of
the rough approximation of kinetic equilibrium for the
(B-processes. We may take the risk of asserting that
such calculations will generally lead to a decrease
in the central temperature of the rotating collap-
sar, but with a simultaneous increase in its central
density. According to relation (18), such changes in
thermodynamic parameters will entail approximate
conservation of or, most likely, a moderate decrease in
the characteristic energies of the v, spectrum, which
will probably be in better agreement with the LSD
observations of the neutrino signal from SN 1987A
than the very hard spectrum with (g,) ~ e, max >~
50 MeV in (18) considered above.
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3. A MODEL FOR A ROTATING COLLAPSAR
AND A POSSIBLE INTERPRETATION OF
THE EXPERIMENTAL RESULTS OBTAINED
WITH NEUTRINO DETECTORS AT THE
EXPLOSION TIME OF SN 1987A ON
FEBRUARY 23, 1987

Let us consider how the various detectors operated
during the explosion of SN 1987A could record the
neutrino signals in terms of the model for a rotating
collapsar that reduces to the following:

(1) Two neutrino bursts separated by a time ¢8™" ~
5 h must exist.

(2) The neutrino flux during the first burst consists
of electron neutrinos (v, ) with a total energy &,, =
&, = 8.9 x 10°? erg; the neutrino energy spectrum
#(Ev., ) (11)is hard and asymmetric with mean en-
ergies in the range 25—50 MeV (Fig. 1); the duration
of the neutrino radiation is tg, ~2.9—6s.

(3) The second neutrino burst corresponds to the
theory of standard collapse.

To compare the detector responses to these two
neutrino bursts, we first give basic parameters of the
neutrino fluxes obtained in the standard model and
consider the neutrino detection methods.

The experimental searches for neutrino signals
from collapsing stars began with the paper by Zel-
dovich and Guseinov (1965), who showed that gravi-
tational collapse is accompanied by an intense short
pulse of neutrino radiation. The search for collapse
by detecting such a signal was first suggested by
Domogatsky and Zatsepin (1965). The role of neu-
trinos in stellar collapses was considered by Arnett
(1966), Ivanova et al. (1969b), Imshennik and Na-
dyozhin (1982), Nadyozhin and Otroshchenko (1982)
[model 1], Bowers and Wilson (1982), Wilson ef al.
(1986) [model 1] and Bruenn (1987).

Parameters of the neutrino fluxes during the col-
lapse of nonmagnetic, nonrotating, spherically sym-
metric stars were obtained by the above authors and
are given in Table 4.

[t follows from the theory of standard collapse that

the total energy carried away by neutrinos of all types
(Vey De, Vy, Uy, vy, D7) corresponds to ~0.1 of the
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Fig. 1. Neutrino energy spectrum ¢(e., ¢) (in arbitrary units) versus e, in MeV (a) and ¢*(x, ¢) (in arbitrary units) versus
x =&, /kT (b); p = pe/kT is the dimensionless chemical potential of the electron gas.

stellar core mass and is equally divided between these
six components.

Until now, Cherenkov (H2O) and scintillation
(CrHay) detectors, which are capable of recording
mainly 7., have been used in searching for and de-
tecting neutrino radiation. This choice is natural and
is related to the large cross section for the interaction
of 7, with protons:

De+p—e +n, (19)
Opep = 9.3EZ x 107" em®,  E_+ > 0.5 MeV.

Moreover, reaction (19) has a distinctive signature,
and, as was first shown by Chudakov et al. (1973),

a proton may be used as a neutron catcher with the
subsequent formation of deuterium (d) and the emis-
sion of a y-ray photon with a time 7 ~ 180—200 pum:

n+p—d+vy, FE,=22MeV. (20)

Electron antineutrinos 7, can be detected by search-
ing for a pair of pulses separated by the capture time.
The first and second pulses are attributable to the
detection of e™ and ~y-ray photons, respectively.

The v,-scattering reactions have much smaller
cross sections, but they allow the neutrino arrival
direction to be determined in Cherenkov detectors:
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Vete =ve+e , oye=94e, X 1074 cm2, ey, > 0.5 MeV, (21a)
Ue+e =Dg+e, 0pe=39e, x107¥ em?, &5 >0.5MeV, (21b)
vite =vi+e, o,.=16ec, x107% cm?, ¢, >0.5MeV, .
~ _ : : : 1= [,T. (21¢)
vit+e =U.+e, ope=13p X 10~% ecm?, ep; > 0.5 MeV,
In scintillation detectors, neutrinos with energies above the threshold ( Ey,;) also interact with carbon:
Vi + 12¢c 5 12¢x + v, FEgu=151MeV, i=e,u,7, (22a)
Ly 2C+y, E,=151MeV,
ve+12C -5 BN+e, Ey,=17.34 MeV, (22b)
L,lQC +et +uv,, T=159ms,
De +12C -5 2B +et, Ey, =144 MeV, (22¢)
LypC+e +7, 7=293ms,

where Fyy,; is the threshold energy of the reaction, and
7 is the mean lifetime of the 2B and 2N isotopes.

The cross sections for reactions (22a)—(22¢) were
calculated by Donnely (1973), Fukugita ef al. (1988),
Mintz et al. (1989), Kolb ef al. (1994), and Engel
et al. (1996) and measured in the Los Alamos E225
(Athanassopoulos et al. 1990), LSND (Allen 1997),
and KARMEN experiments (see, e.g., Mashuv 1998).

Reaction (22a), which yields a monochromatic line
at 15.1 MeV, allows one to measure the fluxes of v,
and v, with energies twice the v, energy (Ryazhskaya
and Ryasny 1992) for standard collapse and the to-
tal neutrino flux with energy &, > 15.1 MeV for any
model of collapse. Reactions (22b) and (22¢) in the
standard scenario yield a smaller number of events
without oscillations. With oscillations, the number
of events increases and becomes comparable to the
effect produced by reaction (22a) at equal neutri-
nosphere temperatures for neutrinos and antineutri-
nos, T, (Aglietta ef al. 2002).

The cross section for the interaction of neutrinos
with 180 nuclei in Cherenkov detectors o (v160) for
gy, <25 MeV is low compared to the cross sec-
tion o(v12C) (Bugaev et al. 1979).

In Cherenkov and scintillation detectors, the
emission from e™, e~, and photons is recorded by
a photomultiplier. A neutrino burst is identified by
the appearance of a series of pulses in the range of
amplitudes from the detector energy threshold ( Ey,.)
to 50 MeV in a time from several seconds to several
tens of seconds, depending on the model of collapse.

Four detectors were operating during the explo-
sion of SN 1987A: two scintillation (in USSR and
[taly) and two Cherenkov (in USA and Japan). Pa-
rameters of the detectors are given in Table 5.
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The effects from reactions (19) and (21a), (21c¢)
expected in the model of standard stellar collapse in
the Large Magellanic Cloud are shown in Table 6. We
see that reaction (19) gives the largest contribution.
It should be noted that all of the detectors except
the LSD could record only e™; i.e., there was no
signature of the event by which reaction (19) could
be unambiguously identified.

Features of the Construction of Scintillation
Detectors

Since we explore the possibility of detecting elec-
tron neutrinos by the nuclei of the detector materials,
we will briefly consider the features of the construc-
tion of scintillation detectors, because some of them
have not been reported previously.

The Baksan Underground Scintillation Telescope
(BUST) (Alexeyev et al. 1979) is a cube with sides
14 m square. There are two horizontal planes inside
the cube. 400 scintillation counters 0.7 x 0.7 x 0.3 m?
in size are located on each of the cube’s planes
(six outer and two inner). Each counter is watched
by one photomultiplier. The spacing between the
horizontal planes separated by an absorber is about
3.6 m; the thickness of the absorber is ~170 g cm ™2,
~20 g cm~2 of which is made up of iron. The scintil-
lator is made of white spirit (Voevodskii et al. 1970);
the molecular composition is C,Hs,, @ = 10. The
detection threshold of energy release in the module
is ~10 MeV. The working volume of the detector
consists of counters located on three horizontal
planes: the two inner and one lower; the scintillator
mass is 132 t. In analyzing the results of February 23,
1987, the authors also used data from some of the
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Table 5
Detection efficienc Back d
Depth of ) Detection Y acpl%rsc;un
Detector water Wor]l:/;ng miss,t threshold, | o+ spectrum | e” spectrum | frequency
equivalent, m ateria MeV of reaction | of reaction m, s~ 1
Uep — eTn |vie” — vie”
(19) (21a, 21c)*
130(200) C,Ha,
BUST, USSR 850 10 0.6 0.15(0.54) {0.013(0.033)
160 Fe
LSD’ 90 CnHQn _
USSR—Italy 5200 5—7 0.9 0.4(0.7) 0.01
200 Fe
KII, .
Japan—USA 2700 2140 H>O 7—14 0.7 0.17(0.54) |0.022
IMB, USA 1570 5000 H>,O 20—50 0.1 0.02(0.18) | 3.5x10°°

* The detection efficiencies of the electron spectrum produced in the reactions vy, - (Dy,r) + €~ — v+ (Pu,-) + €~ (21c) are given in

parentheses.

** The background is given in the energy range E¢x».—50 MeV; for the Cherenkov detectors, the background is given for the recording

of internal events.

outer detectors, which increased working mass to
200 t.

The LSD detector (Badino ef al. 1984; Dadykin
1979) operated under Mont Blanc at a depth of
5200 m.w.e. consists of nine modules located on three
floors with an area of 6.4 x 7.4 m?. The LSD height
was 4.5 m. The module is an iron container with
an area of 6.4 x 2.14 m?, a height of 1.5 m, and a
wall thickness of 2 c¢cm, with eight cells separated
by 2-cm-thick iron sheets in which 1 x 1.5 x 1 m?
scintillation counters are located. In fact, LSD is an
iron scintillation detector. To reduce the influence of
radioactivity from the surrounding rocks, the detector
is shielded by steel plates. The total iron mass is about
200 t. The mass of the scintillator is made up of white

Table 6

Detector | K+ (19) | K. (21a) +(21¢) | K. (21c¢)
LSD 1.5 0.043 0.024
BUST 2 0.052 0.036
KII 17 0.53 0.36

IMB 6 0.4 0.35

spirit (Voevodskit et al. 1970) is 90 t. Each counter is
watched by three photomultipliers (FEU-49B). The
high sensitivity and low background of the detector
allow both e™ and n particles in reaction (19) to be
detected.

The parameters of the Kamiokande II and IMB
detectors are well known (see Hirata et al. 1987;
Bionta et al. 1987).

Experimental Data

To understand how the recorded events during the
collapse of SN 1987A on February 23, 1987, fit into
the scenario of a rotating collapsar, we present them
in the chronological sequence of observation:

(1) February 23, 1987, 2:52:36.79 UT: LSD
recorded a cluster of five pulses in real time; the
estimated probability of this being mimicked by
background radiation is low (less than once in three
years). No such event had been observed in two years
of LSD operation (1985—1987) (Aglietta et al. 1987;
Dadykin et al. 1987, 1988). At present, we may add
that the detector recorded no similar signal over its
entire operation time until 1999. However, it is worth
noting that the background conditions in 1988 were
improved by an additional shield.

(2) February 23, 1987: information about the event
measured by the LSD was transmitted to the group
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February 23, 1987

1 3 5 7 9 11

Optical observations

|mv=12”’ my = 6" |
Geograf | 2:52:35.4
LSD _ 2:52:32.38.8 2l 7:36:(1)(9)
KII (i)g 2:52:314 12 § 7:35:?3
IMB g 5 7:35:1;
BUST | 2:52:34 6g 71361(2)?

Fig. 2. Time sequence of the events recorded by various
detectors on February 23, 1987.

working with the GEOGRAV gravitational antenna
(Rome).

(3) February 23, 1987, 10 : 40 UT: the first optical
observation is made of SN 1987A in the Large Mag-
ellanic Cloud, ~50 kpc from Earth, and is reported
only the next day (IAU Circ. 1987).

[t is worth emphasizing that the LSD event was
observed and reported to Amaldi’s group before in-
formation about the supernovae explosion was ob-
tained. The data from the other detectors were ana-
lyzed later. Figure 2 shows the time sequence of the
events recorded by various detectors on February 23,
1987. We see that there are two groups of events
concentrated near the LSD time (2:52:36) and the
IMB and KII time (7:35:35). All the events have been
extensively discussed for the last several years.

Interestingly, strong correlations between the
pulses from gravitational antennas and underground
detectors were observed from 2:00 UT until 8:00 UT
(Amaldi et al. 1987; Pizzella 1989; Aglietta et al.
1989, 1991), but the analysis of this fact is not the
subject of this paper. Here, we wish to analyze the
event recorded under Mont Blanc in terms of the
model of a rotating collapsar. The events measured by
underground detectors near 7:36 UT are interpreted
by most physicists as the detection of antineutrino
radiation, while attempts to explain the LSD data at
2:52 UT in a similar way run into difficulties.

Table 7 presents the parameters of the LSD pulses.
The third column gives energies of the measured
pulses corresponding to the two muon calibrations
made before and after February 23, 1987 (each in a
time interval of three months) and separated by two
months. We see that the energy is determined with an
accuracy of 20—25%.
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Fig. 3. Comparison of the reduced total cross sections
with the neutrino cross section on a free neutron for the
reactionve + (A,2) — e~ + (A, Z + 1) (Bugaev et al.
1979).

Difficulties in Interpreting the Effect Measured
by LSD at 2:52 UT in the Case
of Antineutrino Detection

As was shown by Dadykin et al. (1989), a to-
tal neutrino radiation energy of &, = 6&;, ~ 1.2 x
105 erg is required to explain the LSD effect in terms
of the detection of antineutrino radiation if the con-
flicts with the results of other underground detectors
have been eliminated. This energy is more than an
order of magnitude higher than the binding energy of
a neutron star with a baryon mass of about 2M,.

In addition, only one of the five measured pulses in
the cluster was accompanied by a neutron-like pulse
that was offset from the trigger signal in the detector
by 278 pm and that had an energy of 1.4 MeV. As-
suming the detection of five antineutrinos, one would
expect the detection of five positrons accompanied, on

Table 7
Event no. Time, UT 4+ 2 ms Energy, MeV
1 2:52:36.79 7—6.2
2 2:52:40.65 8—5.8
3 2:52:41.01 11-7.8
4 2:52:42.70 7=7.0
5 2:52:43.80 9-6.8
l 7:36:00.54 8
2 7:36:18.88 9
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Table 8

F* o =1.27 x 1074 cm? E;rt =31.84 MeV,
E,=182MeV,ny: ) E,=172MeV

GT** o =641 x10"* cm? Ek .- =30.84 MeV, E, =1 MeV,
E,=182MeV,ny: ) E,=172MeV

GT o =1.05x 10740 cm? Fg - =27.84 MeV, E, = 4 MeV,
E,=182MsB,ny: >’ E,=172MeV

GT 0=127x10"* cm? Fg - =24.84MeV, E, =7 MeV,

E,=182MeV,ny: >, E, =172 MeV

* The Fermi level.
** The Gamow—Taylor resonance.
*** The electron kinetic energy.

average, by two neutrons. In this case, the probability
of measuring one pulse attributable to the neutron
capture by hydrogen and offset from the positron sig-
nal by 1.57, where 7 is the neutron lifetime, is less
than 5%.

The above arguments make the explanation of the
LSD effect in terms of antineutrino detection implau-
sible.

A Possible Explanation of the LSD Effect in the
Model of a Rotating Collapsar

As was mentioned above, the collapsar emits elec-
tron neutrinos (v.) with a total energy of Ev.* ~
8.9 x 10°2 erg, the spectrum shown in Fig. 1, and
mean energies of 30—40 MeV for ~2.9—6 s. These
neutrinos can be recorded by the detector nuclei via
the reactions

ve+ (A, Z) — e + (A, Z+1) (23a)
Vet (4,2) — e + (A, Z+1),
Vet+ (A, 2) = Ve + (A Z)". (23b)

The detectors operated on February 23, 1987, con-
tained either oxygen, mainly 1O (KII and IMB), or
carbon, mainly '2C, and iron ®Fe (LSD, BUST).
[t follows from the paper by Bugaev et al. (1979)
that the reduced cross section o,,,, = 0,4 /N foriron
at ¢, <40 MeV exceeds o,,., for oxygen by more
than a factor of 20 (o,,,(°°Fe) > 200,,,(160)) (see
Fig. 3). Thus, for these energies, the number of v, A
interactions in the LSD (200 t of Fe) will be larger
than that in the KII (1900 t '60).

To answer the question of how the v .Fe inter-

actions are detected in the LSD, we turn to Ta-
ble 8. As an illustration, this table presents the partial

cross sections calculated for the following reaction for
ey, = 40 MeV (Gaponov et al. 2003):

56

Ve + 50Fe — 39Co * +e™. (24)

The ground level of 538Fe—07, the ground level of

58Co—47T. The difference between the binding ener-
gies is E[33Co] — E[33Fe] = 4.056 MeV.

The threshold energy for reaction (24)is 8.16 MeV.
An electron can be produced with an energy from
~31.8 to 24.8 MeV, and its appearance is always
accompanied by cascade y-ray photons with a total
energy of from 3.54 to 10.54 MeV. Recall that the
critical energy (¢) iniron (the electron energy at which
the ionization losses are equal to the radiative losses)
is 21 MeV. Thus, an electron with an energy E > ¢ in
iron on a thickness of d > 1t units (t is the radiation
unit of length, 1t units =13.9 g ecm=2 (1.78 c¢m))
produces a small electromagnetic cascade. Calcu-
lations indicate that, during the interaction of elec-
tron neutrinos with e, = 40 MeV in a 2—3-cm-thick
iron layer located between two scintillation layers,
many more y-ray photons than electrons fall into the
scintillator (Dedenko and Fedunin 2003). The mean
energies of these particles are ~7—9 MeV. The de-
tection efficiency of v.Fe interactions () depends on
the design of the detector and on the energy thresh-
old: n ~ 75% for the inner part of the LSD (~90 t
of Fe), n ~ 35% for its outer part (~110 t of Fe), and
n < 15% for the BUST. We see that in the scenario
under consideration, the mean energies recorded by a
scintillation detector with an iron interlayer are close
to the energies measured by the LSD on February 23,
1987. The estimated effect of the detection of neutrino
radiation in the first phase of the collapse of a rotating
star by different detectors is presented in Table 9.
We used the cross sections of reactions (23a) and
(23b) for ®°Fe and 'C and the cross sections of
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Table 9
) . : : Estimated
Detector It)hieschté?g Estimated number of v, A interactions offect Experiment
N, Ny N3 Ny Nan

LSD 5-7 3.2 5.7 3.5 49 3.2 5

KII 7—14 0.9 3.1 1.2 2.5 2.7 2*

BUST 10 2.8 5.2 ~1 1%

* See De Rujula (1987a, 1987b).
** Alexeyev et al. (1987).

reaction (23a) for 10 (Bugaev et al. 1978; Gaponov
et al. 2003; Fukugita et al. 1988; Haxton 1987). The
estimates were obtained for monochromatic neutri-
nos with ¢,, =30 MeV (Ny), €,, =40 MeV (Ng)
and for the electron neutrino spectrum (Fig. 1) at
Y = 5 (Ng) and Y = 7.5 (N4)

We see that these estimates are consistent with the
experimental data. If almost only electron neutrinos
with a mean energy of ~35—40 MeV were emitted in
the first collapse, then the experimental data corre-
spond to the scenario for the rotational mechanism of
a supernova explosion.

To be able to detect neutrino radiation from future
stellar collapses (if the above scenario is realized), it is
necessary to have detectors capable of recording not
only 7, but also v, with high efficiency. Two detectors
of this type exist: the LVD (1.1 kt of scintillator, 1.1 kt
of Fe) and the SNO (1 kt of D2O). The Super K and
Kamland detectors will be able to clearly see v, with
€y, > 40 MeV.

CONCLUSIONS

We have put forward and partly justified our inter-
pretation of the signal recorded by the underground
LSD detector at 2:52 UT on February 23, 1987, as
the first detection of a neutrino burst from the col-
lapse of SN 1987A. We proceeded from the previously
suggested rotational mechanism of the explosions of
collapsing supernovae and the idea of taking into
account the interaction of electron neutrinos with the
nuclei of iron whose presence in the LSD’s construc-
tion enormously increases the sensitivity to the first
phase of collapse. A careful study of the correspond-
ing nuclear reactions for the deneutronization and
excitation of iron nuclides when electron neutrinos of
sufficiently high energies, mainly from 20 to 50 MeV,
interact with them led us to this conclusion. From the
viewpoint of the rotational mechanism, it may be as-
serted that a rotating iron stellar core collapses in two
phases separated by a relatively long time interval; the
first phase of collapse was most likely detected by the
LSD. According to this mechanism, the first phase
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is peculiar in that a rotating collapsar is formed in
it with the emission of a very hard electron neutrino
spectrum attributable to the reaction e™ +p — n +
ve with an energy at the maximum of the spectrum
up to 50 MeV in the almost complete absence of
electron antineutrinos and other types of neutrinos
(muon and taon). A more detailed study of this spec-
trum based on numerical calculations (quasi-one-
dimensional model) not only allows us to confirm the
above properties but also to justify why other neutrino
detectors have not recorded the first neutrino sig-
nal. We additionally took into account other possible
nuclear reactions of electron neutrinos with oxygen
nuclides in the KII and IMB Cherenkov detectors.

In addition, according to the same mechanism, we
can reliably interpret the time interval between the
first and second neutrino signals. This time interval
is mainly attributable to the well-known gravitational
radiation generated during the fragmentation of the
rotating collapsar into a binary of NS with greatly
differing masses. The evolution of such a binary was
theoretically analyzed in detail in Section 1. At this
time, gravitational radiation carried away a signifi-
cant fraction of the initial angular momentum of the
iron core, which was undoubtedly conserved during
the first phase of collapse. It may be asserted that
allowance for the rotation effects of the collapsing iron
core alone allows us to theoretically interpret the two
successive neutrino signals from SN 1987A. Until
now, the presence of a neutrino signal on the LSD
detector has been ignored in the theory of this famous
event, which is besides enigmatically correlated with
the signals from two gravitational antennas: in Italy
and the United States. We have not yet been able
to reasonably interpret how the mentioned antennas
responded to gravitational radiation during the frag-
mentation of the rotating collapsar into a NS binary,
which was theoretically estimated to be very modest.

[t remains to be added that the second neutrino
signal recorded by the KII, IMB, and BUST was as-

sociated with the detection of electron antineutrinos
predicted in the universally accepted standard model
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for the secondary collapse of the high-mass NS in
the putative binary once it had accreted the bulk of
the mass from the low-mass NS and gotten rid of
the remnants of its angular momentum. Theoretically,
this signal corresponds to the standard hydrodynamic
one-dimensional model of collapse without rotation
with the formation of a neutrinosphere and with an
equal energy distribution between all types of neutri-
nos. Electron neutrinos could not be recorded on the
LSD detector at this time, because these neutrinos
must have much lower mean energies, about 15 MeV.
The cross section for their interaction with iron nu-
clides is too small.

Of crucial importance is the fact that a low-mass
NS simultaneously ceases to exist once it has reached
a critical mass of about 0.1M; and has been de-
stroyed by an explosion relatively far (several hundred
km) from the high-mass NS. This transformation
into an ejection of iron with the release of recombina-
tion energy (~5 MeV/nucleon) and in the presence
of high kinetic energy (~0.3 x 10°! erg) leads to an
explosion with quite a sufficient total energy of about
10%! erg, and with a directed symmetry (the direction
of the initial orbital motion of the ejection); i.e., it
solves the fundamental problem of the transformation
of iron-core collapse into a supernova explosion with
an observed total energy of about 10%! erg.
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Observations of Supernovae in the Period 1997—1999
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Abstract—We present our photometric observations of the 15 supernovae (SN) discovered in the period
1997—1999; of these, six are type Ia SN, two are peculiar type Ia SN, three are type Ib/c SN, and
four are type II SN. For 11 SN, we constructed reliable light curves and determined their maximum
brightnesses and absolute magnitudes at maximum. Based on the shapes of the light curves, we improved
the classification for three type II SN. We show that the two peculiar type la SN (similar to SN 1991T)
studied, SN 1998es and SN 1999aa, have enhanced and normal luminosities at maximum, respectively.
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Key words: supernovae and supernova remnants.

INTRODUCTION

At present, studies of supernovae (SN) are at-
tracting increasing attention. Type Ia supernovae are
widely used as “standard candles” to construct the
distance scale and for cosmological studies; type II
supernovae, notably SN II-P (with a plateau), can
also be used to determine the distances independently
of the classical multistep “ladder” of calibration ob-
jects. The particular attention being given to type Ib/c
supernovae stems from their possible association with
gamma-ray bursts.

Light curves are the main material for all these
studies. Despite the significant increase in the num-
ber of photometric observations in various spectral
ranges in recent years, many bright supernovae have
not yet been studied adequately. Therefore, it is of
relevant interest to observe as many supernovae as
possible.

Systematic photometric observations of super-
novae have been carried out at the Sternberg As-
tronomical Institute (SAI) for many years. Using
CCD detectors since 1998 has allowed the number
of observed supernovae to be significantly increased.
The following SN were observed from July 1997
through May 1999: 1997¢cx, 1997dn, 1997do, 1997dq,
1997ef, 1997eg, 1997ei, 1998D, 1998aq, 1998dh,
1998ef, 1998es, 1999D, 1999X, and 1999aa. Main
data on the supernovae and their parent galax-
ies are given in Table 1. In this table, Aa and
A¢ are the distances from the galactic center to

"E-mail: tsvetkov@sai.msu.su
"E-mail: pavlyuk@sai.msu.su

the SN, and mgy is the magnitude estimate during
its discovery; the data on the galaxies—the type,
the heliocentric radial velocity, and the extinction
in the Galaxy—were taken from the NED database
(http://nedwww.ipac.caltech.edu).

OBSERVATIONS AND DATA REDUCTION

Photographic B-band observations of the su-
pernovae were carried out with a 50-cm meniscus
telescope at the Crimean Station of the SAI. We
used HT-1AC plates with a BS-8 filter. The plates
were measured on a microphotometer with a constant
aperture; the galactic background was subtracted by
averaging the measurements at eight points around
the SN. The magnitudes of the comparison stars
were obtained from CCD observations; they are given

in Table 2.! The results of our photographic obser-
vations are presented in Table 3. The errors of the
magnitudes are about 01 for SN with a magnitude
of 14—15™, about 072 for SN with 16—17"", and up
to 04 for SN fainter than 18™.

CCD observations of the supernovae were car-
ried out with 125-cm and 60-cm telescopes at the
Crimean Station of the SAI and with a 70-cm SAI
reflector in Moscow using SBIG ST-7 and ST-
6 CCD cameras. The sets of filters used accu-
rately reproduced the Johnson standard B and V
bands, but the instrumental » and ¢ bands differed
significantly from the Cousins standard R. and I,

Tables 2—5 are published in electronic form only and
are accessible via ftp cdsarc.u-strasbg.fr/pub/cats/J
(130.79.128.5) or http://cdsweb.u-strasbg.ir/pub/cats/J.
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Main data on the supernovae and their parent galaxies

33

SN Date of discovery| asN,2000 JSN,2000 Ax Ad  msN Type of SN

Galaxy Type of galaxy | V., kms~! Ap Discovery of SN Determination of SN type
1997¢x July 12 10"05™m37543 | 80°17°27 6| 5" W 15" N 15™ 11
NGC 3057 SB(s)dm 1524 0m101 Schwartz (1997) Jha et al. (1997a)
1997dn October29  |10"54™m18%95(27°14/07"3| 35" W 20”S  16m0 1
NGC 3451 Sd 1334 0m092 Boles (1997) Jha et al. (1997b)
1997do October 31 7h26M42550 |47°05'3670| 276 W 378 S 1578 la
UGC 3845 SB(s)bc 3034 0m270 Qiu et al. (1997) Qiu et al. (1997)
1997dq November2 [11M40m55590|11°28'45"7| 43" W 29" N 1570 Ib
NGC 3810 SA(rs)c 993 0m191 Aoki (1997a) Jha et al. (1997¢)
1997ef November 25 | 7'57M02582 [49°33/4072| 10" E  20”S 16m7 IcPec
UGC 4107 SA(rs)c 3504 0m183 Sano (1997) Filippenko and Martin (1997)
1997eg December4  |[13"11Mm36571|22°55/28"9| 4/1W 33"1N 1576 IIn
NGC 5012 SAB(rs)c 2619 0m059 Aoki (1997b) Filippenko and Barth (1997)
1997¢i December23 | 11"54™M59598 | 58°2926"74| 10" E  10”S 16™5 Ie
NGC 3963 SAB(rs)be 3188 0m100 Aoki (1997¢) Wang et al. (1998)
1998D January 28 | 14"02M59528 [ 34°44'5473(26"1W 774S 1576 la
NGC 5440 Sa 3689 0m064 Qiu et al. (1998) Qiu et al. (1998)
1998aq April 13 11M56m25381 | 55°07/4176 | 18" W 7" N 14m9 la
NGC 3982 SAB(r)b 1109 0m061 Armstrong (1998) Ayani and Yamaoka (1998a)
1998dh July 20 23"14™40531 | 4°321471 {535 W 1074 N 1678 la
NGC 7541 SB(rs)be 2678 0m293 Lief al. (1998a) Garnavich ef al. (1998)
1998ef October 18 1"03m26587 {32°14’1274| 6"1E 271S 1572 la
UGC 646 SBb 5319 0m317 Liet al. (1998b)  |Filippenko and De Breuck (1998)
1998es November 13 | 1"37m17551 | 5°52'5074 | 074 W 10"8 N 14m6 laPec
NGC 632 SO 3168 0m139 |Halderson et al. (1998) Jha et al. (1998)
1999D January 16 | 11728M28539|58°33/3879|18"9 W 478 S 15m6 I
NGC 3690 SBm 3064 0m072 Qiu et al. (1999) Jha et al. (1999)
1999X January 23 | 8"54™M32523 [36°30'4171| 4/1E 575N 1671 la
PGC 25005 7503 0m138 Schwartz (1999) Garnavich ef al. (1999)
1999aa February 11 | 8'27m42512 |21°29’1575| 176 E 3078 N 15m5 laPec
NGC 2595 SAB(rs)c 4330 0m172 Arbour (1999) Filippenko et al. (1999)

bands. Based on the observations of standards from
Landolt (1992) and the standard region in the cluster
M 67 (Chevalier, and Ilovaisky 1991), we determined
(separately for different seasons of observations and
different telescope—filter—detector combinations) the
coefficients of the equations for the transformation
of instrumental magnitudes to standard ones. The
equation for the V band isv =V + K,(B=V) 4 Cy;
for the remaining filters, the equations have the
same form. For the B, R, and I bands, we used the
B—V,V—R, and R—I color indices, respectively. For
the coefficients K, K,, K,, and K;, we obtained
values from —0.09 to —0.16, from —0.04 to —0.06,

ASTRONOMY LETTERS Vol.30 No.l 2004

from —0.68 to —0.77, and from —0.44 to —0.68,
respectively. Despite the large coefficients K, and K,
the transformation errors were mainly much smaller
than the photometric errors, and the agreement
between our results and the data of other authors is
satisfactory.

We made photometric measurements of the su-
pernovae relative to one or two comparison stars
that were within the CCD field of view together with
the SN. We used the aperture photometry subroutine
from the IRAF software package; the aperture diam-
eters for measuring the object and the background
for each star were chosen individually by analyzing
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Fig. 1. Light curves for SN 1997cx: I, 2, 3 are our B,
V, R magnitude estimates; 4, 5 are the CCD magnitude
estimates without a filter and with the R filter published
in IAU Circulars. The dashed lines represent the B (long
dashes) and R (short dashes) light curves for SN 1990K.

the brightness distribution in the image. The galactic
background was strong and nonuniform for many
supernovae; for them, we had to subtract the image
of the galaxy that was obtained when the supernova
was no longer visible from the image of the galaxy
with the SN. The image matching, normalization,
and subtraction were performed by using subroutines
from the IRAF package.

The results of our CCD observations of the super-
novae are presented in Tables 4 and 5. The errors of
the CCD magnitudes were determined with the aper-
ture photometry subroutine from IRAFE. The errors
of the transformation of instrumental magnitudes to
standard ones and the errors of the magnitudes for
the comparison stars were negligible compared to the
measurement errors of the supernovae in almost all
cases and were disregarded.

We observed the comparison stars with the 60-cm
and 38-cm Crimean reflectors and with the 70-cm
and 30-cm Moscow telescopes mainly in 2000—2002.
During this period, we also obtained images of the
galaxies, which were subtracted from the images with
the supernovae. We used SBIG ST-6, ST-7, and
ST-8 CCD cameras with various sets of filters that
more closely corresponded to the standard R, I.. sys-
tem than those used in 1998—1999. On photometric
nights, we observed standards from Landolt (1992)
and standards near the stars under study from Mer-
milliod (1996) together with the comparison stars.
The transformation coefficients from the instrumental
system to the standard one were determined from

the observations of the clusters NGC 7790 (Stet-
son 2000) and M 67. The magnitudes of the com-
parison stars were estimated by averaging three to six
observations on different nights.

The magnitudes of the comparison stars are given
in Table 2. The designations of the stars consist of
the galaxy designation and the number of the star
near the galaxy in order of decreasing brightness; the
errors were calculated as the rms errors of the mean
when averaging three to six measurements.

RESULTS

SN 1997cx. Despite the high brightness of this
supernova, only four CCD magnitude estimates with-
out a filter and in the R band were published for it in
[AU Circulars. One spectrogram is shown at the site
of the Supernova Research Group of the Harvard—
Smithsonian Astrophysical Center (below referred
to as CfA SN, http://cfa-www.harvard.edu/cfa/oir/
Research/supernova/RecentSN.html) and was de-
scribed by Jha ef al. (1997a). It was taken two days
after the discovery and shows that SN 1997c¢x is a
normal type II supernova discovered shortly after its
brightness maximum. The photometry is presented
in Fig. 1. Clearly, SN 1997cx belongs to type II-L
supernovae with a linear brightness decline. Of all the
type II-L supernovae studied in detail, the light curves
of SN 1990K show the best agreement with the
observations of SN 1997cx (Cappellaro et al. 1995).
The spectrum of SN 1990K taken five to seven days
after its discovery is very similar to the published
spectrum of SN 1997cx. Unfortunately, SN 1990K
was discovered after its brightness maximum, which
was not observed. Cappellaro et al. (1995) showed
that the supernova was most likely discovered 15 days
after its maximum. If the light curves of SN 1997cx
were similar to those of SN 1990K, then we obtain an
estimate for the probable date of maximum brightness
of SN 1997cx, JD 2450597 (May 29, 1997, more
than fourty days before its discovery). Extrapola-
tion of the light curves yields an estimate Bpax ~
Riax ~ 14™2. The extinction toward SN 1990K was
high, E(B—V) = 0m5; the relative shift between
the B and R light curves for the best match with
the observations of SN 1997cx indicates that the
extinction is negligible for this supernova. Taking
the distance modulus g = 32.05 (Tully 1988), we
obtain an estimate of the absolute magnitude at
maximum, Mp,, ~ Mg, ~ —1779. This value is
slightly higher than the mean absolute magnitude of
type II-L supernovae, as inferred from the data by
Richardson ef al. (2002) recalculated to our adopted
Hubble constant Hy = 75 km s=! Mpc~!.

SN 1997dn. The spectrum of this supernova
taken one day after its discovery was published at

ASTRONOMY LETTERS Vol.30 No.1 2004
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the CfA SN site; its description was given by Jha
et al. (1997b). It is very similar to the spectrum of
SN 1997cx. However, the light curves of SN 1997dn
differ greatly from those of SN 1997cx. According
to the CCD magnitude estimates without a filter
obtained by Moretti and Tomaselli (1997), the bright-
ness of the supernova was almost constant, ~16™6,
during December 1997. Our data indicate that the
B brightness of the supernova rapidly declined in early
November 1997; in late February 1998, its R bright-
ness was approximately equal to 1777, while its
V' brightness rapidly decreased, from 1870 to 18™6,
in eight days. It may be concluded that SN 1997dn is
a type Il supernova with a plateau, and a rapid decline
in brightness was observed after the plateau stage in
late February 1998. A comparison of the spectrogram
for SN 1997dn with the spectra for SN II-P 1999em
and 1999¢gi (Leonard et al. 2002a; 2002b) shows that
SN 1997dn was discovered at least 25 to 30 days
after its brightness maximum. The plateau stage
must then have lasted from early October 1997 until
mid-February 1998, i.e., ~130 days. This period is
significantly longer than that for SN 1999em and
1999gi, for which the plateau stage lasted ~100 days.
Unfortunately, the shape of the light curves and the
brightness at maximum cannot be determined more
accurately because of the lack of observations near
the maximum and the low accuracy of the estimates
obtained at the plateau stage. We assume the dis-
tance modulus for NGC 3451 to be p = 32.1 (below,
the distance to the galaxies that were not included
in the catalog by Tully (1988) is determined from
the radial velocity corrected for the local velocity field
(Bottinelli et al. 1986) with Hy = 75 km s~! Mpc™1).
If the R brightness on the plateau was about 166,
then the absolute magnitude is Mg ~ —15™5. This
magnitude is slightly fainter than the absolute mag-
nitudes of SN 1999em and 1999gi on the plateau,
—16™1 and —16™4, respectively. Strong extinction
toward the supernova in NGC 3451 is unlikely,
because SN 1997dn exploded in the outer region of
the galaxy, no strong interstellar absorption lines were
observed in its spectrum, and the V—R color index at
the stage of rapid brightness decline after the plateau
was approximately the same as that for SN 1999em
with negligible extinction.

SN 1997do. A spectrum of this supernova was
taken one day after its discovery and proved to be
similar to the spectrum of SN [al990N one week
before its brightness maximum (Qiu ef al. 1997).
Our photographic observations were begun four days
after the discovery; they allow the point of maximum
brightness to be reliably established. As we see from
Fig. 2, our estimates agree well with the light curve
of SN 1a1994D (Richmond ef al. 1995); the max-
imum brightness was Bpax = 14™2 at JD 2450765
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Fig. 2. Light curves for SN 1997do: 1, 2, 3 are our
B, V, R magnitude estimates; 4 are the R magnitudes
published in IAU Circulars. The dashed lines represent
the B (long dashes) and R (short dashes) light curves for
SN 1994D.

(November 12, 1997). The R light curve for SN 1994D
also agrees well with the estimates by Qiu et al. (1997)
and our data; the relative shift between the B and R
light curves for the best match leads us to conclude
that the extinction toward SN 1997do is low. Taking
the distance modulus g = 33.3 and the extinction in
the Galaxy from Table 1, we find an absolute mag-
nitude, Mp = —19™4, close to the mean absolute
magnitude for SN Ia.

SN 1997dq. Jha et al. (1997c) reported that the
spectrum of this supernova taken on November 5,
1997, showed that it is a type Ib near its brightness
maximum. Matheson et al. (2001) obtained a series
of spectra for SN 1997dq. They point out that the
He I lines are moderately strong, and the impression
is that this is an atypical type Ib supernova; there is
a similarity to the peculiar type Ib/c SN 1997ef. Six
CCD magnitude estimates without a filter were pub-
lished in AU Circulars. These estimates show a slow,
almost uniform brightness decline from 15™ to 1776
between early November 1997 and late March 1998.
However, our R magnitude estimates in late Febru-
ary 1998 indicate that the supernova is almost 1™
brighter than its published magnitude. Definite con-
clusions about the shape of the light curves for this
supernova cannot be drawn from the available data.

SN 1997ei. This supernova has attracted particu-
lar attention in recent years because it has proven to
be the first discovered hypernova, a supernova whose
explosion energy may far exceed the typical value of
~10°! erg. Spectroscopic observations, the V light
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Fig. 3. Light curves for SN 1997ef: [ are our data; 2 are
the data from Garnavich et al. (1997a); 3 are the esti-
mates by Mazzali ef al. (2000); 4 are the I magnitudes
from Li et al. (2002); 5 are the B, V, R magnitude
estimates from the VSNET database and IAU Circulars;
6 are the CCD magnitude estimates without a filter from
VSNET and IAU Circulars. The shift between the R and
I light curves is indicated.

curve, and simulations of the supernova explosion
were presented by Iwamoto et al. (2000). The V' light
curve from Garnavich et al. (1997a) is usually given
in all the papers devoted to this supernova. The I light
curve obtained with the KAIT automatic telescope
and one I magnitude estimate obtained with the
Hubble Space Telescope (HST) were published by Li
et al.(2002). These authors point out that the bright-
ness of SN 1997ef at the late stage declined very
slowly, by only 25 in 1100 days. Several magnitude
estimates in the R band and without a filter were pub-
lished in IAU Circulars, mainly by Wei et al. (1997).
The VSNET database (http://vsnet.kusastro.kyoto-
u.ac.jp/vsnet/index.html) includes two B and three
V' estimates and several CCD magnitude estimates
without a filter. Several B and V magnitude estimates
obtained by analyzing the spectra were presented by
Mazzaliet al. (2000). Using all these data and our re-
sults, we can construct the light curves for SN 1997ef
in four bands (Fig. 3). The most characteristic feature
that has not been observed for other SN Ib/c, in-
cluding other possible hypernovae, is the segment of
almost constant brightness at maximum that lasted
~15 days in all bands. Our B magnitude estimates
obtained immediately after the discovery indicate that
the brightness of the supernova rose rapidly, and that
its B—=V color index was about 1 even at this early
stage. At the brightness maximum, whose middle

point in V occurred near JD 2450792 (December 9,
1997), the V' magnitude reached 1675, while the
color indices were B—V ~ 1™ V—R ~ (0m3, and
R—1I ~ 0™2. The rapid brightness decline began near
JD 2450800 and lasted approximately 20 days; over
this period, the brightness declined by 12 in V" and
slightly less in R and I. Thereaiter, the brightness

declined linearly at a rate of about 1™/100¢, which
was approximately the same in all bands. Subse-
quently, the rate of brightness decline decreased
further, because, according to Li et al. (2002), this
rate at the late stage was about 072/1009. The
spectrum of SN 1997ef and its position in the parent
galaxy suggest the absence of significant extinction;
we obtained an estimate of the absolute magnitude at
maximum, My = —1771. According to Richardson
et al. (2002), this magnitude is slightly fainter than
the mean absolute magnitude for all SN Ib/c, but is
equal to the mean luminosity of normal SN Ib/c.

SN 1997eg. Filippenko and Barth (1997) took a
spectrum of this supernova 15 days after its discovery.
[t proved to be similar to the spectrum of SN 19887
with characteristic signatures of type IIn SN—
strong emission lines, particularly in Ha and Hg,
in a blue continuum. The spectrum taken slightly
later is shown at the CfA SN site. Salamanka
et al. (2002) carried out spectroscopic observations
of SN 1997eg in June and July 1998. They detected
narrow P Cyg profiles at the tops of the Ha and Hg
emission features and estimated the density of the
interstellar medium surrounding the supernova, n >
5 x 107 ecm~3. Radio emission was also detected from
the supernova (Lacey et al. 1998). Unfortunately, as
yet no photometric observations of SN 1997eg have
been published. Our observations performed from
February 21 through March 1, 1998, indicate that the
brightness of the supernova was almost constant over
this period. The mean magnitudes were B = 1618,
V =15m73, R = 15727, and I = 14™95. Taking the
distance modulus p = 33.0 (Tully 1988), we obtain
the absolute magnitude My = —1773 about 80 days
after the discovery. It may be concluded that at its
brightness maximum, SN 1997eg could have had
an absolute magnitude between —18" and —19™
characteristic of the SN IIn.

SN 1997ei. This supernovae was initially classi-
fied as SN la (Garnavich et al. 1997b). However,
subsequent observations showed that it is SN Ic
(Wang et al. 1998; Matheson et al. 2001) and was
discovered near its brightness maximum. Apart from
the magnitude estimated when the supernova was
discovered, there is one V' magnitude estimate for
it in the VSNET database. Our observations were
carried out 60 to 70 days after its discovery. They
indicate that the brightness of SN 1997ei at this time
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was V &~ 1878 and R ~ 1873. The shape of the light
curve cannot be established from these data.

SN 1998D. Only three CCD magnitude estimates
without a filter were published for this supernova in
[AU Circulars. Qiu ef al. (1998) pointed out that the
spectrum of SN 1998D is similar to the spectrum
of SN 1994D two days after its brightness maxi-
mum. Our R-band observations and published mag-
nitude estimates agree well with the R light curve for
SN 1994D (Richmond ef al. 1995). The maximum
R brightness was 155 at JD 2450845 (January 31,
1998). A comparison of the V—R color curve for
SN 1994D with our color estimates for SN 1998D
shows a color excess F(V—R) ~ 0712. Taking the
distance modulus p = 33.7, we then obtain an esti-
mate of the absolute magnitude at maximum, Mg =
—18™6.

SN 1998aq. This is one of the brightest type Ia
supernovae in recent years, but its multicolor pho-
tometric observations have not yet been published.
V-band observations are given at the CfA SN site
(mainly before the brightness maximum); an ex-
tended series of V' magnitude estimates was pub-
lished by Hanzl (1998). According to these data, the
V light curve for SN 1998aq has the shape charac-
teristic of SN Ia, but the rate of brightness decline
after maximum is slightly lower than the mean rate,

4m6/100%. The maximum brightness was Viax =
12740 at JD 2450933 (April 29, 1998). The extinction
toward SN 1998aq was most likely very low: no
interstellar absorption lines can be seen in the spectra
taken by Vinko et al. (1999) and the CfA SN group.
Our B magnitude estimates about 120 days after
maximum indicate that the color index is B—V =~
0™3. This value is close to the corresponding value for
SN [a1972E without extinction in its parent galaxy.
The distance modulus for NGC 3982 was determined
from the HST observations of Cepheids by Saha
et al. (2001) and Stetson and Gibson (2001). These
authors obtained slightly differing results, 31.72 and
31.56, respectively. Taking the mean of these values,
we find the absolute magnitude of SN 1998aq to be
My, = —19™24, which is close to the mean absolute
magnitude for SN Ia.

SN 1998dh. The spectrogram of this superno-
va taken six days after its discovery is shown at
the CfA SN site and was described by Garnavich
et al.(1998). The spectrum exhibited interstellar Na |
absorption lines that originated in the Galaxy and in
NGC 7451 with equivalent widths of 0.1 and 0.04 nm,
respectively. Many CCD magnitude estimates in V,
R, and without a filter have been collected in IAU
Circulars and the VSNET database. All these data
agree well with the light curves of SN Ia 1990N (Lira
et al. 1998); the maximum brightness was Vi =
13m95 at JD 2451032 (August 6, 1998). If we apply
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the relation established by Barbon ef al. (1990) to
the intensities of interstellar absorption lines, then we
will obtain a large color excess E(B—V') 025 for the
Galaxy and 0™1 for NGC 7451. This color excess is
in conflict with the extinction in the Galaxy estimated
from NED data, Ag = 0729, and with the reddening
estimate for the supernova, E(B—V') ~ 01, that can
be obtained by comparing the relative shifts between
the light curves of SN 1990N for the best match with
the data for SN 1998dh. In this case, the relation by
Barbon et al. (1990) is probably inapplicable. Tak-
ing the distance modulus p = 32.6 (Tully 1988) and
E(B—-V) = 0m1, we obtain the absolute magnitude
at maximum My = —1970, which is equal to the
mean value for SN Ia.

SN 1998ef. A spectrogram of this supernova was
taken by the CfA SN group on October 23, 1998,
five days after its discovery. The appearance of the
spectrum is typical of SN Ia near the brightness
maximum. Several magnitude estimates in R and
with CCD cameras without a filter were published
in IAU Circulars and the VSNET database. Our
R-band observations and most of the published
magnitude estimates agree well with the R light
curve of SN 1a1998bu (Suntzeff et al. 1999). The
brightness maximum Rp.x = 150 occurred near
JD 2451112 (October 25, 1998). A comparison of
our V=R color estimates with the corresponding
data for SN 1998bu indicates that the color excess
of SN 1998ef is E(V—R) ~ 0712, although the
accuracy of this estimate is low. The extinction in
the Galaxy corresponds to E(V—R) = 0706; thus,
extinction most likely also exists in the parent galaxy.
Taking the distance modulus p = 34.35 and Ar =
0™m35, we obtain the absolute magnitude at maximum
Mp = —19m7.

SN 1998es. A spectrum of SN 1998es was taken
by Jha et al. (1998) on the day after its discov-
ery; it is shown at the CfA SN site and turned
out to be similar to the spectrum of the peculiar
SN Ia 1991T seven days before its brightness max-
imum. Ayani and Yamaoka (1998b) took a spectrum
slightly later; they also pointed out its similarity to
the spectrum of SN 1991T and detected narrow
interstellar Na 1 absorption lines that originated in
NGC 632. CCD magnitude estimates in V, R, and
without a filter were published in IAU Circulars and
the VSNET database. The BV RI photometry for
stars near NGC 632 and the light curve in a band
close to R obtained by Krisciunas are presented at
http://www.astro.washington.edu/kevin/apo.html.
We used these magnitudes of the comparison stars
to reduce our observations. The photometric data
for SN 1998es are shown in Fig. 4. We see that
the light curves for SN 1991T (Lira ef al. 1998)
agree well with the observational data. The date of
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Fig. 4. Light curves for SN 1998es: /, 2 are our V and
R estimates; 3 are the data from Krisciunas et al. (2000);
4,5, 6 are the magnitude estimates in V, R, and without
afilter from the VSNET database and IAU Circulars. The
dashed and dash—dotted lines represent the R and V' light
curves for SN 1991T, respectively. The V' light curve was
shifted downward by 1™.

maximum brightness is JD 2451146 (November 28,
1998); Vinax = 13™8, Rimax = 13™7. The relative shift
between the light curves of SN 1991T for the best
match with the data for SN 1998es indicates that
the reddening of these supernovae is almost the
same. For SN 1991T, we take E(B—V) = 0716
estimated by Gibson and Stetson (2001). Taking
the same extinction for SN 1998es and the distance
modulus p = 33.1, we obtain the absolute magnitude
at maximum My = Mp = —1978. Thus, SN 1998es
is even slightly brighter than SN 1991T, for which
My = —19m55 at the distance modulus p = 30.56
(Gibson and Stetson 2001).

SN 1999D. The spectrogram of this supernova
taken two days after its discovery is shown at the
CfA SN site; it was described by Jha ef al. (1999).
The spectrum is characteristic of type Il supernovae
at the early stage—strong Balmer hydrogen lines
with P Cyg profiles in a blue continuum. Several
magnitude estimates in V and R and with CCD cam-
eras without a filter were published for SN 1999D in
[AU Circulars. However, a comparison with our data
indicates that most of these estimates have errors
that reach 1. Our first magnitude estimate was ob-
tained on January 20, four days after the discovery; we
performed nine more observations from February 11
through April 26. All V and R magnitude estimates in
February and March show an approximately constant
brightness with mean values of V' = 17736 and R =
17701. The magnitudes were slightly brighter in V/

and R on January 20 and slightly fainter in R on
April 26 than these values. SN 1999D is undoubt-
edly SN II-P, and the plateau stage lasted at least
70 days. Since the V—R color index on the plateau
is approximately the same as that for SN 1999em,
SN 1999D suffered no significant extinction. Tak-
ing the distance modulus p = 33.4 (Tullu 1988), we
obtain absolute magnitudes on the plateau, My =
—16™1 and Mr = —16™4, close to the corresponding
data for SN 1999em.

SN 1999X. Garnavich ef al. (1999) took a spec-
trum of the supernova on February 6, 1999, 14 days
after its discovery, and pointed out that it was typical
of SN Ia and was most likely obtained seven to ten
days after the brightness maximum. Four magni-
tude estimates with CCD cameras without a filter
and one V estimate were published in IAU Circu-
lars. The VSNET database gives a series of B, V,
R, I observations obtained from March 3 through
April 11 at the Apache Point Observatory (APO).
These observations are shown in Fig. 5. The light
curves for SN 1990N (Lira ef al. 1998) are in sat-
isfactory agreement with our and APO observations;
the estimates with CCD cameras without a filter
show a large deviation from these light curves. We
can roughly estimate the magnitudes at maximum:
Vinax = Rmax =~ 16™3; the brightness maximum oc-
curred near JD 2451206 (January 28, 1999), which
agrees with the estimate by Garnavich ef al. (1999).
A comparison of the B—V and V—R color indices for
SN 1999X with the corresponding data for SN 1990N
indicates that the extinction toward SN 1999X is low.
At = 35.0, we obtain My = —18m8.

SN 1999aa. Filippenko et al. (1999) took a
spectrum of this supernova one day after its discov-
ery. It was similar to the spectrum of the peculiar
type la supernova SNI199IT about six days before
its brightness maximum. The spectrum obtained
on the same night is shown at the CfA SN site.
Photometric B, V, R, and I observations were
carried out by Krisciunas et al. (2000). We used
the magnitudes of the comparison stars from this
paper to reduce our observations. Although many
magnitude estimates are available for this supernova
in IAU Circulars and the VSNET database, they are
much less accurate than the data from Krisciunas
et al. (2000) and our data; we did not consider
them when constructing the light curves shown in
Fig. 6. The points of maximum brightness in all bands
are determined reliably. The maximum brightness
occurred almost simultaneously in B, V, and R at
JD 2451235 (February 25, 1999) and slightly earlier
in I at JD 2451230. The brightness at maximum was
Biax = 14M90, Vinax = 1485, Rpmax = 14™90, and
Imax = 15™2. The rate of brightness decline after the
maximum was about 117 /100¢ in B and 571/100¢
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Fig. 5. Light curves for SN 1999X: [ are our data; 2 are
the APO data from the VSNET database; 3 are the
CCD estimates without a filter from IAU Circulars. The
dashed lines represent the light curves for SN 1990N. The
shifts between the curves are indicated.
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Fig. 6. Light curves for SN 1999aa: [/ are our data;
2 are the data from Krisciunas ef al. (2000). The dashed
lines represent the light curves for SN 1991T. The shifts
between the curves are indicated.

in V. A comparison of the light curves for SN 1999aa
and SN 1991T in Fig. 6 shows a generally close
similarity, although the rate of brightness decline in B
and V' is slightly higher and the step in the R light
curve and the minimum at 204 in the T light curve
are deeper for SN 1999aa. A comparison of the B—V
and V—R color curves indicates that SN 1991T is
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slightly redder than SN 1999aa at all phases; the
color difference roughly corresponds to the color
excess E(B—V) = 0m16 adopted for SN 1991T. It
may be concluded that there is virtually no extinction
toward SN 1999aa in the parent galaxy; taking u =
33.9 and the extinction in the Galaxy from Table 1,
we obtain the absolute magnitudes at maximum
brightness: Mp = My = —1972, Mp = —19™1, and
M = —18m8. Thus, judging by its luminosity at
maximum, SN 1999aa is a normal SN Ia, despite the
peculiarities of its spectrum.

CONCLUSIONS

The photometric parameters for most of the su-
pernovae studied are close to the mean parameters
for their types. Thus, for five of the six SN Ia, the
deviations of the absolute magnitude at maximum
from its mean value do not exceed 0™4, while, ac-
cording to Richardson et al. (2002), the dispersion
of absolute magnitudes for SN Ia is about 06. The
deviation is slightly larger than the dispersion only
for SN 1998ef. The light curves of these supernovae
have also proven to be similar in shape to those for
the typical SN [a1994D, 1990N, and 1998bu. The
parameters of the light curves for SN II-L 1997¢x and
SN II-P 1997dn and 1999D are characteristic of their
types. Unfortunately, the data obtained are too scarce
to construct the light curves for SN Ib 1997dq and
SN Ic 1997ei; there are few objects with well-studied
light curves for the supernovae of these types. The
unusual shape of the light curve for SN Ic Pec 1997ef
with a long period of constant brightness at maximum
established previously from V-band observations is
confirmed by the B, R, and I data. However, this
supernova does not stand out in absolute magni-
tude among other objects of its type. The most in-
teresting conclusion is that of a normal luminosity
for SN 1999aa at maximum; based on their analysis
of the light curves and on the similarity between its
spectrum and the spectrum of SN 1991T, Krisciunas
et al. (2000) assumed that it has an enhanced lumi-
nosity.
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Dependence of the Position of the Knee in the Galactic
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Abstract—The position of the knee in the Galactic cosmic ray (GCR) spectrum is shown to depend on the
explosion energy distribution function of supernovae (SN). The position of the knee in the GCR spectrum
can be quantitatively explained by the dominating contribution of hypernovae with explosion energies of
(~30—50)x 105! erg, the fraction of which must be no less than 1% of all SN. The model reproduces the
main features in the spectrum of all particles measured in extensive air shower (EAS) experiments: the
knee in the spectrum of all particles at energy of about 3 PeV, the change in slope by §y ~ 0.3—0.5 after
the knee point, and the steepening of the spectrum near 108 eV. The model predicts a smooth knee if the
SN explosion energy distribution is universal and a sharp knee if the hypernovae represent a separate class
of events. The suggested model of the GCR spectrum is essentially based on the assumption that a spread
in explosion energies exists and that the assumptions of the standard model for the CR acceleration in

supernova remnants are valid. © 2004 MAIK “Nauka/Interperiodica”.

Key words: supernovae, cosmic rays, particle acceleration.

INTRODUCTION

Cosmic radiation—the flux of nuclei with various
charges from Z =1 to Z > 80 observed near the
Earth—accounts for a significant fraction of the en-
ergy balance in the Galaxy. Its mean energy density,
10712 erg cm ™3, is comparable to the energy density
of starlight, the magnetic fields of the Galaxy, and
its interstellar gas (Berezinsky ef al. 1990). Cosmic
radiation, if it is considered as a Galaxy-filling gas,
has an essentially nonthermal, power-law distribu-
tion that spans an enormous energy range, from MeV
to > 10?0 eV, with a change in spectral index from
—2.7 to —3.1 at energy ~3x10% eV. This knee was
revealed in the 1950s by intensity measurements of
extensive air showers (EAS) (Kulikov and Chris-
tiantsen 1959).

In the last few decades, intensive studies of the
various EAS components have significantly refined
the anatomy of the cosmic-ray (CR) spectrum: the
spectrum exhibits a steepening at energy 108 eV
and then a flattening, which was called an ankle.
The CR spectra are assumed to have Galactic and
extragalactic origins before and after the ankle, re-
spectively.

"E-mail: sws@dect. sinp.msu.ru

The mechanical energy of supernova (SN) explo-
sions in our Galaxy, ~10°! erg for a medium SN ex-
plosion at a SN rate of 0.01—0.03 yr~!, is known to be
capable of providing the total CR energy (Berezinsky
et al. 1990). It has been convincingly shown that
there is a mechanism of CR acceleration through
diffusion at the shock fronts generated during the
propagation of a supernova remnant (SNR) through
the interstellar medium. Through this acceleration
mechanism, ~10% (or even more; see Berezhko and
Volk 2000) of the explosion kinetic energy is trans-
ferred to relativistic particles. Substantial theoret-
ical progress in investigating this phenomenon is
attributable to the development of a nonlinear ki-
netic theory for the diffusive particle acceleration at
the shock fronts of SNRs (Berezhko et al. 1996;
Berezhko and Volk 1997, 2000; Berezhko and Elli-
son 1999; Ellison et al. 1997, 2000; Drury et al. 2001;
Malkov and Drury 2001) and to the understanding of
the nonlinear effects of the CR back reaction on the
shock structure. Ellison et al. (1997) were able to
explain not only the main parameters of the CR spec-
trum up to energy 100—400 TeV but also the relative
abundance of heavy elements in cosmic rays with
respect to the Solar System precisely due to the study
of the nonlinear effects.

The most difficult problem is the origin of the knee
in the CR spectrum (Drury et al. 2001). A popular

1063-7737/04/3001-0041$26.00 © 2004 MAIK “Nauka/Interperiodica”
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Fig. 1. The CR spectrum from Berezhko et al. (1997)
for various parameters of the medium: /—T = 10* K,
n=10"3%2—T=10°K,n=10"3;8—T = 10" K, n =
10~°; 4—experimental data from Swordy (1994).

view is that the knee is related to the maximum energy
of the accelerated CRs (Emax). However, the prob-
lem is that the standard acceleration model predicts
that during a standard explosion in the interstellar
medium, the CR proton spectrum must be cut off at
an energy of 100—300 TeV or lower. Only a certain
class of supernovae can produce particles with the
knee energy (a few PeV), while most SN generate
particles of much lower energies (Reynolds and Keo-
hane 1999).

The evolution of a SNR and the CR diffusion at
a shock front are difficult to describe. This problem
includes the diffusive transport equations for the
CR distribution function self-consistently with the
gas-dynamic equations that describe the supersonic
propagation of the SNR through the interstellar
medium and the formation of a shock wave not only
at the Sedov phase, when appreciable deceleration
begins, but also at the phase of free expansion—the
kinetic nonlinear theory (Berezhko et al. 1996, 1997;
Berezhko and Volk 1997, 2000). Figure 1 shows the
computed and experimentally observed spectra of
protons and helium nuclei (Berezhko ef al. 1997) for
various densities nyy, temperatures 7', and magnetic
fields B of the medium: for the warm phase of a
medium with ny ~ 0.3 ecm™ and 7' = 10* K where
the maximum proton energy is Fmax ~ 100 TeV and

for a rarefied medium corresponding to the hot phase
(T =105 K, ny = 0.003 cm~3, B =3 uG) where
Fmax is appreciably higher than 300—400 TeV.

A characteristic feature of the spectra is their flat-
tening before the maximum acceleration energy at-
tributable to the CR back reaction on the shock
structure. The larger the injection coefficient of inter-
stellar gas particles n into acceleration, the stronger
this effect. Berezhko ef al. (1997b) believe that the
expected value of i lies within the range 1073—107%.

Figure 1 shows the observed spectrum, which dif-
fers from the CR spectrum generated in SNRs by d+
due to the CR outflow from the Galaxy (Berezinsky
et al. 1990). Berezhko et al. (1997) chose a dy =
0.75; i.e., the spectrum generated in the sources has
a slope v ~ 2.0 and slightly flattens before the maxi-
mum acceleration energy.

On the other hand, the maximum acceleration
energy can be estimated using the simple formulas
from Ellison ef al. (1997) if only the CR generation
at the Sedov phase is considered:

0.3B ny \ /3

~ 14 H

B =3 51072 (m) (e)
ESHI‘

) 25 o\
1051 erg 103 yr

0.3B ny \ /3

~ 14 H

B =2 51072 (m) ()
Esnr

1/3 1/3
X L_l eV,
105! erg 103 km's

where Z is the nuclear charge, Fg,: is the kinetic
energy of the expanding SN shell in 10°! erg (below,
we denote E5; = Fgp/10%1), Vi is the shock velocity

(commonly expressed in 1000 km s~1), and Ty, is the
age of the SNR.

Formula (1) yields Eqax ~ 100 TeV for the warm
phase and FEpax ~ 300—400 TeV for the hot phase
at E51 = 1 and Vg, = 1. This result is in satisfactory
agreement (with a coefficient of 2) with the complete
simulation that includes the total CR spectrum gen-
erated at all phases of the time evolution of the SNR
(see Fig. 1) and computed by Berezhko et al. (1997).

The standard way of increasing the maximum par-
ticle acceleration energy to much higher values is
to assume that the explosions of some supernovae
occur in a medium with a strong magnetic field, for
example, the explosions in the winds from Woli—
Rayet stars or the explosions in the superbubbles
produced by a cluster of supernovae (Bykov and Top-
tygin 1997; see also the review by Drury et al. 2001;

or
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Ptuskin 2000; Biermann 2000). An increase in mag-
netic field strength causes the Larmor particle radius
to decrease, and, hence, the particle crosses the shock
front many times and gains a high level of energy.
However, when CRs are accelerated in superbubbles,
the additional acceleration by multiple SNRs also has
an effect (Bykov and Toptygin 1997).

However, if the contributions from various super-
novae to the formation of the CR flux are equivalent,
then the region of the knee will be determined not by
rare explosions, but by the majority of the most prob-
able explosions in the interstellar medium. Hence, it
will be near 300 TeV.

On the other hand, a weak dependence of the max-
imum acceleration energy on the explosion energy
follows from formula (1). Since a large amount of
observational data indicative of a wide variety of su-
pernova explosions has been obtained in recent years
(Hamuy 2003; Richardson ef al. 2002; Turatto 2003),
it would be of interest to explore the question of how
this variety can affect the CR spectrum, because the
dependence of the maximum acceleration energy on
the explosion energy clearly follows from formula (1).

The significant increase in the number of de-
tected SN explosions has advanced our under-
standing of the variety and complexity of SN ex-
plosions (Turatto 2003). An enormous spread in
luminosities (Richardson et al. 2002), photospheric
expansion velocities, chemical compositions, etc.
has been found; this is indicative of an enormous
spread in explosion energies and in properties of the
explosion-triggering projenitors (Hamuy 2003). A
large spread in explosion energies, from Es; = 0.6
to 5.5 (Hamuy 2003) or at least up to E5; = 3 (Na-
dyozhin 2003), has been found even in the subclass of
normal type II supernovae, SN IIP (with a plateau
in the light curves). In addition, three supernovae
(1997ef, 1998bw, 2002ap) that exhibit very smeared
spectra without distinct features (which is interpreted
as the result of the huge expansion velocities of the
ejected shells (Hamuy 2003)), have been discovered
in recent years. This fact suggests that these are
hyper-energy objects, which have been called hyper-
novae (Iwamoto ef al. 1998). The estimated explo-
sion energies of these SN were dozens of times higher
than the energies of medium explosions: 7 x 10°! for
2002ap (Mazzali et al. 2002), 8 x 10°! for 1997ef
(Nomoto et al. 2000), and 60 x 10°* for 1998bw
(Nomoto et al. 2000). The shell expansion velocity for
the latter event was estimated to be >30000 km s~!
(Turatto et al. 2002). SN 1998bw is distinguished
not only by its shell expansion velocity and high
energy, but also by the fact that it is associated in time
and place of explosion with GRB 980425 (Galama
et al. 1998). In his review of the properties for su-
pernovae, Hamuy (2003) concludes that, despite the
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wide variety of SN Il and SN Ib/c, certain regularities
that are indicative of the existence of a continuum in
the properties of these objects with the presupernova
mass as a control parameter can be found. This sug-
gests that the explosion mechanism for this class of
objects is not fundamentally different. Hamuy (2003)
points out that hypernovae may represent a separate
class in explosion physics.

On the other hand, there exists the opposite hy-
pothesis that the common phenomenon in the Uni-
verse is most likely the standard, fixed energy release
in fixed-mass astrophysical sources. The hypothe-
sis of standard energy release (Ey =5 x 10°! erg)
can probably explain even the enormous spread in
observed GRB energies under certain assumptions
(Postnov et al. 1999). When the CR fluxes are calcu-
lated, this is the main hypothesis; all supernovae are
assumed to have fixed energy release into shell kinetic
energy ~10°! erg.

The main goal of this study is to try to estimate the
average CR flux by taking into account not only the
place of supernovae explosions but also the distribu-
tions of supernovae in explosion energy and SNR ex-
pansion velocity on which the maximum accelera-
tion energy (1) depends. In this case, the explosion
energy distribution may be considered either as a
continuum of properties or as the contribution from
different classes of events. We analyze the dependence
of the position of the knee in the CR spectrum and its
distinctness on these assumptions and on the super-
nova rate. Here, it should be emphasized that we are
going to apply a formal approach in which only the
standard assumptions about CR acceleration will be
used without the development of any new approaches.
We then present the main features of the model and
analyze the dependence of the CR spectrum on the
assumptions about the energy distribution function.

THE MODEL FOR CALCULATING THE
GCR SPECTRUM
We assume that the CR flux F(E) can be ex-
pressed by the formula

max

N, N, Fsi
FE) =YY / (51 )G(E, Byax)dBs1, (2)

i=1 JﬁlE‘S“Ii”
where ), denotes the summation over N, different
groups of CR nuclei, and 3, denotes the summa-
tion over Ny, different types of supernova explosions;
V,(Es1) is the Esp distribution function within each
class of SN. The upper limit of the integration over the
explosion energy in the main calculation was chosen
to be EX1™ = 80, because the maximum recorded en-
ergy is F51 = 60 (Nomoto ef al. 2000). G(E, Fmax)
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is the average CR spectrum generated in a single
explosion at fixed energy Fs5; and at a fixed state of
the medium. This spectrum can be fitted by a power
law with different slopes in different energy ranges:

G(E, Enax) = InE™7; (3)

v=20, 10GeV < E < Enay/5;
v =170, Ena/5 < E < Enax;
Y= 5, E > Emax-

This shape of the spectrum takes into account the
CR back reaction on the shock structure (Berezhko
and Volk 1997, 2000; Ellison ef al. 1997): a flattening
of the spectrum before the maximum acceleration
energy. The chosen slopes are close to the interme-
diate value of the injection coefficient = 10~* on
which the spectral shape depends (see Fig. 1), and the
possible variation in 1 was disregarded.

The value of E.. is related to B, ny, and
(Es1Vi)'/3 by formula (1). Formally, the dependence
on the medium in formula (1) can be separated

into a cofactor: Enax = ZEO. (Fs51 V)3 or Epax =

ZE%aXESQ{E’TS;l/E’. This cofactor will depend only on
the properties of the medium and, by definition, is
equal to the maximum acceleration energy for protons
at E51 =1 and Vg = 1. The maximum energy de-
creases with decreasing shock velocity and increasing
SNR age (1). Formally, according to these estimates,
CRs of maximum energies are produced at the
beginning of the Sedov phase Tjy. Substituting Ty,
for Ty, we can obtain a minimum dependence on
the explosion energy, Em.x ~ E%, E%Y However,
since Ty also depends weakly on E51, we will use the
dependence

Emax = ZEO

max

B3, (4)
which gives Fnax = E]?wx for protons at Fs; = 1.
Formula (4) is the key estimation dependence that
is discussed in detail in the Appendix. Here, we only
note that calculations which include the CR flux
at all phases of the SNR life in a given explosion
(Berezhko et al. 1997) show that the highest-energy
and intermediate-energy CRs are generated at the
end of the free expansion phase and at the Sedov
phase, respectively. Dependence (4) was derived
under the above assumption.

The intensity of the CRs accelerated in a SNR, I,
can be determined from the condition

/IOE—WEdE = 0.1F5;. (5)

As was shown by Berezhko and Volk (1997, 2000),
the fraction of the SNR kinetic energy transferred
to CRs reaches even a larger value, 30%.

For our calculations with formula (2), it remains
to choose the most probable values of the magnetic-
field strength and the density of the medium in which
supernovae explode. For SN II, SN Ib/c, and SN Ia,
we chose a hot phase with E9 . =300 TeV. This
phase corresponds to the rarefied and hot halo gas
that occupies ~50% of the Galactic spiral arms where
the medium is heated precisely by supernova explo-
sions (Kononovich and Moroz 2001).

In addition, the SN IIn (whose remnants, by
definition, actively interact with the surrounding ma-
terial) were separated into an isolated class (Hamuy
2003; Turatto 2003), and a much higher maxi-

mum energy may be assumed for them, E0 =5 x
10"—10'7 eV (see the review by Drury et al. 2001;
Ptuskin 2000; Biermann 2000).

To simplify our calculations, we divided all CR nu-
clei into five groups: p, He, (C, N, O), (Mg, Si,
Ne), and Fe with mass fractions of 0.36, 0.25, 0.15,
0.13, and 0.15, respectively. This chemical compo-
sition takes into account the fact that the measured
spectra of the heavy elements are slightly flatter than
the proton spectra at energy above 1 TeV (Shiba-
ta 1995), which leads to a heavier chemical compo-
sition near the knee than the chemical composition at
1 TeV (Erlykin and Wolfendale 2001). For the sake of
simplicity, the shape of the spectrum for all elements
is described by the same law (3).

We can now turn to the quantitative calculations
with formula (2).

[t should be noted that we disregarded the distor-
tion of the CR spectrum due to the CR propagation
in the Galaxy. As a result of this propagation, the
spectral index of the CRs in the sources o differs
from the observed spectral index y,ps by 6v: Ysour =
Yobs — A7y, where Ay = 0.3—0.8, depending on the
propagation model (Jones ef al. 2001).

THE DEPENDENCE OF THE CR SPECTRUM
ON THE EXPLOSION ENERGY
DISTRIBUTION FUNCTION

To analyze the dependence of the CR spectrum on
the explosion energy distribution function at the first
stage, we assumed that all supernovae had a universal
Gaussian energy distribution:

iN o1 )
dlog(Es1) 2702
_ 2
X exp (_ (log Es1 2U<;OgE51>) > ’

where o(log Es51) is the dispersion of the distribu-
tion. The choice of this form of function follows from

Richardson et al. (2002). According to these au-
thors, the distribution of all supernovae in absolute
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magnitude M, can be fitted by the sum of Gaus-
sian distributions. Since log F5; is generally a lin-
ear function of My, it can be fitted in the first ap-
proximation, by a Gaussian distribution (Sveshniko-
va 2003). dN/dlog Es5; can then be transformed into
dN/dEs5; = ¥(E5;1), which is an asymmetric distri-
bution with a long tail.

Figure 2 shows the spectra for all particles and
separately for different groups of nuclei for three
calculations using formula (2) with the dependence
Emax = 300E%° TeV. In all three calculations, the
mean (log E5;) was chosen to be —0.3, while the
dispersion of the distributions differed in different
calculations: o(log E51) = 0.1 (Fig. 2a), 0.5 (Fig. 2b),
and 1.0 (Fig. 2¢). The first calculation corresponds
to SN Ia with a narrow energy distribution; the
second calculation roughly corresponds to SN II-
P with a spread in energies F5; from 0.6 to 2.7
(Nadyozhin 2003); this spread in explosion energies
could be even larger, from 0.6 to 5.5 (Hamuy 2003).
The third calculation corresponds to SN Ib/c, among
which both ordinary explosions and hypernovae with
energies reaching 60 x 10°! erg are observed. In
Figs. 2—4, the CR intensity was multiplied by a factor
of E? for clarity of perception and is given in arbitrary
units.

We see the following from Fig. 2.

(1) For a small dispersion, the knee point in the
spectrum occurs at FEju.. = 300 TeV, which corre-
sponds to the maximum proton acceleration energy
for the hot phase of the medium. In this case, the
combined spectrum virtually follows the spectrum for
a single supernova presented by formula (3), with
a flattening before the knee. The spectrum after the
knee in the range Fypee—26 X Ejpee is determined
by the gradual extinction of various nuclei with a
maximum energy that is a factor of Z higher than the
proton energy (see (1)). In the first calculation, this
region is irregular in shape. The spectrum is cut off
after 26 Eye; for the CR spectrum after this point to
be explained, we must assume that some of the SN
explode in a medium with a strong magnetic field.

(2) As the dispersion of the energy distribution
increases, the contribution of the most energetic ex-
plosions is emphasized due to condition (5) in our
calculations (the total energy of the accelerated CRs
is proportional to the explosion energy), while the
maximum energy is shifted to higher energies due to
dependence (4). In this case, the shape of the knee
becomes smoother, although the change in spectral
slope is still determined by the contribution from iron
nuclei w(Fe). To a first approximation, this change
can be estimated as follows:

~ log(1/w(Fe))
oy = log26
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Fig. 2. The total GCR spectrum and the contri-
butions from different groups of nuclei for various
SN energy distribution functions: (a) o(log Es1) = 0.2;
(b) o(log E51) = 0.5; (¢) o(log E51) = 1.0. For all SN,
(log E51> = —0.3.

At w(Fe) ~ 0.15—0.20, vy ~ 0.5.

(3) In the third calculation, the position of the knee
becomes close to the experimental value of 3 PeV,
because events with hypernova parameters (F5; ~
30—50) appear in the distribution. They determine the
knee point in the GCR spectrum.

In the next, more realistic calculation shown in
Fig. 3, we assumed that different groups of su-
pernovae have different properties (Hamuy 2003;
Richardson et al. 2002). We chose the following
parameters in the distribution function (6) for the four
groups of supernovae (with relative fractions given
in parentheses) SN Ia (0.25), SN II (0.45), SN Ib/c
(0.20), and SN IIn (0.1): (log E51) = —0.3, —0.3, 0,
0, and dispersions 0.2, 0.5, 1.2, 0.5. This reflects the
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Fig. 3. Calculation of the total GCR spectrum when
different groups of supernovae have different dispersion in
energy EO,. = 300 TeV; E%,. = 10'7 eV onlyfor SN IIn.

fact that hypernovae are observed precisely among
SN Ib/c. We chose EY,, = 300 TeV for all SN and
E%.. =10'7 eV for SN IIn.

max
The contribution of SN Ia (although they account
for 25% of the original sample) to the total CR flux
is significantly suppressed, because they have a nar-
row energy distribution. The knee in the spectrum is
determined by the maximum energy for the protons
accelerated in the most energetic SN Ib/c with en-
ergy F51 = 30—50, the fraction of which in the given
distribution is ~2%. As we see from Fig. 3, if the
fraction of such events decreases by a factor of 2
to 3, then the contribution of CRs from SN IIP will
begin to dominate, and the knee will be shifted to
lower energies. The contribution of the hypernovae
required to form the knee can also be estimated from
general considerations. Clearly, if the total power of
100% of the supernovae with a mean explosion energy
E5; =1 in our Galaxy is enough to provide the total
CR power in the Galaxy, ~10712 erg cm~3 (Berezin-
sky et al. 1990), then 2% of the supernovae with
E51 = 50 or 3% of the supernovae with E5; = 30 can
also provide the total CR power in our Galaxy.

The required fraction of hypernovae can be slightly
decreased by assuming that the explosion energy
distribution function is not continuous and that the
hypernovae represent a separate class of events with
a small dispersion but a much larger mean energy:
(log E51) = 1.7, o(log E51) = 0.2. Their contribution
is ~1%. The rest of the supernovae have a universal
explosion energy distribution with a small dispersion:
(log F51) = 0, o(log E51) = 0.2. SN IIn are identical
in energy to ordinary SN and account for 10% of
all SN; for them, E2 = 107 eV. We also took into

max

10?1?... 1

dN/dE x E*

10—4 3 Olrdinarylsupemp'vae . I | ]
107! 100 10! 102 103 104 10° 106
E, TeV

Fig. 4. Calculation where the ordinary supernovae have
a narrow energy distribution and 1% of hypernovae are
separated into a class also with a narrow energy distri-
bution. E2,, = 0.1—300 TeV for ordinary supernovae and
EL,. = 10'7 eV for SN IIn.

account the fact that the maximum CR accelera-
tion energy among ordinary supernovae can be much
lower than 100 TeV (Reynolds and Keohane 1999;
Drury et al. 2001; Ptuskin and Zirakashvily 2003)
and introduced a uniform distribution in E9,,, for ordi-
nary supernovae in a wide energy range, Fiax(Es51) =

(0.1—300) EY;> TeV.

Figures 4 and 5 show the CR spectra obtained in
the calculation with a 1% fraction of hypernovae. The
contributions from various types of SN and various
groups of nuclei are indicated in Figs. 4 and 5, respec-
tively.

We see first that the knee point remains at 3 PeV
and is much more pronounced than that in Fig. 3, al-
though we chose a smaller flattening of the spectrum
before Ei,x in this calculation—~y = 1.9, in contrast
to fit (3). Second, the FEpax distribution from 0.1
to 300 TeV in this case leads to a steepening of the
spectrum (by 0.15 in Fig. 4) in the range of 0.1 to
1000 TeV; this steepening depends on the fraction
of hypernovae. As we see from Fig. 4, the combined
CR spectrum is determined by the power of ordinary
sources at low energies and by the power of hyper-
novae near the knee. SN IIn (conditionally speaking)
determine the behavior of the GCR spectrum at £ >
26 By e, i.€., in the range E > 5 x 10'6—10'8. Two
steps will be observed in each nuclear CR component
(Fig. 5); the second step arises from supernovae with
a high EQ.. (conditionally SN IIn). The combined
spectrum at E > 3 PeV is the sum of such double
steps shifted in groups with different Z. The max-
imum CR energy is determined by the iron nuclei
generated in SN IIn and is close to 1018 eV.

ASTRONOMY LETTERS Vol.30 No.1 2004



DEPENDENCE OF THE POSITION OF THE KNEE 47

o Experiment
All particles
—-¥-- Protons

-4 CNO E

—_
<
T

VYV vy VY Vy, ‘WW'W"‘* TS .
E ook Ak, e
A Y Y e
L X2

'vavx"'va‘:v

A‘A
DANANA
1l MAYEEE

dN/dE x E*%8

[y

<
8]
T

104 105 106

10—3 ol il il
10 10? 10
E, TeV

Fig. 5. Same as Fig. 4, but the CR spectrum observed
near the Earth rather than in the sources is shown. The
contribution from various groups of nuclei is shown sep-
arately, and the experimental spectrum for all particles
obtained by averaging over different EAS experiments
(Hoerandel 2002) is presented.

Figure 5 shows the experimental spectrum ob-
tained by Hoerandel (2002) by averaging various ex-
perimental EAS data. The computed spectra obtained
under the same assumptions as those in Fig. 4 were
reduced to the observed spectra by taking into ac-
count the CR outflow from the Galaxy

Yobs = Ysour + A'Ya

where Ay = 0.54 was chosen in accordance with pre-

dictions of a simple diffusion model (Jones ef al. 2001).

As we see, this calculation describes the experimental
data excellently.

To summarize, we may say that, in general,
our calculations reproduce the main features of the
spectrum for all particles measured in EAS experi-
ments (Hoerandel 2003): the knee in the spectrum at
~3 PeV, the change in slope by dy ~ 0.3—0.5 after
the knee, and the steepening of the spectrum near
108 eV. In the opinion of some authors, for example,
Erlykin and Wolfendale (1997), the shape of the knee
measured in EAS experiments is sharp, and even
peaks can be detected after the knee. In our model,
this behavior can also be explained by assuming that
hypernovae represent a separate class of events and
that the CR back reaction on the shock structure is
strong (as in Fig. 1, where the spectral index before
the kneeis v = —1.7). Our model clearly predicts that
the chemical composition becomes heavier sharply,
from (InA) =1.5 at £~ 3 PeV to (InA) =3.5 at
FE ~ 3 x 26 PeV, then the mass number decreases to
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Fig. 6. Cumulative explosion energy distribution func-
tions W (>Es1) for the various calculations shown in
Fig. 3 (1), Fig. 4 for 1% of hypernovae (2), and for 3% of
hypernovae (3); 4 represent the data from Hamuy (2002)
for real supernovae.

(In A) = 1.5 at E ~ 107 eV, because only the contri-
bution from SN IIn remains in this region, and then
again the chemical composition becomes heavier.
Here, we do not consider the possible explanation of
the spectrum in a region higher by several units at
10'8 eV (the ankle region), because the contribution
of extragalactic CRs in this region can be significant.
In addition, the CR outflow from the Galaxy ceases to
have an effect and vops ~ Ysour-

The cumulative energy distribution functions for
all supernovae W(>Es;) for which the spectra in
Figs. 3 and 4 were obtained are shown in Fig. 6. For
comparison, this figure also shows the Ej5; distribu-
tion constructed using tables from Hamuy (2003),
where the physical parameters for real SN II, SN Ibc,
and SN Ildw are presented. This distribution is des-
ignated in Fig. 6 as an experimental one, although it
clearly depends on the theoretical assumptions made
when determining the explosion energy and may be
distorted by the sample of events. The distribution is a
power law with a slope of —0.75, implying that the dif-
ferential distribution is ~E~7. Since Hamuy (2003)
considered only supernovae with F5; > 1 and did not
specify their fraction of all SN, we normalized this
fraction to 0.3 to reconcile it with our calculations. In
this case, within the error limits, all our calculations of
W (>Es1) presented in Figs. 3, 4, and 5 are consistent
with the experimental function.

Thus, at an explosion rate of all supernovae
of ~0.01 yr~!, hypernovae must explode at a rate
(24 1) x 1074 yr L,
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How many SN provide the CR flux? If we con-
sider the calculation presented in Fig. 3, where the
contribution of hypernovae prevails even at low en-
ergies, then we obtain the following estimates: If the
CR lifetime in the Galaxy is ~3 x 107 yr and the
hypernovae rate is (2 £ 1) x 10~% yr=1, then this im-
plies that ~6x10% provide the CR intensity in the
Galaxy. However, for high-energy (~1 PeV) CRs,
the lifetime Tes. is much shorter, because the mean
free path in the Galaxy Aesc decreases as F~% (a =
0.54) at energies above 5 GeV (Jones et al. 2001).
The number of the explosions that mainly contribute
to CRs at £ ~ 1 PeV can be small in the entire
Galaxy (~10—15), and only a few supernovae may
provide the CR flux after the knee near the Solar
system.

CONCLUSIONS

(1) We have suggested a model for the formation
of the GCR flux that includes a hypothetical explosion
energy distribution of various types of supernovae and
that is based on standard assumptions of the existing
theory for the CR acceleration in SNRs. The position
and shape of the knee are shown to depend on the
assumed supernova energy distributions.

(2)The position of the knee in the GCR spectrum
can be explained by the quantitatively dominating
contribution of hypernovae with explosion energies
of (~30—50) x 10°! erg, the fraction of which must
be no less than 1% of all supernovae. The SN rate
of 1 to 3 in 10* yr is high enough to provide the total
CR flux in the Galaxy. Several thousand SN produce
the CR flux at low energies, but only a few explosions
can give the dominating contribution to the CR flux
in the knee region near the Solar system.

(3) In general, the model reproduces the main
features of the spectrum for all particles measured
in EAS experiments: the knee in the spectrum at
~3 PeV, the change in slope by v ~ 0.3—0.5 after the
knee, the sharp change in CR chemical composition
after the knee point, and the steepening of the spec-
trum near 10'® eV. The model predicts a sharp knee if
the explosion energy distribution is not universal and
if the hypernovae represent a separate class of events.
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APPENDIX

The Derivation of the Estimation Dependence
Enax(E51). Formula (1) was derived by Ellison
et al. (1997) from simple considerations: the mean
free path for scattering by magnetic inhomogeneities,
which increases linearly with particle energy (because
it is related to the Larmor particle radius), should not
be more than 30% of the shock radius Rgy; otherwise,
the particle will escape from the acceleration region.
The following estimate arises from this assumption:

skRsk' (7)

The relations of the shock radius and velocity to the
explosion energy and the SNR age T, are given by
the standard Sedov formulas

Ry~ BTS00, Vi~ B3 T3,
Substituted into formula (7), they yield estimates (1)
Erax ~ (VaEs1)Y3 or Enay ~ ES*502. The max-

snr
imum energy decreases with decreasing shock ve-
locity and increasing SNR age. Formally, according
to these estimates, CRs of maximum energies are
produced at the onset of the Sedov phase with the
parameters Ty, Rp, and Vy, which begins when the
mass of the swept-up gas exceeds the mass of the
ejected shell. Before this phase, we may assume that
the SNR velocity and kinetic energy do not change
greatly: TyVy = Ry and Es; ~ MVi#/2 (such sim-
plified estimates are given in several papers (Ellison
et al. 2007; Ptuskin and Zirakashvily 2003), i.e.,

A% R3p = const x M. Hence,

Emax ~

0. -1/6 ,
7702 ~ M, / pl/15 0L

Substituting TO’O'2 into (1) and disregarding the weak
dependence of this additional factor on Mc; and on the
density of the medium p, we obtain formula (4) for
the dependence on Es1, Eayx = EL, B for protons,
which is used in our calculations.

The calculations that take into account the forma-
tion of the CR flux at all phases of the SNR life in
a given explosion (Berezhko ef al. 1997) show that
the highest-energy and intermediate-energy CRs are
generated at the end of the free expansion phase and
at the Sedov phase, respectively. Dependence (4) was
derived precisely under this assumption.

The same estimation dependence can be derived
if we formally substitute const x Vj for Vg into for-
mula (1). In this case, the postshock flow velocity
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u2(L.i.) ~ V; is close to the velocity of the outer part
of the expanding supernova shell. In the frame of the
shock front, the preshock velocity is ul = —V{, and
the postshock velocity is u2 = =V /r, where r is
the compression ratio (Ellison ef al. 1997). In the
laboratory frame, the postshock flow velocity is then
Vo ~u2(li) = V(1 — 1/7). At r = 4—7 commonly
obtained in calculations (Ellison et al. 1997), Vg ~
Vo with a 30% accuracy. Then, By = B, AEY,
and assuming that A = 1 to obtain Ey.x = EY,, at
FE51 =1, we derive (4). The dependence of Epax on
the SNR velocity may be even stronger (Ptuskin and
Zirakashvily 2003).
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Abstract—We present the observations of the pulsar SMC X-1 with the ART-P telescope onboard the
Granat observatory. We investigate the variability of the flux from the source on time scales of several tens
of days. The intensity variation of the pulsar are shown to be consistent with the presence of a periodicity
in the system with a characteristic time scale of ~61 days. The precession of an inclined accretion disk, as
indirectly confirmed by the absence of low-state pulsations, may be responsible for the observed variability.
The spectrum of the source is well described by a power-law energy dependence of the photon flux
density with a slope of ~1.5 and an exponential cutoff at energies above ~14—18 keV. We estimated the
inclinations between the planes of the orbit and the accretion disk and the magnetic field of the neutron

star. © 2004 MAIK “Nauka/Interperiodica”.

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

INTRODUCTION

The X-ray pulsar SMC X-1 located in one the
nearest galaxies, the Small Magellanic Cloud (SMC),
is one of the most intense and rapidly rotating ac-
creting X-ray pulsars. The source, which was first
discovered in X-rays in 1971 (Price ef al. 1971), is
a member of a high-mass binary together with the
companion star Sk160, a BO-type supergiant with
a mass of 17.2Mg, and a radius of 18 Rs (Reynolds
et al. 1993). On short time scales, its flux pulsates
with a period of about 0.71 s, while the neutron
star itself is eclipsed by its companion for ~15 h
(the duration of the X-ray eclipse) with a period
Py, ~ 3.892 days. Analyzing the results obtained
over the entire preceding history of observations of
this source, Levine ef al. (1993) determined the
orbital parameters of the binary and established that
its orbital period is decreasing at a rate P,y /Py =
—3.35 x 1076 yr~ 1,

Apart from the rotation period of the neutron star
and the orbital period, the observations are indica-
tive of a 50—60-day cycle in the binary (Wojdowski
et al. 1998), during which the X-ray luminosity of the
source varies between 1037 erg s~! and several units
of x1038 erg s~1. The latter value is close to or even

"E-mail: aal@Ghea.iki.rssi.ru

higher than the Eddington limit for a spherically ac-
creting neutron star with a mass of 1.4M,. This fact
as well as the observed steady spinup of the neutron
star for the more than 30 years since the discovery of
the pulsar (see, e.g., Wojdowski ef al. 1998; Bildsten
et al. 1997; Lutovinov et al. 1994; and references
therein) suggest that a disk accretion model is most
likely realized in the Sk160/SMCX-1 system; the
accretion disk itself can be formed either from stellar
wind or during mass transfer through the inner La-
grangian point.

Analyzing the EXOSAT light curves for the pul-
sar SMC X-1, Angelini et al. (1991) found a sharp
(by a factor of ~3), short-time increase in the flux
from this source with a duration of ~80 s, which
they interpreted as a type-I1I X-ray burst. Recent
RXTE observations of the pulsar have revealed more
than a hundred such events with time scales of sev-
eral tens of seconds (Moon et al. 2003), suggesting
that the radiation and accretion mechanisms in the
source SMC X-1 under study and the pulsar/burster
GRO J1744—28 are similar.

In this paper, we analyze the archival data obtained
with the ART-P telescope onboard the Granat ob-
servatory to study the long-term flux variations of the
source as well as its temporal and spectral parame-
ters.

1063-7737/04/3001-0050$26.00 © 2004 MAIK “Nauka/Interperiodica”



Table 1. ART-P observations of the pulsar SMC X-1 in 1990—1992

TWO YEARS OF OBSERVATIONS

o1

Date E(;Jnr?; Orbital phase P“'Saﬁzg‘ period, Pulse fraction, %" nljlg;(é;) Iigggigfgsistz/,f
Apr. 5, 1990 30750 0.33—0.46 - 5.1¢ 5.36 £0.47| 0.24 £0.02
Apr. 22,1990 | 34490 0.65—0.77 (0.70957531 £+ 0.00000006 40.5+1.9 64.0+1.0 | 2.90 £0.04
Apr. 24,1990 | 12750 0.19-0.23 |0.70957326 £ 0.00000012 41.1+£23 63.0+1.2 | 2.86 +£0.06
Apr. 25, 1990 8300 0.42—0.45 (0.70957451 £ 0.00000054 37.1+£29 63.3+1.4 | 2.87+0.06
May 11, 1990 | 17040 0.52—0.59 |0.70955929 £ 0.00000027 36.1+3.3 8.9+ 1.3 | 2.67+0.06
May 12, 1990 | 44230 0.75—0.91 |0.70955668 £ 0.00000015 384158 27.24+0.7 | 1.23+0.03
Jan. 25, 1991 8240 0.08—0.11 {0.70932134 % 0.00000057 27.8+5.5 18.8+3.5 | 0.85+0.16
Apr. 13, 19919 12060 0.09—0.14 {0.70925884 % 0.00000223 16.0£7.2 12.8+£2.4 | 0.58£0.11
Apr. 14, 19919] 28340 0.38—0.46 {0.70926034 = 0.00000087 11.7£2.1 33.9+20 | 1.534+0.09
Apr. 21, 1991¢] 6250 0.13—0.16 |0.70925315 £ 0.00000140 18.7£3.5 471+4.7 | 2.13+0.21
Apr.22,19914| 34320 0.43—0.56 [0.70925311 £ 0.00000014 18.1£2.0 62.2+22 | 2.824+0.10
May 17,1992 | 15110 0.86—0.92 - 1.9¢ 12.9¢ 0.58¢
May 18, 1992 | 19200 0.17—0.26 {0.70899141 4 0.00000623 4.2¢ 11.6¢ 0.52¢

# After correction for the motion of the Solar-System barycenter and the orbital motion in the binary.

® In the energy range 6—20 keV.

¢ In the energy range 6—20 keV for the assumed distance of d = 50 kpc to the source.
4 For technical reasons, the spectrum of the source cannot be restored.

¢ The 30 upper limit for the pulse fraction is given in mCrab.

OBSERVATIONS

The ART-P X-ray telescope onboard the Granat
international orbital astrophysical observatory con-
sists of four coaxial, completely independent units,
each of which includes a position-sensitive detector
with a geometric area of 625 cm? and an URA-based
coded mask. The telescope can image a selected re-
gion of the sky by a coded-aperture technique in a
3%4 x 3% field of view (the full beam width) with a
nominal resolution of ~5 arcmin in the energy range
3—60 keV. It has an energy resolution of ~22% in
the calibration 5.9-keV iron line. The observations
were carried out in the photon-flux mode. In this
mode, for each photon, its coordinates on the detec-
tor, the energy (1024 channels), and the arrival time
(the accuracy of the photon arrival time is 3.9 ms,
and the dead time is 580 us) were written to buffer
memory. This mode allows one to perform both timing
and spectral analyses of the radiation from each X-
ray source within the field of view of the telescope.

ASTRONOMY LETTERS Vol.30 No.l 2004

A detailed description of the telescope was given by
Sunyaev et al. (1990).

The Granat observatory observed the region of the
SMC that contained the pulsar SMC X-1 in series
once a year (Table 1). A total of three series of ob-
servations with a total exposure time of ~271000 s
were carried out for the source, which allowed us to
study in detail the radiation from the pulsar as well
as its spectrum and variability on various time scales.
Preliminary results of our timing analysis of the ART-
P/Granat observations of the pulsar SMC X-1 were
presented previously (Lutovinov et al. 1994). The
typical pulse profile for the source in the energy ranges
3—6, 6—10, 10—20, and 20—30 keV (Fig. 1) exhibits
two symmetric peaks located in the phase ranges
0.1-0.4 and 0.5—1.0, with the width of the second
peak decreasing with increasing photon energy.

[t should be noted that during the first series of
observations (in the spring of 1990), we used the first
module of the telescope. The subsequent observations
were performed with the third module, which had
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Fig. 1. Energy dependence of the pulse profile for
SMC X-1, as derived from the ART-P data of April 24,
1990. The errors correspond to one standard deviation.

a lower sensitivity at soft energies; therefore, all of
the results presented here refer to the energy range
6—20 keV. In addition, the high-voltage level of the
detector of this module varied significantly over time,
and it was not always possible to carry out calibration
observations of the Crab Nebula. As a result, we
ran into considerable difficulties in constructing the
response matrix for some of the observing sessions,
making it difficult or, in several cases, even impossible
to carry out a spectral analysis of the X-ray radiation
recorded with this module.

LONG-TERM INTENSITY VARIATIONS OF
THE SOURCE AND BURSTS

As was noted above, the long-term observations of
SMC X-1 showed that, apart from the proper rotation
of the neutron star and its orbital motion, the system
has another, nearly periodic component—intensity
variability of the source on a time scale of several
days, with the recorded X-ray flux decreasing by more
than an order of magnitude. A similar pattern is also
observed in the other two well-known X-ray pulsars
Her X-1 and LMC X-4, where it is attributable to
periodic eclipses of the emitting regions of the neu-
tron star by a precessing accretion disk (Lutovinov
et al. 2000; La Barbera et al. 2001; and references
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o 60F .
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Fig. 2. The 6—20-keV light curve for SMC X-1 con-
structed over two years of ART-P observations. The dots
indicate the measured fluxes during an individual obser-
vation, and the solid line represents the best sinusoidal fit
with a 61-day period.

therein). It is assumed that the same mechanism may
also be responsible for the observed intensity varia-
tions in the pulsar SMC X-1.

To determine the precession period Py of the
accretion disk, we fitted the ART-P data by a sinu-
soidal signal with a trial period varying in the range
of 40—80 days. The deviations of the measured fluxes
from their predicted values were determined by the
least-squares method. The best value was obtained
for a period Fyrec =~ 61 days. This period agrees with
the results by Wojdowski et al. (1998), who found
long-term variations in the X-ray flux from SMC X-1
with a period of 50—60 days when simultaneously an-
alyzing the ASM/RXTE and BATSE/CGRO data.
The limited set of data (observing sessions) makes it
impossible to completely cover the entire presumed
period. Therefore, our period estimate is not an ac-
curate and statistically significant measurement of
the possible precession period P (the statistical
significance of the peak on the periodogramis ~1.50).
It most likely gives circumstantial evidence for the
presence of a third type of periodicity in the system
and the possible mechanism of its formation (see
below).

The analysis of the light curve for the source by
Clarkson ef al. (2003) shows that the presumed pre-
cession period is not constant in itself, but varies
smoothly over an interval of 40—60 days with a char-
acteristic time scale of ~1600 days.

Figure 2 shows the light curve for SMC X-1 con-
structed over two years of ART-P observations in
the energy range 6—20 keV. The dots with (1) error
bars indicate the measured fluxes from the source in
mCrab during individual observing sessions, and the
solid line represents their best sinusoidal fit with a
period of ~61 days. It is undoubtedly of considerable
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interest to compare the phases of the light curves
obtained simultaneously with the ART-P telescope
and the BATSE observatory. However, the quality of
the latter in this period was too low to make such a
comparison (see Fig.1 from Wojdowski ef al. 1998).
A comparison with more recent RXTE observations
of the pulsar has revealed no correlation with our
results, which is most likely attributable to the vari-
ability of the precession period (see above).

When analyzing the light curves for the presence
of X-ray bursts, we found several events that were
similar to those recorded by the RXTE observatory
(Moon et al. 2003) and that could be interpreted as
weak type-II bursts. Note that the statistical signifi-
cance of the recorded events is low, 3—50. However,
their roughly triangular shapes and HWHM of ~13 s
obtained by Gaussian fitting are similar to those ob-
served previously. Figure 3 shows the profile of one of
such bursts.

SPECTRAL ANALYSIS

The spectrum of the X-ray pulsar SMC X-1 is
typical of this class of objects and can be described
by a simple power law. In general, depending on the
specific source, this model is modified by an exponen-
tial cutoff at high energies, absorption at soft ener-
gies, and emission or absorption lines. In the case of
SMC X-1, we did not detect any significant features
in emission or absorption. In addition, as our study
shows, the interstellar absorption estimated by differ-
ent authors to be in a wide range, 5.9 x 102°—3.2 x
1022 atoms cm~2 (Wojdowski ef al. 1998; Moon
et al. 2003), plays no important role in our analysis
of the radiation from the X-ray source in the energy
range 6—20 keV. Thus, the ultimate formula that we
used in our spectral analysis of the radiation from

SMC X-1is
E —Q
1) = 1o (51 1)

y 1, it E < B
exp [—(E — E.)/E{, ifE > E..

Here, E' is the photon energy in keV, Iq is the nor-
malization of the power-law component to 10 keV, «
is the photon spectral index, E. is the cutoff energy,
and Fj is the characteristic e-folding energy in the
spectrum of the source (although this is a purely
empirical formula with a cutoff at F., it is widely
used to fit the spectra of X-ray pulsars; see White
et al. (1983)).

Figure 4 shows the photon spectra for the pulsar

(in photons em™2 s™! keV~!) measured during sev-
eral observing sessions with different intensity levels.
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Fig. 3. The profile of a typical X-ray burst detected by
ART-P from SMC X-1 during the observing session of
April 22, 1990. Time in seconds from the beginning of the
observing session is along the horizontal axis. The time
bin is 8 s.

The curves represent the best-fit model spectra for the
source based on a simple power law or formula (1);
the best-fit parameters are given Table 2. In choosing
between a simple power law and its modification by a
cutoff at high energies, we used the Ay?-test. Based
on this test, we determined the probability that it was
no accident that the x? value improved when passing
to a more complex model. The statistical significance
of this passage is higher than 95% in most cases.

[f we assume that the low state is observed when
the source is hidden behind the outer edge of a warped
or inclined (to the orbital plane) accretion disk and
that we see the flux attenuated by absorption and
scattering in the cold material on the disk periphery
or scattered in the hot corona above the disk (as is the
case in the system Her X-1 (Lutovinov et al. 2000)),
then, to a first approximation, the spectra of the high
and low states may be considered to differ only by
normalization and additional absorption. Fitting the
low-state spectrum of the pulsar (April 5, 1990) by
formula (1) with the parameters fixed at their high-
state values does not give a positive answer to the
above assumption (an appreciable increase in x?).
However, it cannot be completely rejected either, be-
cause the data are statistically limited. In this case,
an important criterion could be an increase in absorp-
tion at low energies. However, we cannot be certain
about this, because the energy range is limited: the
measured absorption in the low state is estimated to
be (31.5 + 12.0) x 10?2 atoms cm~2, while the upper

limit for the absorption is 20 x 10?2 atoms cm~2 (10).

To investigate the spectral evolution of the source
on a scale of one pulse period, we performed phase-
resolved spectroscopy of the pulsar radiation in the
high state for two observing sessions, April 24 and
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Fig. 4. The photon spectra for SMC X-1 measured with
the ART-P telescope during the first series of obser-
vations (the spring of 1990). Different symbols (circles,
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source in states with different intensity levels; the curves
represent their best fits by a power-law decrease in photon
flux density or formula (1).
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May 11, 1990. To this end, the data obtained during
each observing session were folded with the pulsation
period and divided into 12 time bins (the arrival time
of each photon was first corrected for the barycenter
of the Solar System and the motion of the neutron
star in the binary). The total accumulation time of
the signal for each of the 12 spectra was 1137 and
1568 s for the sessions of of April 24 and May 11,
respectively. The subsequent analysis indicated that
the spectra obtained in this way are well described by
a simple power law in the energy range 6—20 keV;
the spectral slope is virtually independent of the pulse
phase. This conclusion is illustrated by Fig. 5, which
shows a plot of the photon spectral index against the
pulse phase for the observing session of April 24.

DISCUSSION
High and Low States

[t follows from the observations of SMC X-1 by
different observatories that the recorded X-ray flux
from this pulsar is not constant but undergoes large,
nearly periodic variations on a time scale of 50—
60 days. By analogy with the well-known binaries
SS 433, Her X-1, and LMC X-4, which exhibit a

Relative
intensity
—_
=)

T
1

2.0r .

1L.5F .

0.5 1.0 1.5 2.0
Pulse phase

Fig. 5. Photon spectral index versus pulse phase. The
errors correspond to one standard deviation (o).

similar pattern, the precession of an inclined accretion
disk is considered to be one of the main causes of the
observed variability. The normal companion Sk160 in
the binary under consideration is a supergiant with
an intense stellar wind that provides the bulk of the
accreting material forming the accretion disk. The
mechanism of its formation is not yet completely un-
derstood, because, in general, supergiants are close
to filling their Roche lobes and material can be trans-
ferred to the compact object through the inner La-
grangian point. Both mechanisms may operate in the
system simultaneously. It should be noted, however,
that, according to Clarkson ef al. (2003), even if the
stellar wind plays a major role in the formation of the
disk, it is a collimated wind, and, thus, the two cases
are characterized by similar patterns of mass transfer
to the accretion disk.

Larwood (1998) showed that a relation exists be-
tween the precession period and the binary parame-
ters for a precessing accretion disk:

Lo _ (3/7)4(1 + g

-1/2
Pprec ) (

Ro/a)*?cosd,  (2)

where ¢ is the mass ratio of the normal compo-
nent and the compact object; R, is the outer ra-
dius of the accretion disk, which may be expressed
in fractions (8 of the Roche lobe size; a is the sep-
aration between the binary components; and ¢ is
the angle between the orbital and disk planes. It
follows from an analysis of the optical light curves
for Sk160/SMC X-1 (Howarth 1982; Khruzina and
Cherepashchuk 1987) that the size of the accretion
disk is 8 ~ 0.7—1.0. For the mass ratio ¢ = 10.8 and
periods Py, / Pyree ~ 0.064, we can estimate the range
of possible inclinations, § ~ 25°—58°. The minimum
angle between the orbital and disk planes, cos§ ~ 1,

ASTRONOMY LETTERS Vol.30 No.1 2004



TWO YEARS OF OBSERVATIONS 55
Table 2. Best-fit parameters for the spectra based on different models?
Date PL PL+HEC

I}’O, 10~4 o X% (N)E | I, 1072 o E., keV Er, keVB | X% (N)
Apr. 5, 1990 3.6+0.5|1.07+£0.23 | 1.28(11) | 44+09|039+0.54|129+35| 6.3+4.4 1.16(9)
Apr.22,1990 | 47.74+£0.4 | 1.75+£0.03 | 1.43(32) | 49.2+£0.6 | 1.67+0.04 | 17.0+2.8 | 24.9 £ 14.0 | 1.09(30)
Apr. 24,1990 | 45.94+0.6 | 1.63+0.04 | 1.35(34) | 47.9+£0.8 | 1.52£0.05 | 18.1 +3.0 | 15.4 £ 10.7 | 1.09(32)
Apr. 25,1990 | 48.8 4+ 0.8 | 1.68 +0.05 | 1.14(26) | 50.7 £ 1.1 | 1.59 £ 0.06 | 19.7+3.9 | 13.3 £ 13.3 | 1.02(24)
May 11,1990 | 44.0+£0.7 | 1.74+0.05 | 1.37(32) | 478 £1.3 | 1.49+0.09 | 13.7+ 1.8 | 13.2+£4.7 | 0.73(30)
May 12,1990 | 20.8 +£0.4 | 1.76 £ 0.06 | 1.27(32) | 22.6 1.2 | 1.53+0.16 | 10.9 £+ 3.2 | 24.8 +10.9 | 1.15(30)
Jan. 25,1991 | 10.54+3.2 | 0.29+0.50 | 0.45(7) — — — — —

* PL—a power-law spectrum, HEC—a high-energy cutofi.
® The flux in photons cm™2 s™* keV ™! measured at 10 keV.

¢ The x? value normalized to the number N of degrees of freedom.

corresponds to an accretion-disk size of 3 ~ 0.65,
which slightly exceeds the maximum disk radius, 3 ~
0.61, obtained by Paczynski (1977) for accretion only
through the inner Lagrangian point. This discrepancy
is even larger if we take into account the range of pos-
sible precession periods. Thus, mass transfer from the
normal companion only through the inner Lagrangian
point in the system Sk160/SMC X-1 is unlikely.

As was noted above, no X-ray pulsations were
found during the low state of the source, and only
upper limits for the pulse fraction were obtained (Ta-
ble 1). However, since these limits are rather large, we
cannot completely rule out the presence of pulsations
in the low state. Wojdowski et al. (1998) presented
ROSAT measurements of the pulsation period in the
low state. However, they stipulate that these mea-
surements were made at the very beginning of the
low state, when the source may have not yet been
completely shielded by the disk. A similar situation
was probably observed by the ART-P telescope on
May 18, 1992, when the intensity of the source was
low, but X-ray pulsations were recorded with low
statistical significance (~40).

Magnetic Field

Based on the observed parameters of SMC X-
1 obtained over a long observing period, we can try
to estimate the magnetic field of the neutron star in
the system by using the model of an accretion disk
suggested by Li and Wang (1996).
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The history of measurements of the pulsation pe-
riod for SMC X-1 is indicative of a virtually uni-
form spinup of the neutron star since its discov-
ery. The mean rate of change of the period during
our observations in the period 1990—1992 was P =
—(32.6 £0.8) x 107> s yr—!. Subsequent ROSAT,
ASCA, and RXTE observations of the source yield a
similar value, P = —(32.0 +0.2) x 10~% s yr—! (Wo-
jdowski ef al. 1998). Thus, assuming that the ob-
served variability of the source is not related to the
variations in the intrinsic radiation from the pulsar,
but is determined by extraneous effects, we estimated
its bolometric luminosity from the observed spectral
parameters as L, = 47 x 1037 erg s~

In a situation where the neutron star spins up
almost uniformly over a long time interval, the change
in its rotation period is related to the binary parame-
ters by the equation

]\Z(G]Wgcro)1/271((,(15)]92
o B
T

where M is the accretion rate; I is the moment of
inertia of the star; ry is the inner edge of the ac-
cretion disk, which in our model is assumed to be
20(1—1.94ws)

31(1—ws)
is the dimensionless angular momentum; and ws
Qs /(o) is the speed parameter. The latter depends
on the angular velocities Qs and () of the neutron
star and the material at the inner edge of the accretion
disk, respectively. We estimated the moment of inertia

of the neutron star from the relation I = 0.4M,R?

P

equal to the Alivén radius ra; n(ws) = 1+
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and assumed that its radius is R = 105 cm, the mass
is M, = 1.4Mg,.

The magnetic moment p of the neutron star
estimated using formula (3) shows that the best
agreement with the experimental data is achieved for
p~ (0.05—0.1) x 10%° G e¢m?, which is equivalent
to a neutron-star surface magnetic field of ~(1—
2) x 10" G. This conclusion about the relative
weakness of the magnetic field is consistent with the
observation of bursts from the source that can be
classified as type-II bursts (see Moon ef al. 2003).
Moon et al. (2003) also established that these bursts
have much in common with the bursts observed
previously from another super-Eddington pulsar,
GRO J1744—28. They suggested separating out the
so-called group of pulsars/bursters with magnetic
fields of ~10' G. Another important argument for
this hypothesis is the absence of cyclotron features
in the spectrum of the source in the energy range
3—100 keV, which corresponds to magnetic fields of
>5 x 10! G.

Note that the applicability of the model under con-
sideration at large p is limited by the fact that the
speed parameter reaches the critical value w, at which
the angular momentum is not transferred to the neu-
tron star. Having reached this level, the pulsar must
pass from spinup to spindown, which is not observed
for SMC X-1. The fact that y approaches 1030 G cm3
means that the speed parameter falls within the range
of critical values ws.

CONCLUSIONS

The X-ray pulsar SMC X-1 was repeatedly ob-
served in 1990—1992 with the ART-P telescope on-
board the Granat observatory. Over this period, we
accumulated the data that allowed us to investigate
the variability of the source on various time scales and
its spectrum and to estimate the binary parameters.

We showed that, apart from the periodicities asso-
ciated with the proper rotation of the neutron star and
the orbital motion, the system has yet another, nearly
periodic component that may be associated with the
precession of the accretion disk. Its period Pyree ~
61 days, as inferred from the ART-P data, agrees well
with the observations of other observatories.

The spectrum of the source is typical of X-ray
pulsars and can be described by a simple power law
with a cutoff at high energies. Our analysis showed
that the spectral shape depends weakly on the orbital
phase and intensity of the source. Phase-resolved
spectroscopy of the radiation from the source in the
high state revealed no dependence of the spectral
slope on the pulse phase either.

The above estimates of the magnetic field for the
neutron star show that its strength must be ~10' G
to be consistent with the observational data (the
spinup rate the star, X-ray bursts, and the absence
of cyclotron features in the spectrum).

ACKNOWLEDGMENTS

This work was supported by the Russian Founda-
tion for Basic Research (project no. 02-02-17347),
the Ministry of Industry and Science (grant no.
NSh-2083.2003.2 from the President of Russia),
and the Nonstationary Phenomena in Astronomy
Program of the Russian Academy of Sciences. We
are grateful to M. Revnivtsev for their discussions and
valuable remarks. We wish to thank Flight Director
K.G. Sukhanov; the staffs of the Lavochkin Research
and Production Center, RNIIKP, and the Deep Space
Communications Center in Evpatoria; the Evpato-
ria team of the Space Research Institute (Russian
Academy of Sciences); the team of 1.D. Tserenin;
and B.S. Novikov, S.V. Blagii, A.N. Bogomolov,
V.I. Evgenov, N.G. Khavenson, and A.V. D’yachkov
from the Space Research Institute who operated the
Granat Observatory, provided the scientific planning
of the mission, and performed a preliminary process-
ing of telemetry data. We also wish to thank the team
of M.N. Pavlinsky (Space Research Institute) and the
staff of the former Research and Development Center
of the Space Research Institute in Bishkek who
designed and manufactured the ART-P telescope.

REFERENCES

1. L. Angelini, L. Stella, and N. White, Astrophys. J.
371,332 (1991).

2. A. La Barbera, L. Burderi, T. Di Salvo, et al., Astro-
phys. J. 553, 375 (2001).

3. L. Bildsten, D. Chakrabarty, J. Chiu, et al., Astro-
phys. J., Suppl. Ser. 113, 367 (1997).

4. 1. Howarth, Mon. Not. R. Astron. Soc. 198, 29
(1982).

5. T. S. Khruzhina and A. M. Cherepashchyuk, Astron.
Zh. 64, 345 (1987)[Sov. Astron. 31, 180 (1987)].

6. J. Larwood, Mon. Not. R. Astron. Soc. 299, L32
(1998).

7. A. Levine, S. Rappoport, J. Deeter, ef al., Astrophys.
J. 410, 328 (1993).

8. X.-D.Liand Z.-R. Wang, Astron. Astrophys. 307, L5
(1996).

9. A. A. Lutovinov, S. A. Grebenev, R. A. Sunyaev, and
M. N. Pavlinsky, Pis’'ma Astron. Zh. 20, 631 (1994)
[Astron. Lett. 20, 538 (1994)].

10. A.A.Lutovinov, S. A. Grebenev, M. N. Pavlinsky, and
R. A. Sunyaev, Pis’'ma Astron. Zh. 26, 803 (2000)
[Astron. Lett. 26, 765 (2000)].

11. D.-S. Moon, S. Eikenberry, and . Wasserman, As-
trophys. J. Lett. 582, L.91 (2003).

ASTRONOMY LETTERS Vol.30 No.1 2004



12.

13

14

15.

TWO YEARS OF OBSERVATIONS o7

J. Lett. 168, L7 (1971).

. A.Reynolds, R. Hilditch, W. Bell, and G. Hill, Astron.

Astrophys. 261, 337 (1993).

phys. J. Lett. 178, L71 (1972).

ASTRONOMY LETTERS Vol.30 No. 1

F. Nagase, Publ. Astron. Soc. Jpn. 41, 1 (1989).
. R. Price, D. Groves, R. Rodrigues, et al., Astrophys.

E. Schreier, R. Giacconi, H. Gursky, ef al., Astro-

2004

16.

R. A. Sunyaev, S. I. Babichenko, D. A. Goganov,
et al., Adv. Space Res. 10 (2), 233 (1990).

17. N. White, J. Swank, and S. Holt, Astrophys. J. 270,

18.

711(1983).
P. Wojdowski, G. W. Clark, A. M. Levine, et al.,
Astrophys. J. 502, 253 (1998).

Translated by A. Dambis



Astronomy Letters, Vol. 30, No. 1, 2004, pp. 58-63. Translated from Pis’'ma v Astronomicheskii Zhurnal, Vol. 30, No. 1, 2004, pp. 67-73.

Original Russian Text Copyright © 2004 by Johansson, Letokhov.

Anomalous Fe Il Spectral Effects and High H I Ly«
Temperature in Gas Blobs Near n Carinae
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Abstract—We consider the origin of the anomalously high intensity of the ultraviolet Fe 1I
AA2507/2509 A lines observed with high spatial and spectral resolutions from gas blobs (GBs) near
n Carinae. This rare effect in stellar spectra is attributable to a combination of several factors: (1) the high
hydrogen density (>10% cm~3) that ensures the blocking of the Lyman continuum by GBs and, accordingly,
the formation of a cold H I region with completely ionized Fe atoms; (2) the small distance between the GBs
and the central star that ensures a high (>8000—10 000 K) Ly« H spectral temperature, which photoexcites
Fe Il selectively; and (3) the population of Fe Il levels and, accordingly, the opening of a stimulated emission
channel, which together with spontaneous transitions creates a radiative cycle where a single Fe I1 ion can
multiply absorb Lya emission. © 2004 MAIK “Nauka/Interperiodica”.

Key words: interstellar medium, gaseous nebulae, n Car, gas blobs, stimulated emission, Fe Il.

INTRODUCTION

The goal of this study is to interpret anomalous

spectral effects, in particular, the UV 2507/2509 A
Fe II lines observed with high spatial and spectral
resolutions from gas blobs (GBs) near n Carinae, the
most massive and luminous star in the Galaxy. These
UV Fe II lines are known to arise from the selective
photoexcitation of Fe Il ions by Ly« emission due to
the chance coincidence of the wavelengths (Johans-
son and Jordan 1984; Johansson and Hamann 1993).
Lya H coincides with the transition that combines a
low-lying (1 eV) excited state with two nearby high-
lying Fe II states, while the spontaneous decay of
these two states yields the above two spectral lines.

These anomalously intense lines (2507/2509 A) at-
tract particular attention, because they are present in
the spectra of GBs in the close vicinity of  Car taken
with high spatial and spectral resolutions separately
from the spectrum of the central star (see the review
by Davidson and Humphreys 1997) using the Hubble
Space Telescope (HST).

The first direct observations of compact GBs in
the vicinity of n Car were made by using speckle
interferometry (Weigelt and Ebersberger 1986). They
revealed three GBs near the central star (at distances
of several hundred AU from the central star). The
sharply increased observational capabilities of the

“E-mail:"letokhov@isan.troitsk.ru;vladilen.
letokhov@astro.lu.se

HST with a high-spectral-resolution spectrometer
(the Space Telescope Imaging Spectrograph, STIS)
made it possible to obtain spectra simultaneously
with a high spatial resolution (0”1) and a spectral
resolution A/AX ~ 10° (Kimble et al. 1998). These
instruments allowed the GB spectra to be observed
separately from the photospheric radiation of the
central star. Analysis of the spectra showed that the
GBs emit many narrow lines of ionized elements
(Zethson 2001). However, the extremely intense

fluorescence Fe II AX2507/2509 A lines (Davidson
et al. 1995) and the most recent HST data (Gull
et al. 2001) were most surprising.

THE FORMATION MODEL FOR THE Fe II
A\2507/2509 A LINES IN GBs

The column density of neutral hydrogen, ny =
Ny D, for GBs (in particular, GB “B”) near n Car
is estimated to be higher than 4 x 10?! ¢m?, where
Ny is the H I density and D is the GB size. This
means that the GB is optically thick for the Lyman

continuum (A < 912 A), i.e.,
e = opn(Ve) NuD > 1, (1)

where op(ve) is the photoionization absorption
cross section near the ionization limit. Eq. (1) leads us
to conclude that two spatially separated but adjacent
regions are formed in the GB: a hot H II region to
the side of the central star and a cold H I region

1063-7737/04/3001-0058$26.00 © 2004 MAIK “Nauka/Interperiodica”
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behind it. These two regions are separated by the
Stromgren boundary that passes inside the GB.
The cold H I region is responsible for the numerous
narrow Fe II lines that can be divided into categories:
the fluorescence lines from high-lying levels photoex-
cited by Lya and the forbidden lines from low-lying,
metastable levels.

Condition (1) ensures the formation of a cold H I
region where the Fe atoms are ionized by radiation
with A > 912 A that passes through the H II region.
This provides the basis for the physical model of the
formation of the AA2507/2509 A lines (Johansson
and Letokhov 2001; Klimov et al. 2002) in GBs at
distances Ry, ~ (102 — 103)r from the central star,
where rg is the radius of n Car. Another critical re-
quirement is that the distance to the star R}, be small
enough to ensure a high Lya spectral temperature at
the frequency of the Fe I absorption line.

The Lya spectral temperature T'acin the GB region
can be estimated by two methods: (1) by estimating
the energy of the radiation from n Car with A < A,
absorbed in the GB; and (2) by estimating the lower
limit for T'a from the condition for the formation of
anomalously intense AA2507/2509 A lines. Let us
consider both approaches.

ESTIMATING T«, THE Lya EFFECTIVE
TEMPERATURE

Let us consider a spherical GB with a diameter
D < Ry, (Fig. 1). Condition (1) is satisfied if the hy-
drogen density Ny exceeds a critical value (Johans-
son and Letokhov 2001):

I\ /2  P(ve, T Avgp \ M2
Nf{r—<ﬂ> Ts < (VC7 S) Vph> ’(2>

aH - 2Rb aHD

where ayy is the rate constant of the HII — H I re-
combination to the 2p state. The integrated intensity
of the hydrogen-photoionizing stellar radiation with

A\ < 912 A that reaches the GB surface is

Iy = Q/P(l/, T5)dv ~ QP(ve, Ts) Avyy,

Ve

where P(v,Ty) is the spectral Planck intensity dis-
tribution (in photons em=2 s=! sr=! Hz™1!) for a
star with a photospheric temperature Ty. For the
estimation, we can use the effective frequency range
Avyp ~ 7 eV above the ionization limit, where P(v)
and opp(v) are large enough. At Ty = 30000 K,
P(ve, Ts) Avpy ~ 10%% photons cm =2 s71.
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For N > N{, the neutral H I component of the
GB absorbs almost all of the Lyman continuum ra-
diation from the central star. The absorbed power is

[e. o]

Pabs(V > Vc) = QOSabs/P(VaTS)dV (3>

Ve

= QWQDQP(Z/C,TS)AVP}],

where Qg = 472 is the solid angle subtended by the
GB from the central star and S,ps = (7/4)D? is the
area of the GB disk. The absorbed energy is reradi-
ated in the hydrogen recombination spectrum, with
the largest fraction (n; = 0.7) being emitted in the
H I Lya resonance line. The maximum optical density
7o(Lya) in the H Il region at the center of the line is

70" = 00/oph(ve) = 5 x 10%, (4)

where og = o12(Lya) = 1.4 x 1071 ecm~2 is the res-
onant scattering cross section at the center of the line,
oph(ve) =3 x 10718 em?.

Ly« radiation is diffusively confined in the H II re-
gion, but the diffusive confinement time is limited
by the fact that the number of scatterings is lim-
ited. This limitation is attributable to the Doppler
frequency redistribution during the scattering of Ly«
photons, which ensures relatively fast photon escape
from the confinement region through the wings of the
Doppler profile (Osterbrock 1989). Since the optical
density g is limited by 73" = 0o /0op, and the damping
factor for Lya is @ = Avpq/Avp, the optical density
in the Lorentz wings is ary' ~ 1. Therefore, Lya pho-
tons escape from the H II region through diffusion
with the Doppler width increasing by a factor of g ~

(In7§")'/2 =~ 3. Thus, the total power emitted by the
GB surface in the Lya line is

Pem(Lya) >~ 47Sem P(Viya, Ta)(AvpB),  (9)

where T« is the Ly« effective spectral temperature
and Sey, = mD? is the area of the emitting surface of a
spherical GB. In reality, Sey can differ slightly from
wD? because of the peculiar shape of the emitting
surface of the H II region (Fig. 1).

The mean Ly« spectral intensity at the GB surface
is determined by the Planck distribution at frequency
vo(Lya) and by the spectral brightness temperature
T«, where the spectral broadening during the con-
finement is taken into account. In the steady state,
assuming that the absorption of the confined Ly«
radiation in the H II region of the GB is negligible,
we obtain

N Paps (v > Vc) = Pem(Lya). (6)
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Fig. 1. The arrangement geometry of n Car and the gas blob (GB) that blocks the Lyman continuum radiation so that the
front part of H Il is completely ionized and the back part of H I contains Fe Il ions. Fe Il ions in the H I region are selectively
photoexcited by Ly« photons that diffuse either irom the H I region of the GB or from the nearby torus-shaped region of the
stellar wind from n Car, which is also ionized by the Lyman continuum.

Hence, the brightness temperature T'a for the Lya
radiation from the GB can be estimated from Eq. (6):
771(2 Al/ph

47 Avpp (7

The dilution factor for the radiation from the central
star is largely offset by the spectral compression of
the absorbed Lyman-continuum energy into a rela-
tively narrow recombination Ly« line. The compres-
sion factor f is

AVabs o

R e ®)

where Av,ps =~ Ay is the effective spectral width of
the photoionization absorption, Avem = SAvp is the
width of the Lya spectrum, and Avp = 6 cm~! is the
Doppler width of the Ly« line.

For the closest vicinity of the central star, it is con-
venient to introduce a spectral brightness conversion
parameter Qp;:

Mya \? [ Sab
Qe = m tk D2 f.
wmma () (22) s ©
This parameter includes the absorbed energy conver-
sion ratio 7;, the standard spatial dilution factor 2,

the mode density enhancement factor (Ary,/A)?, the

P(v1ye, Ta) = P(v.,Ty).

ratio of the absorption and emission areas, and the
key spectral compression factor f > 1. The follow-
ing equation relates the temperatures 7T, and T (for
hviye > KT, KTy ):.

hVLya hv,
To —InQp + —.

kT
This relation is virtually equivalent to the expression
for the source function in Ly« in terms of the source
function in the Lyman continuum known for a nebula
illuminated by a star (Sobolev 1975).

Note that the intensity of the Ly« radiation inside
the H II region of the GB is higher that on the GB
surface by a factor of § that includes the diffusive
confinement of the radiation:

6 =32 =1In7" ~ 8—10. (11)
According to the calculations by Auer (1968), the in-
tensity of the Ly« radiation can be even a factor of 20
to 25 higher because of the confinement effect. Given
this effect, the increase in Ly« intensity described by
Eq. (10) can be written in a more accurate form:
hVLya hv,
kTo kT,

For the GB “B” of  Car, Q,;6 ~ 10~2, which cor-
responds to T'a =~ (10—15) x 103 K inside the GB.

(10)

= —In(Qu,) + (12)
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Fig. 2. Simplified and more detailed diagrams for Fe Il quantum transitions, showing the quantum transitions of selective
photoexcitation 1 — 4, rapid spontaneous decays 4 — 3, 2 — 1, and stimulated emission 3 — 2 that form a closed radiative

cycle.

This value is comparable to or even higher than the
electron temperature, implying a sharp change of the
energy balance in the GB compared to a classical
planetary nebula. Actually, the ratio p of the Lya
radiation energy density inside the GB, E(Ly«), to
the free energy density, E;, stored in charged particles
(H ITions and electrons) becomes equal to

_Blya) _ D

Ex et ¢ Ve
where n, is the electron density (or the density Ny,

Ny 1p). This ratio has a simple physical meaning: the
ratio of the lifetime of a Lya photon inside the GB,

(13)

Toh = %5, due to the diffusive escape through the

spectral line wings to the ion recombination time,
1/(neay). If we assume for the GB “B” of n Car that
ne ~ 2 x 108 em™2 and D = 10" cm, then this ratio
will be . = 10. The ratio of the density of E(Ly«a) to
the density of the charged-particle kinetic energy Ey,
is even higher, because hr, > kT. The density of the
Lya energy E(Lyc«) is higher than the density of the
Lyman continuum energy E(Ly. ) at least by the fac-
tor of 6 >~ In7}" or even more (Auer 1968).Therefore,
the following equation is valid for an optically thick
(for Ly.) GB:

E(Lya) > E(Lyc)v Ef > Eyin. (14)
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This equation means that the photoprocesses in the
GB are governed by Lya and Lyman continuum,
Ly., radiation. Such GBs may be called radiation-
rich GBs, to distinguish them from standard thermal
planetary nebulae (Aller 1984).

ESTIMATING Ta FROM THE CONDITION
OF THE Fe II RADIATIVE CYCLE

We can now independently estimate T'« from the

observations of intense Fe IT A\A2507/2509 A spectral
lines. Figure 2 shows a simplified diagram of the Fe 1
energy levels and quantum transitions related to the
formation of these lines. The selective photoexcitation
by Ly« radiation transfer Fe [T ions from the low-lying
metastable state 1 to the short-lived odd states 4
(5p6F8/2, 4p468/2 ). These levels decay to state 3

(predominantly to C4F7/2 and, to a lesser extent,

to ¢*Fyy), emitting intense AX2507/2509 A lines.

For T'(Lya) = Ta 2 12000 K, the photoexcitation
rate Wex(1 — 4) exceeds the radiative decay rate for
states 3:

hv -t 1
Wexc = A41 [exp </€T1;t) — 1:| 2 T_3 ~ 103 5_1’
(15)



62 JOHANSSON AND LETOKHOV
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Fig. 3. Exponential (ag2D) in the amplification fac-
tor K = exp(as2 D) versus effective (spectral) radiation
temperature T« for two hydrogen densities Ny.

where A4; = 1.4 x 107 s~ is the Einstein coefficient
for the 4 — 1 transition. Thus, if condition (15) is
satisfied, then Fe™ ions will be accumulated in the
“pseudo-metastable” C4F9/277/2 states. The lifetimes
of these levels are on the order of a millisecond, be-
cause they are associated with the truly metastable
Fe II levels, but they lie above the next, higher con-
figuration of opposite parity in the complex atomic
structure (state 2 in Fig. 2). This accumulation of
ions in pseudo-metastable states is unusual and is
an important ingredient of our model for the origin

of the anomalous A\2507/2509 A lines. It should
be emphasized that at densities Ny < 10'3 em™3,
collisions give no contribution to the relaxation of the
long-lived Fe Il states.

Previously, it has been shown (Johansson and
Letokhov 2003) that the accumulation of Fe II in
the “pseudo-metastable” state 3 automatically leads
to the population inversion of the AN3o levels with
respect to the low-lying short-lived states 2 (z‘ng/2

and 24138/2

Fe II density, the arising amplification increases the
intensity of the spontaneous radiation due to stim-
ulated transitions whose rate is much higher than
the spontaneous decay rate. Note that the inverse
population of AN3y = N3 — Ny emerges always, ir-
respective of Weye, because the lifetime of the lower
level 2 is very short (3—4 ns). Under condition (15),
the inverse population is at a maximum, whereas for
Wexe < 1/73, the amplification factor ago for the 3 —

). For a sufficiently large GB and high

2 transition is given by

Qg9 = 0’32AN327 where AN32 = Wlez)l(c7_3N3'
(

16)

The stimulated radiation cross section for the 3 — 2
transition is 039 ~ (1.2—3.7) x 1071¢ cm?, and Ny =
foNEge is the population density of the initial level 1,
where fq is the fraction of the Fe™ ions in state 1.
Figure 3 shows a plot of the exponential (o32D)
in the amplification factor K = exp(aseD) for the
3 — 2transition against the spectral temperature T,
for two hydrogen densities Ny in the GB. We may
take D = 10" cm and f ~ 1072. The uncertainty
in (age D) is attributable to the temperature uncer-
tainty in the H I region, "= 100—1000 K, and the
corresponding uncertainty in the Doppler width for
the 3 — 2 transition, Avp ~ (200—600) MHz. As we
see from (16), a decrease in N3 for Weye < 103 s71
at Ta < 12000 K may well be offset by an increase
in Fe Il density to achieve the required amplification
factor. For example, at T'a = 10000 K, the excitation
rate is Wexe = 102 s™1; to obtain a high amplifica-
tion factor and, accordingly, the 1 -4 -3 — 2 —
1 radiative cycle involving stimulated radiation, the
population of the initial state Ny should be increased
by a factor of 10 by increasing the GB density and,
accordingly, N, by a factor of 10. This condition is
milder than that in our previous paper (Johansson and
Letokhov 2003). If, however, T'«: is lower than 8000—
9000 K, a large decrease in amplification takes place,
which is difficult to offset by increasing Ni. Therefore,
an independent estimate of Taw = 10000 K follows
from the experimental observation of the intense Fe Il

AA2507/2509 A lines that arise from cyclic transi-
tions mentioned above.

CONCLUSIONS

In conclusion, let us discuss the Lya radiation
sources with the required temperature T'«v at the Fe [1
absorption wavelength in accordance with the ge-
ometry shown in Fig. 1. The required Ly« radiation
can arrive from two regions: (1) the completely ion-
ized front H II region of the GB, where intense Ly«
radiation is generated through a photoionization—
recombination cycle and (2) from the stellar-wind
region of  Car adjacent to the back part of the GB
that recedes from the GB with the terminal velocity
vy and, accordingly, has the required Doppler shift to
compensate for the detuning between the Ly« and
Fe Il absorption wavelengths.

The first source is the H II region produced by
the absorption of radiation from 5 Car in the region
of the Lyman continuum, which is effectively con-
verted into intense Lya radiation (much more in-
tense than the Ly« radiation from the central star).
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This radiation from the H II region illuminates the
immediately adjacent Fe II-containing H I region of
the GB. This source has been discussed previously
(Klimov et al. 2002). Doppler diffusion in the H I

medium with a minimum optical depth 7o(Ly o) ~

2 x 108 is required to compensate for the 2.4 A de-
tuning between the wavelengths of the Ly« line and
the Fe II absorption line (Hamann ef al. 1999). This
value agrees with the previous estimate of the H [
column density (Davidson and Humphreys 1997). At
first glance, the H I region acts as a diffuse reflector
of Lya photons that escape from the H II region with
open boundaries. This question was briefly discussed
by Auer (1968), but we do not know any detailed
calculations of the degree of diffusive penetration of
Ly« radiation from the H Il region into the H I region.

The second source is the torus-shaped zone of the
stellar wind from n Car behind the GB (Fig. 1) that
recedes from the GB with the negative Doppler shift
sufficient to compensate for the wavelength detuning.
This region of the stellar wind is illuminated by the
Lyman continuum from the central star and emits
Lya. There are no accurate data on the hydrogen
density in the asymmetric stellar wind from n Car
near the GB, but, from the viewpoint of compensation
for the frequency detuning and the maximum Ly«
intensity, the location of the Stromgrem boundary in
the stellar wind in the GB region would be optimal.

Further studies with the HST and the STIS cam-
era can yield data on the contribution from each of
the possible Lya radiation sources to the selective
photoexcitation of Fe II.
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In Memory of Dr. V. L. Khokhlova (1927—-2003)

The astronomical community has suffered a great
loss: Vera L'vovna Khokhlova, an eminent astrophysi-
cist, doctor of physical and mathematical sciences,
and a member of the Editorial Board of Pis’ma v
Astronomicheskii Zhurnal, died on September 24,
2003, at the age of 77.

Dr. Khokhlova was born in the town of Babushkin,
Moscow Region, on July 25, 1927. After graduating
from Moscow State University in 1950, she began re-
search on active solar regions at the Crimean Astro-
physical Observatory under the direction of A.B. Sev-
ernyi and defended her thesis on this subject. Her de-
velopment as a scientist took place in an atmosphere
of creative cooperation with G.A. Shain, E.R. Mustel,
S.B. Pikel'ner, and [.S. Shklovskii.

In 1961, Dr. Khokhlova started working at the
Astronomical Council of the Academy of Sciences
of the USSR (subsequently called the Institute of
Astronomy of the Russian Academy of Sciences),
where she continued to investigate the Sun and took
part in a comprehensive program of lunar research.
In the mid 1960s, her scientific interests shifted to
stellar astrophysics, particularly studies of chemically
peculiar A stars with evidence of strong magnetic

fields. During this period, the concept of a spotted
structure of chemical anomalies on the surfaces of
peculiar A stars had just begun to emerge. She was
enthralled by the possibility of extracting information
about the nonuniform distribution of chemical ele-
ments on the surfaces of rotating stars from the anal-
ysis of changes in the shapes and equivalent widths
of absorption line profiles. The limited possibilities
of photographic spectra required significant efforts to
reach reliable conclusions. Success in this way would
have been impossible without the distinctive feature
of Dr. Khokhlova’s scientific style: suggesting very
high-quality criteria for observations and spectrum
processing, combined with a critical attitude toward
the results obtained. Her persistent studies bore fruit.
By the mid 1970s, she and her colleagues managed
to establish that the spotted distribution of chemical
elements is a characteristic feature of chemically pe-
culiar A stars. These results received general accep-
tance and brought her to the forefront of research on
chemically peculiar stars.

In the late 1970s, Dr. Khokhlova realized that the
increased accuracy of spectroscopic measurements
due to the appearance of digital signal recording and
processing techniques would allow a breakthrough to
be achieved in mapping the distribution of chemical
elements on stars. Her idea consisted of extracting all
the information contained in the variable line profile by
solving ill-defined inverse problems. This idea grew
into a series of works performed by Dr. Khokhlova
together with mathematicians from Moscow State
University. These priority studies laid the foundation
for the now widely used methods of mapping the
chemical abundances, temperatures, and magnetic
field strengths of stars by using intensity and polar-
ization spectra.

The exactingness to the reliability of published re-
sults characteristic of Dr. Khokhlova’s scientific work
played a great role in shaping new Pis’'ma v Astro-
nomicheskii Zhurnal,in the publication of which she
took an active part as a deputy of the Editor-in-Chief.

All those who knew Dr. Khokhlova remember her
as a very talented woman, an attentive and clever
conversationalist, and an inquisitive investigator who
selflessly and steadfastly served scientific truth.
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