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Abstract—Observations of the transient X-ray pulsar 4U0115+634 with the ART-P telescope aboard the
Granat Observatory during the outburst in February 1990 are presented. The source exhibited a strong, regular
and irregular variability, including X-ray bursts of duration 300-500 s. Two absorption features were detected
in the source’s photon spectrum at ~12 and ~22 keV, which were interpreted asthe lines of resonance scattering
of itsemission at the first and second cyclotron harmonics. The magnetic-field strength B on the neutron-star
surface that corresponds to these linesis ~1.3 x 10'2 G. The ratio of the line energies slightly differs from the
harmonicratio 1: 2. Moreover, thisratio and the line energies themsel ves vary appreciably with phase on atime
scale of one pulsation period. The dependence of other spectral parameters for 4U0115+634 on pulse phaseis

investigated. © 2000 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

The transient X-ray source 4U0115+634 was dis-
covered by the Uhuru satellite during its outburst in
January 1971 [1]. Subsequently, during the giant out-
burst of 1978 [2], pulsations of its emission with a
period of 3.6 swere detected. These pulsations showed
that the object is a rapidly rotating, accreting neutron
star with a strong magnetic field. Doppler shiftsin the
period alowed the binary’s parameters—its orbital
period P,, = 24.3 days, eccentricity e = 0.34, and
projection of the orbital semimajor axis aysini =
140 light seconds—to be measured [3]. At the same
time, the properties of the optical companion—the star
V635 Cas—have long remained unknown. Only recently
have Unger et al. [4] showed that this star is a super-
giant of spectral type O9e. Long-term observations of
the binary system suggest that X-ray outbursts occur
approximately once every three years and last for sev-
eral weeks [5-8]. Giant outbursts, during which the
source’s X-ray luminosity increases by tens or hun-
dreds of timesto reach the Crab luminosity, occur even
more rarely. The positive correlation between the
source’s optical and X-ray activities (with a delay
between X-ray and optical events of severa months),
which was found by Mendelson and Mazeh [9] for a
number of outbursts, indicates that the outbursts are
attributable to occasional envelope gection by V635
Cas; accretion begins only after a sufficient amount of
material capable of overcoming the centrifugal barrier
a the neutron-star magnetospheric boundary is accu-
mulated in the capture region [10].

The source 4U0115+634 is a bright representative
of the group of “hard” X-ray transients; by their prop-
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erties, they differ markedly from “soft” transients, X-ray
novae. In general, its spectrum is well described by a
power law with a photon index a ~ 0.5 and with an
exponential cutoff at energies above 10-15 keV. While
analyzing the HEAO-1 data, Wheaton et al. [11]
detected an absorption line near ~20 keV in the pulsar
spectrum. Subsequent observations showed that there
were actually two featuresat = 11.5 and =23 keV inthe
source’s spectrum [12, 13]. These features were inter-
preted as the cyclotron absorption lines in a strong mag-
netic field that correspond to the fundamenta frequency
and its second harmonic. Recently, the detection of athird
harmonic with energy ~33.6 keV by the RXTE satdllite
has been reported [14]. Occasionaly, the source exhibits
even more unusual properties. In particular, during the
outburst of 1994, it was found by the HEXE instrument
aboard the Mir-Kvant modulein an abnormally hard state
with a power-law spectrum up to ~100 keV without any
evidence of acutoff at high energies[15].

In this paper, we present the observations of the pul-
sar 4U0115+634 with the ART-P telescope aboard the
Granat Observatory in February 1990 during a strong
(giant) X-ray outburst.

OBSERVATIONS

The onset of this outburst was detected on February 5,
1990, by the Japanese Ginga satellite [16]. Shortly
afterward (on February 18, 19, and 22), three observing
sessions of the pulsar were carried out with the ART-P
telescope with exposures of 6420, 2070, and 6310 s,
respectively.

The coded-aperture ART-P telescope has a

3% x 3% field of view (FWHM) and an angular reso-
lution of 5' (the coded-mask element size). The geo-
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metric area of the telescope position-sensitive detector
is 625 cm?; half of the detector is covered with opague
mask elements. The telescope is sensitive to photonsin
the energy band 2.5-60 keV and has an energy resolu-
tion of ~22% in the 5.9-keV iron line. A detailed
description of the telescopeisgivenin [17].

The observations were performed in the “photon-
by-photon” mode, in which, for each photon, its coor-
dinates on the detector, energy (1024 channels), and
arrival time were written into buffer memory. Since the
data transfer to the satellite’'s main memory was made
after the temporary buffer was filled and took 25-35 s,
on the average, the written information takes the form
of individual exposures with breaks between them.

Figure 1 shows the image of the field near
4U0115+634 which was obtained during the observing
session on February 19. Despite the relatively short
integration time (2070 s), the source was detected at a
very high confidence level (~2100), suggesting that it
was bright. During this and subsequent observing ses-
sions, the source 2S0114+650 was within the telescope
field of view; this source is located one and a half
degrees from the pulsar 4U0115+634 and, like the lat-
ter, isamember of abinary system with a massive opti-
cal companion—the Be star LSI+65°010 (see[18, 19]).
No X-ray emission from this source was detected with
the ART-P telescope (the 30 upper limit on the 3-20-keV
photon flux was 18 mCrab, asinferred from the sum of
three sessions).

X-RAY VARIABILITY

Figure 2 (upper panel) shows the light curve of
4U0115+634 in the energy band 4-30 keV that was
obtained during its observations with ART-P. The three
groups of points correspond to different observing ses-
sions, and each individual point represents the count-
rate measurement during a single exposure (from 45 to
80 s in duration). The measurement was corrected for
the background count rate and other instrumental
effects (collimator transmission, misses due to dead
time, etc.). We see from the figure that, apart from the
monotonic, though fairly rapid (afactor of ~1.5 in four
days) decrease in the source's intensity, its flux exhib-
ited fairly large erratic variations on a characteristic
time scale of several tens or even hundreds of seconds.
In particular, several bursts of duration 300-500 s were
detected on February 18, which occurred once every
1000-3000 s and during which the flux from the source
increased by ~20-30%. Figure 3 shows the profiles of
two such burstswith ahigh time resolution (the bin size
wastaken to be 7.2 sto remove the pul sation variability,
where possible). Thetimeintervalsfor these bursts near
18.5195 and 18.5604 UT areindicated in Fig. 2 by the
vertical dotted lines. Note that X-ray bursts have also
been previously observed in such pulsars as SMC X-1,
LMC X-4, and Cen X-3 (see [20] and references
therein). Note also that, despite the large variations in
the source's intensity, its exposure-averaged “hard-

ness’ was essentially constant during the entire series
of observations. Thisisconfirmed by the lower panel in
Fig. 2, which showstheratio of count ratesin the ART-P
hard (18-30 keV) and soft (46 keV) energy bands.
Only individual short bursts, during which the hardness
slightly decreased (the lower panel in Fig. 3), may have
constituted an exception. Having analyzed ten out-
bursts observed between 1969 and 1987, Whitlock
et al. [7] previously concluded that the source’s X-ray
hardness was approximately constant.

According to data from the All-Sky Monitor (ASM)
aboard the Ginga satellite, the 1-20-keV intensity of
the source during the outburst under discussion was at
a maximum on February 11 [8]. This implies that the
ART-P observations were carried out on the descent of
its X-ray light curve. Nevertheless, the source was still
very bright. Table 1 gives the measurements of its flux
(relative to the Crab photon flux) and luminosity (for an
assumed distance of =3.5 kpc to the source; see[3]) for
each of the three observing sessions.

SPECTRA

Apart from the emission properties characteristic of
most X-ray pulsars, such as a power-law spectrum in
the standard (2-10 keV) X-ray band, an exponential
cutoff at high energies, and possible iron emission
lines, the spectrum of 4U0115+634 exhibits two
absorption features at energies~12 and ~23 keV, which
attracted particular attention to this source [11, 13].
These features are assumed to result from the reso-
nance cyclotron scattering of X-ray emission by elec-
trons in the neutron-star magnetic field. To analyze the
ART-P spectroscopic data, we modified the standard
empirical spectral model for X-ray pulsars proposed by
Whiteet al. [12] by including the absorption linesin it:

I(E) = 1,E ™ exp[~L4(E) — Lo(E)]

0 1, if E<E, M
0 exp[~(E-E.)/E{], if E=E,.

X

Here, the photon energy E isin keV, a is the photon
index, and

EF W

Li(E) = e ———

' EUE-E)2+W?

isthe Lorentz function, which describes the profile of a
cyclotron line with energy E;, width W, and optical
depth 1; at the line center. A line with such aprofile can
be formed by scattering in an optically thin (1, < 1),
sufficiently cold (KT, < E;) magnetized plasma (see,
eg., [21]). The model disregards the interstellar
absorption, because there was no appreciabl e distortion
in the source's spectrameasured with ART-P that could
be attributed to absorption. In most cases, the possible
[13] iron-line emission a 6.4-6.9 keV was aso
ignored. Only the February 19 spectrum, in which a

)
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Fig. 1. The 2.5-20-keV image in the ART-P field of view obtained on February 19, 1990, when the transient pulsar 4U0115+634

was observed. The 3, 4,5, 6.5, ...,

and 1800 confidence regions of the source detection (at logarithmic steps) are indicated by the
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Fig. 2. The ART-P light curve of 4U0115+634 in the energy band 4-30 keV during the outburst in February 1990 (upper panel) and
the corresponding variations in the source’s hardness, the ratio of count rates in the hard (18-30 keV) and soft (46 keV) bands
(lower panel). The vertical dotted linesindicate the time intervals for which Fig. 3 shows higher resolution light curves. The errors

correspond to 1o.
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Fig. 3. Thelight curves of 4U0115+634 and its hardness curves as measured during X-ray bursts with ahigh time resolution [panels
(a) and (b) were constructed for the intervalsindicated in Fig. 2 by the dotted lines; the zero times correspond to February 18.5195

and 18.5604 UT].

narrow 6.4-keV line was detected at a moderately high
confidence level (see below), constituted an exception.

The best-fit parameters [for the model (1)] for the
source’s spectra, as measured during the three observ-
ing sessions, are given in Table 2. We see that the pho-
ton index a and the exponentia -cutoff energy E. of the
spectrum dlightly changed from session to session,
while the folding energy E;, which characterizes the
cutoff rate, was virtually constant. However, al the
three measured spectra contained features (local breaks
and irregularities) because of which their description
by the simple model that ignored cyclotron-line absorp-

tion was not quite satisfactory (seethe x,z\‘ valuesinthe

table). Allowance for the absorption lines improved
appreciably thefitsto the spectra obtained on February 19
and especially on February 22. In the former case, we
found only one line near energy ~11.5 keV, which
corresponds to the first cyclotron harmonic, while in
the second case, the absorption lines were observed
both at the first (E, = 12.1 keV) and second (E, =
22.2 keV) harmonics. The absorption-line widths were
assumed to befixed and equal toW, = 1.5keV and W, =
2.0 keV for the first and second harmonics, respec-
tively. According to our analysis, this parameter could
be measured using the ART-P data only with a large
uncertainty (in particular, for the February 22 spectrumwe

obtained W, = 1.46 + 1.08 keV and W, = 4.4 + 3.5 keV,
wherethe errorsare given at a 1o level).

In order to show how significant the decreasein x5
is when one or two absorption lines are added to the
model, in Table 3 we give an estimate of the prabability

that this decrease in xﬁ, occurred by chance for each
specific case. The probabilities were calculated by
using the Ax? statistics. We see from the table that, at
least on February 22, the cyclotron absorption lines
were detected in the spectrum of 4U0115+634 at avery
high confidence level. The pulsar spectrum on this date
isshown in Fig. 4a. The dots represent the pul se-height
spectrum (in counts s' cm keV!), and the solid line
represents the corresponding model spectrum (in phot.
s cm~ keV~!) in which the cyclotron absorption at the
fundamental and second harmonics was taken into
account. For comparison, the dotted line indicates the
model spectrum with the same parameters but without
absorption lines. The deviations of the measured spec-
trum from the model spectra convolved with theinstru-
mental response matrix are shown in Figs. 4b-4d in
order of increasing complexity: without cyclotron
lines, with oneline, and with two lines.

When the February 19 spectrum of the source was

fitted, in addition to the cyclotron absorption line at
~11.5 keV, it was necessary to includethe emission line

Table 1. The photon flux and luminosity of 4U0115+634 in February 1990 as determined from ART-P data

. Photon flux, mCrab LY, 107 ergst
Date (UT) Orbital phase?

36 keV 6-18 keV 18-30 keVv 3-30 keV
18.464-18.584 0.951 460+ 8 873+9 802 +41 3.04+£0.03
19.798-19.835 0.004 393+8 763+ 9 792 + 38 2.67+0.05
22.503-22.612 0.117 304+4 628+ 5 577122 215+ 0.02

aAccording to the ephemeridesin Table 4.
b Assuming a distance of =3.5 kpc to the source.
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Table 2. The best-fit parameters for the spectrum of 4U0115+634 as deduced from ART-P data®
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Date lo a Ec E o cLe Xn (N)?
Feb. 18,90 | 0.305+0.060 | 0.454+0.118| 7.19+0.52 | 857+0.64 1.74(35)
Feb.19,90 | 0.208+0.049 | 031540148 | 654+061 | 848+0.8L 1.95(35)

0282+ 0033 | 0540+ 0.064| 9.85+088 | 874+081 | 289+0.69 1 1.52(32)
Feb.22,90 | 0.164+0.021 | 0.327+0078 | 7.20£032 | 827+0.39 2.26(35)
01420019 | 02420080 | 7.33+037 | 880+051 2,3 0.77(31)

aBased on themodel (1): 15 isthe normalization of the power-law component (phot. cm?st keV‘l), a isthe photonindex, E; and E; (keV)
are the parameters of the exponential cutoff; al errorsare at a 1o level.
bThe photon flux (10™ 2 phot. cm2 s‘l) intheiron fluorescence line (the line energy and width were assumed to be 6.4 and 0.1 keV, respec-

tively).

€ The presence in the spectrum of a cyclotron resonance line with the following parameters: 1—E; = 11.45 + 0.34 keV, 1, = 0.28 + 0.12,
W; =1.5keV (first harmonic); 2—E; =12.10+ 0.25 keV, 1, = 0.25+ 0.04, W, = 1.5keV (first harmonic); 3—E, = 22.24 + 0.56 keV, 1, =

0.51 £ 0.13, W, = 2.0 keV (second harmonic).

d The x2 value is normalized to the number of degrees of freedom N.

with a Gaussian profile at a centroid energy of 6.39 +
0.15 keV (Table 2). In the spectraof X-ray sources, this
line usualy results from the fluorescence of weakly
ionized iron asthe X-ray emission isreflected from the
surface of a normal star, an accretion disk, or matter
which flows over the neutron-star magnetosphere. The
line was assumed to be spectrally narrow (o = 0.1 keV,
which is outside the ART-P resolution range), and its
equivalent width was 282 + 68 eV. During the observ-
ing sessions on February 18 and 22, this line was unde-
tectable, and we were able to obtain only upper limits
on its equivalent width at a 30 level, 245 and 200 eV,
respectively.

PULSE PROFILE

Having carried out three observing sessionsin arow
for the source near orbital phases 0.95, 0.00, and 0.12,
we were able to determine the epoch of its periastron
passage and refine the orbital period [22]. The parame-
ters of the binary system 4U0115+634/V635 Cas that
we used in the subsequent calculations are given in
Table 4.

An analysis of the pulse profiles for the pulsar
4U0115+634 at different epochsand in different energy
bands shows that their shapeisvirtually independent of
orbital phase. To achieve a higher time resolution and
to improve the statistics, we constructed the pulse pro-
files (see Fig. 5) averaged over al the three observing
sessions in four energy bands (3-6, 6-12, 12-18, and
18-30 keV). The ratio of simultaneous flux to average
(over the pulsation period) flux is plotted along the ver-
tical axis. Thisallows usto keep track of the variations
in pulse fraction when passing from one band to
another. It is obvious that these variations are small.
The pulse fraction, which is defined as PF = (I« —
lmind/(max + T, Where | and |, are the count rates
at maximum and at minimum of the phase curve,
respectively, properly corrected for the background and
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variations in the efficiency of the observations, was in
the range 30—40%, and its mean in the band 3-30 keV
was 36%.

In general, the ART-P observed pulse profiles had
the shape characteristic of this pulsar: a strong, sym-
metric main peak at phases 0.1-0.45 and a weaker,

Table 3. Significance levels of the detection of cyclotron absorp-
tion lines in the spectrum of the pulsar 4U0115+634 with ART-P

Significance b

Date Spectral features leveld o
Feb. 19,90 | Lineat first harmonic® 22x10% | 37
Feb. 22,90 | Line at first harmonic 86x10° | 58

Line at second harmonic® | 1.2x10% | 3.9
Lines at both harmonics 28x 101 | 67

8The probability of achanceimprovement in XZN (seeTable2).

b In standard deviations of the normal distribution.

¢ The 6.4-keV iron line was simultaneously included in the model
(Table 2).

d Relative to the model with one line at the first harmonic.

Table4. Orbital parametersfor 4U0115+634 and the pulsation pe-
riod at the epoch of ART-P observations (TJD 940.965-945.113)2

aysini® 140.13 + 0.16light seconds
Porb 24.31643 + 0.00007 days

b 0.3402 + 0.0004

oP 47766+ 0717

T° TJD 942.224 + 0.004

= 3.61461 + 0.00001 S

8 ay sini is the projection of the orbital semimajor axis onto the
plane of the sky, eisthe eccentricity, wisthe periastron longitude,
T isthe epoch of periastron passage, Py, and P are the orbital and
pulsation periods; TID = JD—2447000.

b Asinferred by Rappaport et al. [3].

€ Asinferred by Lutovinov et al. [22].
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Fig. 4. The ART-P spectrum of 4U0115+634 on February 22,
1990 (panel @). The dots represent the measured (pulse-

height) spectrum, and the histogram representsits best fit by
the model (1) with alowance for cyclotron absorption at
two harmonics. The model (photon) spectrum is indicated
by the solid line. The dotted line represents the same spec-
trum but without absorption lines. Panels (b)—(d) show devi-
ations of the experimental data(in o) from the best fit for the
three model spectra: without cyclotron absorption, with one
line, and with two absorption lines, respectively.

broad asymmetric second peak at phases 0.5-0.9. The
width of the first peak increased, while the width and
intensity of the second peak decreased with energy.
This behavior of the phase curves was accompanied by
changes in the source's hardness on atime scale of one
pulsation period. Thisisclearly seen in the lower panel
of Fig. 5, which shows the ratio of pulse profilesin the
energy bands 18-30 and 612 keV.

PHASE-RESOLVED SPECTROSCOPY

To study the changes in the source’'s spectrum on a
time scale of one pulsation period in more detail, we
performed its phase-resolved spectroscopy. The data of
the third session (which are of greatest interest because
of the presence in the source's spectrum of simulta-
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Fig. 5. Energy dependence of the pulse profilefor the pul sar
4U0115+634, as derived from ART-P data. The ratio of
instantaneous photon flux to average (over the period) flux
isplotted along the vertical axis, which allowsthe changein
pulse faction to be judged. The evolution of the source's
hardness during the period is shown in the lower panel. The
errors correspond to 10.

neously two cyclotron absorption lines at this time)
were divided into eight successive phase bins. Thisbin-
ning, which is a factor of 3 coarser than that used to
construct the phase curves in Fig. 5, was chosen to
improve the statistics. The arrival time of each photon
was corrected for the motion of the Granat satellite and
the Earth around the Sun and for the motion of the neu-
tron star in the binary system. The integration time of
the photon spectrum for each bin was ~790 s.

We analyzed the phase-resolved spectra by the
method that was already used when studying the pul sar
phase-averaged spectra: the model (1) either without
cyclotron lines, or with one line, or with two lines was
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used to fit the photon spectrum; in each step, the deci-
sion on the necessity of using a more complex model
was taken on the basis of the Ax? test at a 5% signifi-
cance level. In other words, if the probability that the

improvement of xﬁ, for amore complex model did not

occur by chance exceeded 95%, then this (or an even
more complex) model was used. The results of our
analysis are shown in Fig. 6 in the form of plots of the
spectral parameters against pulse phase. Note that the
source’s spectrum exhibits a statistically significant
cutoff at high energies over the entire pulsation period,
while the absorption lines appear only at certain phases.
The energies of the line centers shift with phase; theratio
of energies of the first and second harmonics H = E,/E,;
is not constant. H has the lowest value of =1.65 on the
ascent of the main peak in the pulse profile and reaches
H = 1.85 on its descent and H = 2.05 at the beginning
of the second peak. Averaging over the phase bins dur-
ing which both lineswere observed yielded H = 1.79
0.08. At the same time, the ratio of energies of these
linesin the phase-averaged spectrum of the source was
1.84 +0.06 (Table 2).

We see from Fig. 6 that the phase variations in the
source’s hardness, which was previously defined as the
ratio of count rates in the bands 18-30 and 6-12 keV,
correlate strongly with the appearance in its spectrum
of cyclotron absorption lines and with the variationsin
their energy. The pattern of variations in photon index
a is completely different and must clearly affect the
spectral hardnessin the softer (E < 6 keV) energy band.
In particular, it follows from the figure that the spectral
slope in the soft band is positive (i.e., the photon flux
density increases with energy) near the maximum of
the main peak.

DISCUSSION

We have aready mentioned above that X-ray out-
bursts of 4U0115+634, during which it shows up asan
X-ray pulsar, occur approximately once every three
years. In complete agreement with this assertion, the
CGRO Observatory has recently (in March 1999)
detected another outburst of the source [23]. All out-
bursts can be divided into two groups: strong (giant)
and weak; the latter normally occur only near orbital
phase 0.55 [7]. The outburst in February 1990, during
which the source was observed with the ART-P tele-
scope, belonged to the group of very strong outbursts.

An analysis of the source’s X-ray light curve shows
that, apart from the general trend in itsintensity, itsflux
exhibited significant variations on time scal esfrom sev-
eral tens to hundreds and thousands of seconds. In par-
ticular, the ART-P telescope detected several short
bursts of duration 300-500 sin February 18. The expo-
sure-averaged hardness of the source was essentially
constant during the entire series of observations.

The ART-P photon spectrum of the source revealed
absorption features at energies E; = 12.1 keV and
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Fig. 6. Spectral parameters of 4U0115+634 versus pulse
phase. Here, a isthe photon index, E. and E; are the param-
eters of the exponential cutoff in the spectrum, and E; and
E, arethe centroid energies of the cyclotron absorption lines
which correspond to the two harmonics. For comparison,
the upper panel showsaplot of hardness versus pul se phase.

E, = 22.2 keV, which are most likely attributable to the
resonance scattering of its emission at the first and sec-
ond cyclotron harmonics. In this case, the magnetic-
field strength on the neutron-star surface is

_ o] E1 _ 2GM7'2
B=86x10"5—= 1 G .
=~ 1.3x10"G.

Here, wetook into account the gravitational redshift
of the neutron star by assuming that its radius and mass
were R=12 km and M = 1.4M,, respectively.
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Theratio of cyclotron-line energiesH = E,/E, = 1.8
differs from H = 2 suggested by the harmonic ratio.
Moreover, this ratio changes appreciably with line
energy on atime scale of one pulsation period. Tamura
et al. [8] explained the similar results that they obtained
when studying 4U0115+634 from the Ginga satellite
by the fact that the lines originated in regions with dif-
ferent magnetic fields, for example, those at different
heights above the neutron-star surface. This explana-
tion is corroborated by amost a factor of 2 difference
in the optical depths, as measured for the first and sec-
ond harmonics with the ART-P telescope (Table 2).
However, two-photon scattering and emission, which,
according to Alexander and Meszaros[24], are capable
of increasing the depth of the second and higher har-
monicsin the source’s spectrum compared to the depth
of the fundamental harmonic, could contribute to this
result. In conclusion, note that an appreciable deviation
from the harmonic law has recently been also found for
the third harmonic which was detected in the spectrum
of this pulsar by the RXTE satellite [14].
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Abstract—We report photoel ectric UBVR observations of Cyg X-1 with the 1-m Tien-Shan and 48-cm Mount
Maidanak reflectors from October 1995 through November 1996. The orbital light curveis represented by the
model of a tidally deformed star. Various types of flare and fading are observed. The optical and X-ray
(ASM/RXTE 2-10 keV) variahilities are compared. A 90-day soft X-ray outburst occurred in the summer of
1996, but no similar event was detected at optical wavelengths. Nevertheless, an interrelation was found between
the variahilities in these bands, suggesting that they are affected by the same processes. A correlation between
changes in the mean X-ray and optical fluxes was found after the 90-day X-ray outburst and the mean optical
orbital light curve were subtracted. A Fourier analysis reveals common featuresin Fourier spectra of the X-ray

and optical data. An orbital X-ray variability with a 5.6% amplitude is confirmed. Optical flares with a 0704
amplitude and a duration of several days, which coincided with local X-ray minima, were detected. The optical

brightness of Cyg X-1 declined by 0704 in about a week early in November 1996. A possible physical inter-
pretation of the flares and the orbital X-ray variability in terms of accretion instability is offered. The charac-
teristic time it takes for matter to pass through the accretion structure is estimated directly from observations;

it was approximately aweek in 1996. © 2000 MAIK “ Nauka/lnterperiodica” .

1. INTRODUCTION

One of the components of the X-ray binary system
Cyg X-1 (V1357 Cyg) is a reliable black-hole candi-
date. Over the period of long-term optical photometric
observations, the star has exhibited a mean orbital light
curve typical of ellipsoidal variability with an ampli-

tude of 07048 + 07003 and a double-wave period of

5% [1]. Thelight curve can be explained by tidal defor-
mation of the optical star, an O9.71ab supergiant, in the
gravitational field of arelativistic component [2]. The
relativistic component is surrounded by an accretion
disk whose contribution to the system’s total luminos-
ity isamere 4% [3].

The shape of the orbital optical light curve and the
mean brightness vary with a 2949 period in phase with
X-ray 3-6-keV variations[1, 4]. This phenomenon was
interpreted by precession of the accretion disk in the
direction of orbital motion[1], by contrast to the forced
precession in Her X-1 and SS 433. Bochkarev and
Karitskaya [5] and Karitskaya and Bochkarev [6]
explained the “direct” precessional motion by the inter-
action of infalling matter with the disk. The theoretical
curves obtained by Karitskaya[7] for atilted, precess-
ing starlight-scattering accretion disk describe well the
changes in the light curves. Nevertheless, the 2949

* e-mail: karitsk@sai.msu.ru

period should be verified by currently available obser-
vations in various spectral ranges. Other periodicities

were also detected by various authors: 39°2/784 [8-10],

149°4 and 5393 [11]. A periodicity analysisis compli-
cated by the fact that the optical light variations are
small (the OB star dominates) and that anirregul ar vari-
ability and flares are superimposed on the light curve.

In the X-ray 2-6-keV band, apart from a rapid milli-
second variability and quasi-periodic oscillations,
Cyg X-1 is characterized by transitions from the normal
hard X-ray spectral state to the high soft state (out-
bursts) several tens of daysin duration. In this case, the
hard X-ray flux varies in antiphase with the soft X-ray
flux, so the total flux is nearly constant [12]. One of
such outbursts occurred in the summer of 1996 during
our photometric observations.

Apart from the 2949 period, other periods were
detected in the X-ray band. The ASM/RXTE data[12]
revealed a 50° periodicity in the recurrence of flaring
episodes, which matches, within the error limits, the
period found by Walker and Quintanilla[11] in the pho-
tometric B band. During the hard state of Cyg X-1, the
ASM/RXTE and Ginga ASM data revealed an orbital

modulation with a5%6 period [13].

Thus, there is presently ample evidence for arela
tion between the opticdl and X-ray variabilities,
although the nature of these variations may be mark-
edly different. Periodic variations with equal or close

1063-7737/00/2601-0022%$20.00 © 2000 MAIK “Nauka/Interperiodica’
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periods are seen to be revealed in these two spectral
ranges.

The nature of the distortions of the ellipsoidal opti-
cal light curve, their characteristic time scales, and the
relation with X-ray events remain unclear so far in a
number of cases. For example, during the June 1980
transition of Cyg X-1 to the soft state, Kemp et al. [14]
detected a change in the shape of the optical orbital
light curve. J.C. Kemp also surmised that some period-
icities could arise during a transition of the X-ray
source to the soft state. We therefore organized collab-
orative observations of Cyg X-1 at various observato-
ries of the Commonwealth of Independent States as
part of the International Program “Monitoring unique
astrophysical objects’ as soon as another transition of
the source to the soft state occurred in May 1996. Here,
we present the data obtained within the framework of
this program at two observatories, which cover both
states of Cyg X-1 fairly densely.

2. PHOTOMETRIC OBSERVATIONAL DATA
Observations

The observations at the Tien-Shan Astronomical
Observatory in Kazakhstan (2730 m above sea level)
were carried out with the 1-m reflector in October 1995
and October—November 1996. We used the four-chan-
nel WBVR photometer designed by Kornilov and Kry-
lov [15]. This photometer works on the principle of
spectrum separation by means of dichroic plates. The
WBVR system was described in the catalog by Kornilov
et al. [16], and the spectral sensitivity of the instrument
in various photometric bands with and without filters
was analyzed in detail by Kornilov [17]. The bands of
the Tian-Shan BVR system (with filters) are close to the
corresponding M organ—Johnson bands. Theinstrumen-
tal ultraviolet u band was realized without filters and
differs markedly from the standard; its equivalent
wavelength is redshifted from the Morgan—Johnson
U band [17]. The u observations were reduced to the
simultaneously performed Mount Maidanak U obser-
vations. This reduction is proper only if there are no
color variations and is suitable for studying the orbital
light curve of Cyg X-1. We kept track of the object for
along time during each observing night at Tien-Shan,
so it frequently sunk to the position corresponding to
the air mass M(z) = 3 atm.

The observations at the Mount Maidanak Astro-
nomical Observatory in Uzbekistan (2600 m above sea
level) were carried out with the 48-cm reflector from
June through November 1996. We used a standard sin-
gle-channel UBVR photometer, which reproduced the
M organ—Johnson system. The object was observed two
or three times near the meridian on each night and con-
tinuoudly at JD 2450377.

We obtained a total of 827 observations in three or
four spectral bands during 115 nightsin 1995-1996. Of
ASTRONOMY LETTERS Vol. 26
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them, 102 nights fell within the period of ASM/RXTE
X-ray observations.

Comparison Sars

Apart fromV 1357 Cyg, we performed simultaneous
observations of two more stars at the Tien-Shan Obser-
vatory in 1995: a (BD+34°3816, V1674 Cyg) and ¢
(BD+34°3812) [18]. The coordinates, magnitudes, and
colors of al the observed objects are given in Table 1. We
confirmed the variability of V1674 Cyg discovered by
Walker and Quintanilla[11] and have additionally used
HD 189474 (no. 1, BD+35°3895, SpAL1V) (Table1) asa
comparison star since 1996. We published a specia
study of V16374 Cygin [19].

The Mount Maidanak observations in 1996 were
carried out with two comparison stars: BD+40°4147
(HD 229196, NSV 25130, Sp 05) and ¢ (BD+34°3812);
the latter was also used at Tien-Shan. It subsequently
emerged that the former star was known as a double-
lined spectroscopic binary and was suspected to be
variable by Hill et al. [20]; it has now been included in
the Supplement to the NSV catalog. We detected a

1%11 periodicity of this star in the Fourier spectra of
Cyg X-1 and BD+34°3812 with amplitudes of 07051,

07054, 07043, and 07041 in U, B, V, and R, respec-
tively. The period was confirmed by Hill et al.’s obser-
vations and by Hipparcos photometric observations.
Based on all observations at JD 2441158-2450755, we
determined the e ements:

Max = 2450660.30(+.06) + 1°91079(+00003 x E.

The light curve has a Cepheid-like shape. The star
BD+40°4147 lies near the open cluster NGC 6910 but
is probably not its member, as follows from the color-
magnitude diagram [21]. The strict periodicity of the
comparison star allows the Mount Maidanak observa-
tionsof Cyg X-1 to be corrected, after which the disper-
sion of the light curve for Cyg X-1 approaches the dis-
persion of the mean Tien-Shan light curve.

Peculiarities of the Data Reduction Procedure

The Tien-Shan measurements were reduced by
using the standard procedure of correction for the
atmosphere with the nightly mean extinction coeffi-
cient in each photometric band determined by the Bou-
guer method. The comparison star HD 189474 and Cyg
X-1 havedifferent spectral energy distributions and dif-
ferent colors (Table 1). As might be expected, having
reduced the data, we found a correlation between the
magnitude of Cyg X-1 and the air mass, the Forbes
effect (see, e.g., [22]), in dl bands. To alow for the
Forbes effect, we took alinear relationship between the
star’s magnitudes and the air mass. The orbital wave
and the other periodicities were first subtracted from
the magnitudes. The coefficients of the relationship
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Table 1. Coordinates and magnitudes of the observed stars

Star BD/GCVS a 2000 62000 \Y, U-B B-V V-R Note**
V1674 Cyg 19M58M21%7 +35°13'00” 10.026 - 0.566 0.510 [T]
c +34:3812 1958 06.3 +352247 9.082 —-0.013 —-0.029 0.024 [M]
9.085 - 0.010 0.001 [T]
1 +35: 3895 195851.6 +352952 6.998 +0.051* 0.040 0.031 [K]
+40: 4147 2023 10.9 +4052 30 8.498 -0.211 0.935 0.631 [M]
var V1357 Cyg 195821.7 +351206 8.866 -0.279 0.842 0.871 [M]
8.883 - 0.896 0.833 [T]

* W-B are given.

** The table gives the following photometric data: [T] averaged over all Tien-Shan observations; [M] from the Mount Maidanak observa-

tions; [K] from the catalog by Kornilov et al. [16].

were calculated by the least-squares method. The max-
imum coefficient in B was —070124 per atmosphere.
These coefficients were used to correct the origina
observational datafor the Forbes effect. This procedure
resulted in the disappearance of all trends (gradual
brightenings of the object during the night as it sunk),
which are particularly pronounced in the short-wave-
length u and B bands) in the light curves of Cyg X-1.

The mean extinction coefficients as determined by
the Bouguer method in u, B, V, and R were, respec-

tively, 07304, 07202, 07126, and 07066 in the fall of
1997. The accuracy of our Tien-Shan observations var-

ied in the range 07003—0"006 on different nights.

The Mount Maidanak observationsrevealed norela-
tionship between the magnitude and the air mass. After
reducing the instrumental magnitudes to the standard
ones, we found small systematic differences between
the Tien-Shan and Mount Maidanak data (see Table 1).
The corrections for the differences between the Tien-
Shan and Mount Maidanak series were determined
from simultaneous observations and from the levels
averaged over the observing period. They were used to
reduce the Tien-Shan BVR magnitudes to the Mount
Maidanak photometric BVR system. The nightly mean
photoelectric UBVR observations after al the previ-
ously described reductionsare givenin Table 2 (in elec-
tronic form).* Column 2 lists the Mount Maidanak U
magnitudes and the Tien-Shan instrumental u magni-
tudes reduced to the U system by the method described
above. Columns 6-9 give the rms deviations in UBVR
on each night.

3. LIGHT CURVES OF Cyg X-1

The orbital UBVR light curves for 1995-1996 are
shown in Fig. 1. We used the following elements:

Min.lhel. = 2441561.22 + 5%599763(30)E. (1)

* Table 2 is published in electronic form only and is accessible via
ftp cdsarc.u-strasbg.fr/pub/cats/J (130.79.128.5) or http://cdsweb.
u-strashg.fr/pub/cats/J.

The elements were refined by using two epochs of min-
ima: GCVS 1V and the current epoch derived from our
data JD Min.lhel = 2450364.05 + 0.06 (the same result
is obtained if the initial epoch from [1] is used instead
of the GCVS initial epoch). The mean orbital light
curve iswell described by the model of a binary with a
tidally distorted star. In Fig. 2a, the light curve is fitted
with one of the model curves from [23] by the method
described in [24]. The following model parameters
were used in the calculations: the mass ratio q = 0.25,
the Roche-lobe-filling coefficient u = 0.9, the gravita-
tional -darkening coefficient 3 = 1/4, the orbital inclina-
tioni =45°, and the limb-darkening coefficient u = 0.4.
For comparison, Fig. 2b shows the light curve only for
the soft X-ray state. No appreciable change in the curve
shapeis observed.

We analyzed our datatogether with the ASM/RXTE
X-ray 2-10-keV data (http://space.mit.edu/XTE, May
1997). The nightly mean X-ray and optical (B) mea
surements are shown in Fig. 3. The X-ray dataare pre-
sented on a logarithmic magnitude scale (Fig. 3a). The
dispersion of the observations does not depend on
whether the object is in the high or low state, which
allowsall datato be reduced simultaneously. The errors
in the daily mean X-ray data do not exceed the point
size in the figure. Individua several-day long X-ray
episodes and the main 90-day double-peaked outburst,
which corresponds to the high soft X-ray state, are seen
during JD 2450220-50310 [13, 25]. The optical B data
are shown in the form of deviations from the mean
orbital light curve, a double wave (Fig. 3d). Figures 3b
and 3c show the mean X-ray and optical light curves
constructed by the method of moving average for a

smoothing interval of 179 at steps of 3‘.14; thermserrors
in the means are given in the figures. The mean optical
light curve in Fig. 3c is indicated in Fig. 3d by the
polygonal line. When computing the average X-ray
light curve (Fig. 3b), we first subtracted the outburst,
whose curve is indicated in Fig. 3a by the solid line,
from the X-ray data.

It followsfrom Figs. 3aand 3c that the 90-day X-ray
outburst had no effect on the mean optical light varia-
tions. However, after this outburst was subtracted, a
comparison of the mean light curvesin Figs. 3b and 3c

ASTRONOMY LETTERS Vol. 26 No.1 2000
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Fig. 1. Orbital light curves of Cyg X-1 in four bands with @l individual measurements in 1995-1996. The crosses represent the
observations during the week-long profound brightness decline in November 1996.

reveals optical variations on a characteristic time scale
of several days, which follow the corresponding X-ray
variations with a small shift in time. The mean optical

brightness was 07014 lower at the minimum corre-
sponding to the dip between the two peaks of the main
X-ray outburst and reached a normal value by the end
of the high state, passing through the maximum corre-
sponding to the second peak of X-ray emission. After
the 90-day X-ray outburst, the fluctuations in mean
brightness continued with the same amplitude. Thefea
tures of the optical light curve precede the features of
the X-ray light curve by approximately a week. The
correlation analysis in Sect. 4 confirms this qualitative
conclusion. An explanation of this delay is offered in
Sect. 6.

The large scatter of points about the mean smooth
light curvein Fig. 3d can be explained by the two types
of variability that we detected in V1357 Cyg in 1996.
For clarity, two segments of the light curve are shown
in Fig. 4 on an enlarged scale.

We detected intense flares with a07'03-0"'04 ampli-
tude, which is comparable to the peak-to-peak ampli-
tude of the orbital variability, and a duration of severa
days. Local X-ray fadings correspond to these flares.

Two flares of 0704 amplitude which lasted for several

ASTRONOMY LETTERS Vol.26 No.1 2000

days with its maxima at JD 2450267 (July 2) (Fig. 4a)
and JD 2450366 (October 9) are most characteristic.
They were accompanied by 20% local X-ray fadings.

Apart fromintenselong flares, the light curve exhib-
its relatively short flares (with an amplitude up to

07'025) of the order of several hoursin duration. They
are generally accompanied by small increases in X-ray

fluxesby 071-0"2. One of such flareswas observed on
October 21, 1995, as arise in the stellar flux above the
level of the elipsoidal light curve followed by a rapid
decline during the night. The flare amplitude and fre-
guency do not depend on orbital phase.

Individual optical fadings (up to 07'01) commonly
coincide with local X-ray minima.

Early in November 1996, we observed an unusually

profound fading of Cyg X-1 by 0704 simultaneously in
al the four spectral bands, which lasted for about a
week (JD 2450390-2450397) [26] (crosses in Fig. 1).
The object’s mean brightness at a phase close to elon-
gation is seen to have dropped below the level of the
secondary minimum. The fading amplitude was equal
to the accretion-disk contribution to the system'’s total
flux that was previoudly estimated by Bruevich et al.
[3]. This brightness decline occurred between two soft
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Fig. 2. Orbital B light curves of Cyg X-1 with nightly mean points obtained (a) over the entire period of observations 1995-1996
and (b) only during the soft X-ray state. The rms deviation is shown for each night. The solid line represents the theoretical light
curve calculated in the model of atidally deformed OB star. The crosses indicate the data during the profound brightness declines

at JD 2450256 and JD 2450390-2450397.

X-ray flaring episodes and approximately coincides in
time with alocal 20% decline in X-ray flux (Fig. 4b).
Another, shorter decline of the same amplitude was
detected at JD 2450257.

We conclude that, irrespective of global X-ray
changes, the optical orbital light curve retains its dou-
ble-wave shape; it may be distorted by the previously
described features at different phases. Our observations
reveal no dependence of these distortions on orbital
phase (Fig. 1). The scarcity of observational data in
analyzing aflare at an arbitrary orbital phase may lead
us to the erroneous conclusion that the shape of the
optical orbital light curve changes during atransition to
the soft X-ray state [27].

4. CORRELATION BETWEEN X-RAY
AND OPTICAL VARIATIONS IN Cyg X-1

Since there is no optical event similar to the 90-day
X-ray outburst and since there is no X-ray orbital vari-
ability similar to the optical variability, we calculated

the cross-correlation functions between the X-ray data
in the form of aresidual series after the X-ray outburst
was subtracted and the optical datain the form of resid-
uals after the orbital light curve was subtracted. In this
case, the results of the calculations could depend on the
representation of the mean flux of the X-ray outburst on
its descent. We therefore performed the cal culations for
various possible cases. It turned out that the conclu-
sions did not change qualitatively.

The cross-correlation functions were calculated in
the range of shifts T from —30 to 30 days. There is no
statistically significant correlation between the residual
series. The cross-correlation function is at a maximum
[Ry(1) =0.29] for thedelay T = 7. Given the previously
reached conclusions about the different types of Cyg X-1
variability on different time scales, one might expect
the lack of a direct correlation between the X-ray and
optical data. We therefore must separate, where possi-
ble, the variations on a particular time scale when
studying correlations between the variations on differ-
ent time scales, because the remaining types of vari-
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Fig. 3. Comparison of the X-ray and optical (B) light curvesfor 1996. Deviations from the mean smoothed orbital double wave are
given. All data were averaged over the night. (a) The observed X-ray light curve; the solid line represents the light curve of the X-ray
outburst. (b) The X-ray light curve after the X-ray outburst was subtracted smoothed by the method of moving average. (c) The opti-
cal light curve smoothed by the method of moving average. (d) The observed optical light curve; for comparison, curve (c) isindi-

cated by the polygonal line.

ability distort the correlation function. For example,
when the delays between rapid X-ray and optical vari-
ations on time scales of severa days are analyzed, the
slow trends on scal es of tens and hundreds of days must
be taken into account. By contrast, when the long-term
variations are analyzed, the residual series must be
smoothed; the method of moving averageis suitablefor
this purpose.

The cross-correlation function of the smoothed (see
Sect. 3) series (Figs. 3b and 3c) is shown in Fig. 5.
Here, thereis a correlation, R(t) = 0.63, with the shift
T = 6% at a confidence level higher than 95%. The
smoothed series in other optical bands confirm the cor-
relation of the mean levels with this shift with an even
larger value of R,, = 0.71in V. To investigate the corre-
lation in the rapid variations on a time scale of a day,
we took into account the slow trends in the optical and
X-ray light curves (by subtracting the smooth mean
light curves). The cross-correlation function of these
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series reveadled no peculiar features and it did not
exceed 0.22 in absolute value, suggesting that there is
no direct correlation between the rapid X-ray and opti-
cal variations; i.e., we cannot separate events of differ-
ent types on this time scale. For example, in Sect. 3 we
noted the existence of two types of flare, one is associ-
ated with simultaneous X-ray flares, while the other is
associated with declinesin X-ray flux.

Thus, we found a statistically significant correlation
between the variations in the mean optical and X-ray
fluxes (after the 90-day X-ray outburst was subtracted);
the X-ray variations lag behind the optical variations

by 6-7¢

5. FOURIER ANALY SIS OF THE X-RAY
AND OPTICAL OBSERVATIONS

We performed a Fourier analysis of the BVR obser-
vations for 1995-1996 and the ASM/RXTE X-ray (2—
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Fig. 4. Portions of the light curves on a scale that allows an examination of the largest optical flare in July 1996 at JD 2450267 ()
and the profound fading in November JD 2450390-2450397 (b). Individua pointsin V were used.

10 keV) data before JD 2450420 by using Deeming’s
method [28]. We subtracted the mean light curve of the
90-day outburst from the daily mean X-ray fluxes on a
logarithmic scale and the average, smoothed double
wave of the orbital period from the daily mean optical
data. The Fourier spectraare shown in Fig. 6. The light
curves were decomposed into Fourier components by
sequentially subtracting the smoothed mean light
curves of these components in order of decreasing
amplitudes. This procedure was justified, in particular,
by Terebizh [29] and was used, for example, by Goran-
skii et al. [30] to investigate SS 433. The fact that the
rms deviation of the observations from the Fourier rep-
resentation exponentially approaches the observational
error as the number of involved components increases
suggests that the above procedureis proper. The princi-
pal discrete components of the Fourier decomposition
are summarized in Table 3, which shows the presence
of the same (within the limits of the errors given in the
last column) Fourier components for the X-ray band
and the optical BVR bands. No results of the Fourier

analysisare given for the U band, because the reduction
of some of the UV observationsto the standard band is
improper (see Sect. 2), athough they independently
confirm the presence of the same components.

We estimated the confidence levels of the peaks in
the power spectrum by numerically ssimulating a ran-
dom series from the original series of observations by
mixing the counts with the dates JD retained [29]. The
only random value from the set of quantities was cho-
sen in each series of observationsfor each JD. The syn-
thetic random series had the same distributions of the
guantities and dates as the original series. Our calcula
tions of the Fourier spectrafor ~10° realizations of ran-
dom light curves yielded the dependence of the proba-
bility of a chance occurrence of a peak in the spectrum
on its amplitude. The confidence levels calculated in
this way are indicated in each spectrum of Fig. 6 and
depend on the peak amplitude alone.

The Fourier spectrum in the X-ray band is domi-
nated by a peak at 50¢ (the period of flaring episodes
ASTRONOMY LETTERS Vol. 26
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found by Zhang et al. [12] is=294Y/6!) and the accom-

panying local maximum at 37%7. The confidence levels
of these features in the spectrum exceed 99.99%. In our
view, this structure of the main peak stemsfrom the fact
that the amplitude of the oscillations with the 50¢
period changes over the period of observations.

In the optical band (B, V), this split structureis also

observed at 50°0 and 35°7 at a 99% confidence level.
The differences between the corresponding X-ray and
optical periods do not exceed the errors of their deter-
mination. Remarkably, there are no optical observa
tions before the outburst, when the X-ray oscillations
with P = 509 had the largest amplitude; nevertheless,
this period shows up in the optical band.

We cannot directly confirm the existence of P = 294¢
based on these data, because the series of observations
under study is short. However, this previously deter-
mined period may show up in the observations as a
period in the variations of the amplitude of X-ray oscil-
lations after the outburst has been subtracted. Karits-
kaya [30] developed this interpretation, which is cor-
roborated by the relationships between the observed
frequencies: f;;; = fsy + 2fy94; Tasz = f50 + foou; and
Thisfigure clearly showsamodulation of the amplitude

of the 50°0 oscillations with periods of 2949 and 147¢;
six and three such oscillations fit into these periods,
respectively.

The optical power spectrum (apart from the orbital
period) is dominated by a pair of peaks at 168 and

148 at 299.9-99.99% confidence level. Note that sub-
tracting the orbital wave causes the confidence level of
these peaks to increase, because the dispersion of the
light curves decreases, and, hence, the probahility of a
random realization of the wave with thisamplitude also
decreases. The X-ray power spectrum exhibits a small

peak at 164 (=50%3), but at higher frequencies, awave

with a8’5 period dominates.

Thus, despite the significant differencesin the opti-
cal and X-ray Fourier spectra of Cyg X-1, they exhibit
common features or multiple periods, which suggest a
correlation between the variations in these bands.

In addition, a 96% (=294%3) period clearly shows up
in the optical B band; it is al'so seen in other bands. At

the same time, the peak at P = 143°5 (=2949/2), which
is also traceable in other bands, is one of the largest
peaks in the V band. Based on the B observations in
1972-1976, Walker and Quintanilla [11] also found
close periods, 1494 and 53°3.

Interestingly, the 39¢ period found by Kemp et al.
[8] and Karitskaya [9] probably matches, within the

error limits, our period P = 377.
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The peak of the orbital 5% period isalso seeninthe
Fourier spectrum of the RXTE data at a relatively low
confidence level of 90.0%. Note that when the X-ray
series is prewhitened for the low-frequency compo-
nents whose periods are given in Table 3, the confi-
dence level of this peak increases to 99.7%. (The Fou-
rier spectrum of the optical datais known to be domi-

nated by the peak with a2’s period.)

Summarizing the results of the Fourier analysis, it
should be noted that the presence of features at low fre-
guencies probably does not reflect any physical, strictly
periodic processes such, for example, as nonradia pul-
sations in multiperiodic variable stars. We considered
the Fourier transformation of the light curve, a mathe-
matical function specified for alimited number of val-
ues of the argument. After the orbital periodicity has
been subtracted, the optical light curves are apparently
nonperiodic. The better the synthetic light curve, which
is the sum of discrete Fourier components, represents
the actual light curve, the larger the number of such dis-
crete components we take into account (inverse Fourier
transform).

On the one hand, the presence of identical features
in the X-ray and optical frequency spectra is possible
only if the intervals of observations are close in length
in different bands and if the time distributions of the
observations (in both cases, these are daily means) are
close and, hence, the spectral windows, the widths of
discrete peaks, and the frequency resolutions are simi-
lar. On the other hand, this is only possible when the
light curves in these two bands, while showing little
similarity at first glance, nevertheless reflect some
aspects of the same process, for example, mass transfer
between the binary components (see Sect. 6). The Fou-
rier analysis independently confirms the qualitative
conclusion (see Sect. 3) about the correlation between
the optical and X-ray variations after the main soft
X-ray outburst and the optical orbital variability have
been subtracted and the results of the cross-correlation
analysis (see Sect. 4).
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Fig. 5. Cross-correlation function between the smoothed
X-ray (Fig. 3b) and smoothed optical (Fig. 3c) light curves.
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Further simultaneous X-ray and optical observa-
tions could show how stable the discrete components
found in the Fourier spectra are.

6. ORBITAL SOFT X-RAY VARIABILITY
AND ITS POSSIBLE INTERPRETATION

Our Fourier analysis of the ASM/RXTE data con-
firms the existence of the X-ray orbital period discov-
ered by Zhang et al. [13] (see Table 3). The mean har-
monic amplitude of these variations over the entiretime

interval we studied is 07056 and close to the optical
one, while the pesk-to-peak amplitude is higher

(0707). However, by contrast to the ellipsoidal double
wave in the X-ray band, the orbital period exhibits a

single sine wave (the wave crest and trough turn out to

be near phases 074 and 09, respectively). Figure 7a
shows the X-ray orbita light curve of Cyg X-1 con-
structed over the entire period of observations under
study, JD 2450087-2450422. We first subtracted the
light curves of the main 90-day outburst, as well as the
waves with periods of 50, 38, 44, 63, 130, 20, and 8.5

days and with amplitudes higher than 07'10. For com-
parison, we also constructed the X-ray orbital light
curves both during (Fig. 7b) and after (Fig. 7¢) the 90-day
outburst. It can be seen from the figure that the orbital
variability persisted over the entire period of observa-
tions. This conclusion differs from the conclusion of
Zhang et al. [13], who detected no orbital variability
during the soft X-ray outburst, and this was incompre-
hensible in terms of their interpretation of the orbital
X-ray variations by anisotropic photoelectric absorp-
tion of X-ray emissionin the ambient gas. Thisdiscrep-
ancy has now been removed. The discrepancy in the
conclusions appears to be explained by the difference
in the methods used: we removed al the known low-
frequency components.

Asfollowsfrom Fig. 7, the shape of the orbital X-ray
light curve may have dlightly changed with time. The
light curve exhibited a broad minimum centered at

phase 0785 and a narrow maximum at 0735 during the
soft outburst and a narrow deep minimum at phase 070

and a broad maximum at 0”5 after the outburst. The
change in the shape of the orbital light curve may be
caused by a change in the distribution of the surround-
ing obscuring matter, for example, as the angular
momentum of the infalling matter relative to the disk
changes. Thus, the conclusion about apossibleincrease
in the relative specific angular momentum of the infall-
ing matter during the transition of Cyg X-1 to the soft
state can apparently be drawn from the deduced vari-
ability of the shape of the X-ray orbital light curve. This
would cause the accretion rate to increase and could be
responsible for the transition to this state itself.

7. POSSIBLE INTERPRETATION
OF OPTICAL FLARES

The activity that shows up inintense (for the optical
variability of Cyg X-1) flareswith a duration of severa
days can apparently be explained by irregular accretion
of matter. An isolated portion of this matter interacts
with the accretion structure to generate a shock wave,
which givesriseto agas clump whose thermal radiation
produces an observable flare. A thickening similar to
that proposed by Kemp [32] to explain the polarization
variations in Cyg X-1 with orbital phase is formed at
the rim of the accretion disk.

The flare of July 1-3, 1996, is most characteristic;
the brightness on July 1 increased by about 0703 in all
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Table 3. Components of the Fourier spectrum for the X-ray and optical light curves of Cyg X-1

31

X ray B \% R
No. a(P)
P Amplitude P Amplitude P Amplitude P Amplitude
1 5191 0"26 4999 oTo11 5090 0To12 499 0"o08 +295
2 377 0.18 357 0.011 36.1(?) 0.010 35.8(7) 0.006 +13
3 443 0.14 440 0.011 442 0.015 442 0.009 +20
4 63.2 0.13 69.1(?) 0.006 68.5 0.014 68.5 0.010 +35
5 129.4 0.10 128.7(?) 0.009 131.9 0.014 128.9(?) 0.005 +15.0
6 20.0 0.10 - - 20.1(?) 0.006 - - +0.4
7 853 0.10 - - 8.3(7) 0.010 8.3(7) 0.009 +0.1
8 16.4 0.10 16.8 0.016 16.86 0.013 16.9 0.015 +0.3
9 14.3(?) 0.07 14.8 0.014 14.83 0.012 14.8 0.013 +0.2
10 5.61 0.06 238 0.04 238 0.04 238 0.04 +0.05
11 - - 144.8(?) 0.008 1435 0.014 143.5(?) 0.007 +19.0
12 - - 9.0 0.013 102.2 0.012 95.9(?) 0.007 +8.4

bands. The absence of color variationsin the star during
the flare suggests that the gas was initially opticaly
thick with a temperature T, = 2 x 10* K comparable to
the supergiant’stemperature. Theflareluminosity at adis-
tance of 2 kpc [33] was of the order of 9 x 10°¢ erg s,
which suggests a radius of the emitting region
R, =0.2Rg= 0.1a (Rgis the supergiant’s radius, and
ais the component separation). The gas then, during
the expansion, became optically thin: On July 2, the
brightness reached a maximum in V and R (amplitudes

AV = AR=0705) and declined in B (AB = 07027).

For the interstellar absorption A, = 373, E(B-V) =
A,/3.2 [34], and its standard wavelength dependence,
we obtained the luminosity per unit frequency in B, V,
and R at adistance of 2 kpc: 3.5 x 10?!, 5.4 x 10%!, and
6.1 x 10%! erg s Hz* (the absolute calibration from
[36] was used). These values are in good agreement
with the thermal radiation of an optically thin gas with
T, =2 x 10* K and the volume emission measure ME, =
2 x 10°' cm3. Thetotal luminosity is5.3 x 10% erg s™.
The emission was apparently at a maximum during an
unobservable part of the day.

The gas clump was mainly heated by the ultraviolet
radiation from the supergiant, Lg= 10*° erg s2, by the
X-ray radiation from the neighborhood of the black
hole, L, = 2 x 10%7 erg s, and by the conversion of
kinetic energy into thermal energy as the infalling mat-
ter interacted with the accretion structure. A constraint
on the optical depth for Thomson scattering and for
free-free absorption yields an estimate of the electron
density, N < 3 x 10" c3, It appearsthat N, = 1013 cms,
R,=0.laonJuly 1and N, =2 x 10" cm3, R, =0.15a =
4 x 10" cm on July 2. Since the flare lifetime exceeds
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appreciably the hydrodynamic time (several hours), it
took along time, at least two days, for the masstransfer
through the shock that formed the gas clump. In this
case, part of the matter dispersesinto space. We observed
asimultaneous 20% fading in the X-ray 2-10-keV band,
which can be explained by an increasein the photoel ec-
tric absorption in the additional matter along the line of
sight with N, = 3.6 x 10?2 cm2,

The additional portion of the accreted matter
responsible for the flare must increase the X-ray flux in
the characteristic passage time of the matter through
the disk. Indeed, the soft X-ray flux increased in seven
days (see Fig. 4d). Interestingly, this time matches the
delay between X-ray features in the light curve with a
duration of severa tens of days and similar featuresin
themean optical light curve (Sects. 3and 4). Therisein
the X-ray and optical fluxes appearsto be caused by the
pumping of matter in isolated portions into the accre-
tion structure whose outer part is responsible for the
optical emission and whose inner part, which is respon-
sible for the X-ray emission, isreplenished in the char-
acteristic passage time of the matter through the disk
(of the order of aweek).

By contrast to the May 14/15, 1997 flare[35] attrib-
utable to the Balmer-line and Balmer-continuum emis-
sion, alonger mass transfer, a higher gas density, and a
more compact stable emitting region were observed
during the 1996 flare.

It would be natural to explain the observed optical
flares with a duration of the order of one day or
shorter, which are accompanied by X-ray flares of the
same duration, by the reflection of X-ray emission
from the outer protruding parts of the accretion struc-
ture (disk).
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Fig. 7. Orbital X-ray (2-10 keV) light curve of Cyg X-1 (in
magnitudes) constructed (a) over the entire period of obser-
vations under study JD 2450087-50422, (b) during the soft
state JD 2450232-2450310, and (c) after the return to the
“normal” state JD 2450232-2450422. The average smoothed
light curves of the main 90-day outburst and the low-fre-
quency discrete components with amplitudes higher than

Or.nlo were first subtracted.

CONCLUSION

In 1996, we observed events associated with an
enhancement of the Cyg X-1 activity. Thereisno direct
optical manifestation of the 90-day soft X-ray outburst.
However, a comparison of the X-ray and optical vari-
abilities has revealed a relation between them, whichiis
different on different characteristic time scales. We
have found the following:

(1) There is a correlation between the variations in
the mean optical and X-ray fluxes at a confidence level
higher than 95% with adelay of the X-ray variations by
one week on time scales of the order of several tens of

days.

(2) We detected two fairly intense (for Cyg X-1)

optical flares with amplitudes of 07025-07'05 on time
scales of the order of severa days, which coincided
with 20% X-ray fadings. They could result from the
thermal radiation of ahot gas clump with T, =2 x 10* K
and N, = 2 x 10'> cm3 produced when an irregularly
flowing matter interacted with the accretion structure.
While expanding, part of the gas spreads out and, fall-
ing on the line of sight, absorbs the X-ray emission.

(3) We discovered a week-long brightness decline

by 0704, with which the 20% decreasein X-ray flux is
associated. Such adip may be attributabl e to the tempo-
rary disappearance of the outer part of the accretion
disk, which isresponsible for its optical emission.

(4) Some optical flareswith a07'02 amplitude and a
duration of shorter than or of the order of aday coincide
intimewith X-ray flares. The same flares also occurred
in 1995 outside the active state. They may result from
the processing of the X-ray flare radiation in the outer
protruding parts of the accretion structure.

(5) We observed declines in the optical (07'01) and
X-ray fluxes about one day in duration, which are most
frequently correlated with each other.

The mean optical orbital light curve did not change
and is consistent with the model of a tidally distorted
star.

Fourier spectraof the optical and X-ray light curves
reveal ed the same discrete components, which are close

or multiples of each other (509, 16'.’8, etc.). The com-
mon features of the main peaksin the X-ray and optical
bandsreflect their identical amplitude variations, which
may be associated with the 2949 period found by Pried-
horsky et al. [4] and Kemp et al. [1]. The time distribu-
tion of our datais not wide enough to reject or confirm
the precession period of 2949 directly rather than indi-
rectly. Fourier and correlation analyses confirmed the
relation between the X-ray and optical variabilities.

The Fourier analysis of the X-ray data confirmed the

5% orbital periodicity both during and outside the soft
state of Cyg X-1. The orbital light curves suggest a
redistribution of the obscuring matter around the accre-
tion disk as these states change, which may be attribut-
able to unstable mass transfer between the binary com-
ponents. Other observational manifestations of the
1996 activity are probably also associated with this
instability.

A comparison of the optical and X-ray variabilities
yields an estimate of the characteristic time it takes for
the matter to pass through the accretion structure; in
1996, it was about a week.
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Abstract—In 1998, theintensity of the 1.35-cm H,O maser radio line in the source Orion KL increased severa
hundreds of times. The observations of this flare and its behavior with time are presented. © 2000 MAIK

“ Nauka/Interperiodica” .

INTRODUCTION

Orion KL, one of the strongest sources of maser
emission in the 1.35-cm water-vapor radio line, has
been observed for many years with the RT-22 radio
telescope of the Lebedev Physical Institute as part of
a regular monitoring of such objects. During the burst
of emission in 1984, its H,O line intensity exceeded
that of all the other sources by more than an order of
magnitude. According to Garay et al. [1], the intensity
of thislinewas at amaximum in October 1984—January
1985, when it was 6.7 x 10° Jy. Since then, it has
decreased by amost a factor of 1000. In 1998, a new
flare similar to the previous flare occurred in Orion. In
this paper, we present the results of our observations of
this flare with RT-22, but first, we recall that our radio
telescope has the following parameters at 1.35 cm: the

beamwidth is 25, the antenna sensitivity for a nonpo-

larized point-like source is 0.04 K Jy~1, and the noise
temperature with allowance for atmospheric noise is
200 K. The spectral resolution of the 128-channel filter-
bank spectral analyzer used is 7.5 kHz (101 m st in
radial velocity at this wavelength).

RESULTS OF OBSERVATIONS

The source Orion KL is actually awhole cluster of
maser condensations, which is not resolved spatially in
single-dish observations but shows up in the line spec-
trum as a host of features with continuously varying
intensities. Gaume et al. [2] provide a small-scale map
of this area that was made from the VLA observations
of 1991; this map shows precise spatial positions of al
the features that existed at that time. Figure 1 shows
the spectra of the H,O line in Orion KL obtained with
RT-22 in the second half of 1997 and in early 1998. The
strongest features manifest themselves at radial veloci-
tiesof 7.6 and 11 km s. Below, we focus our attention
on the analysis of only these features, the first of which
is a remnant of the 1984 flare. Its coordinates on the

* e-mail: tolm@prao.psn.ru

map of Gaume et al. [2] are the following: R.A. =

5"32m46°5 646, D. = —5°24'29" 87 (1950.0). The second
feature, below called the neighboring feature, appears
to be virtually unrelated physically to the first feature.
Sinceonly their radial velocitiesaresimilar, it isconve-
nient to compare their intensities in simultaneous
observations. On the map of Gaume et al. (1998), the
feature with V¢ = 11 km s has the coordinates

R.A. = 5"32m46754, D. = -5°24'32"' 2,

The feature at a radia velocity of 7.9 km s* was
most intense on January 22, 1998, and absolutely dom-
inated the other features on February 26, 1998. A small
jumpin radial velocity (~200 m s?) dlightly shook our
confidence that the flare occurred at the same location.
However, according to the VLBA observations carried
out in March 1998 (V.I. Slysh, private communication),
the coordinates of the flare feature match those given
above. Subsequently, its intensity became so high that
it was impossible to observe it by using the standard
procedure, because the RT-22 calibration is made with
a gas-discharge tube the calibration signal from which
is equivalent to 2000 Jy, and it is difficult to calibrate a
signal with an intensity exceeding this value by severa
orders of magnitude. We therefore used the following
procedure: The source was observed by the beam edge,
the signal from it was thus attenuated several tens of
times, and only the intensity ratio of the brightest and
neighboring features was measured. The spectral ana-
lyzer was retuned in frequency in such a way that the
brightest feature was outside the analyzed band, the
beam center was pointed toward the source, and we
measured the intensity of the neighboring feature, as
well as other spectral features, with the exception of the
brightest one. Of course, we checked thelinearity of the
radiometer output, i.e., the constancy of the measured
ratio at different signal-attenuation levels, and the
invariability of other measured quantities (the widths
and radial velocities of the spectral features). Since the
calibration of the flare feature was made relative to the
neighboring, second brightest feature in the source’'s
spectrum, here we present the measurements for both

1063-7737/00/2601-0034%$20.00 © 2000 MAIK “Nauka/Interperiodica’
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Table 1. Parameters of the brightest feature and the neighboring feature in the spectrum of the maser in Orion KL, If the brightest feature
on April 20, 1998, isfitted by one, rather than two Gaussians, its parameters are: 3.4 x 10° Jy,0.43and 7.86 km s~

Main feature Neighboring feature
pae F,Jy AV, kms? Vi sr, kms? Fx10% Jy AV, kms™t Vi sr, kms?
July 25, 1997 1.2 x 10% 0.42 7.59 17 0.58 11.00
0.1 0.68 8.62 04 0.53 11.46
Aug. 20, 1997 13 0.40 7.61 21 0.53 11.06
0.3 1.09 8.58 0.5 0.34 11.46
Sep. 17, 1997 12 0.42 7.60 20 0.58 11.08
0.2 0.63 8.61 0.25 0.63 11.57
Dec. 24, 1997 0.8 0.60 7.65 11 0.63 11.05
0.3 112 8.38 0.3 1.00 12.60
Jan. 22, 1998 04 0.35 747 12 0.56 11.02
16 0.56 7.86 0.2 0.51 11.44
0.35 0.52 8.55 0.3 1.04 12.45
Feb. 26, 1998 0.3x10° 0.25 7.59 17 0.57 11.07
14 0.25 7.85 0.3 0.68 11.50
0.6 0.25 8.09
0.08 1.50 8.15
Mar. 27, 1998 0.2 x 10° 0.44 7.57 19 0.56 11.09
15 0.37 7.90 04 0.72 11.66
0.1 0.45 8.35
Apr. 13, 1998 3.0 x 10° 0.40 7.90 19 0.45 11.03
0.55 0.64 11.38
Apr. 20, 1998 24 0.33 7.83 20 0.51 11.04
22 0.36 8.01
Apr. 27, 1998 3.2 0.45 7.90 21 0.52 11.01
May 11, 1998 0.04 0.25 7.20 15 0.53 11.04
3.0 0.42 7.86
0.06 0.34 8.24
May 25, 1998 29 0.48 7.87 17 0.52 11.02
June 2, 1998 0.7 0.27 7.60 16 0.52 11.01
36 0.41 7.90
June 15, 1998 27 0.47 7.88 12 0.54 11.01
July 2, 1998 2.7 0.49 7.88 125 0.55 11.00
July 16, 1998 30 0.51 7.89 11 0.58 11.03
Aug. 13, 1998 5.7 0.48 7.88 14 0.52 11.02
Sep. 16, 1998 38 0.49 7.85 15 0.50 11.01
Sep. 30, 1998 4.4 0.49 7.88 13 0.51 11.04
Oct. 13, 1998 4.3 0.47 7.87 13 0.48 11.02
Oct. 27, 1998 29 0.48 7.83 14 0.49 11.02
Nov. 17, 1998 6.5 0.50 7.82 20 0.49 11.03
Dec. 28, 1998 24 0.43 7.80 20 0.47 11.04
0.4 0.25 7.53
Jan. 18, 1999 15 0.48 7.76 21 0.48 11.02
Feb. 5, 1999 10 0.47 7.76 28 0.49 11.00
Feb. 18, 1999 6.0 x 10° 0.50 7.76 22 0.51 11.03

ASTRONOMY LETTERS Vol.26 No.1 2000
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Aug. 20, 1997

Feb. 26, 1998

-8 0 8 16
VLSR’ km 871

Fig. 1. Development of the flare in Orion KL. The vertical
scale for the lower spectrum differs from that for the upper
ones; the horizontal axisis common for all spectra.

of them. Figure 2 shows portions of the spectra
obtained in subsequent observations with the flare fea-
ture, together with the neighboring feature on a differ-
ent scale. The behavior of the remaining, weaker spec-
tral featuresisnot considered here. In order not to over-
load the figure, not al of the observing sessions are
shown in it, but al of their results are summarized in
Table 1. Table 1 gives the parameters of the Gaussian
fitsto our spectra(the amplitude, FWHM, central radial
velocity). The profiles of the brightest and neighboring
features are sometimes well described by one Gauss-
ian, sometimes the best fit is achieved by a superposi-
tion of several Gaussians, the table then gives the
parameters of each of them. The errorsin the measured
parameters are 20% for theintensity and 0.02 km s for
the line width and velocity. No polarization character-
istics of the emission were determined in these obser-
vations, although in this case the polarization is known
to exist and be significant [3, 4]. Table 2 is provided to
subsequently estimate its influence on the received sig-
nal. Given the atazimuth mounting of the antenna, the
feedhorn-waveguide system of the RT-22 radiometer
receives a vertically polarized emission. While moving
over the sky, the source changes its orientation in the
horizontal system of coordinates, and the position
angle PA of the received polarization thus changes. For
each observation, Table 2 gives the azimuth A at which
it was made and PA. Above, we gave the reasons why
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Fig. 2. Spectra of the flare feature and the neighboring fea-
ture; each feature is shown on its own vertical scale.

the two features in the spectrum were observed nonsi-
multaneously during the flare. Figure 3 shows the light
curve of the flare feature, i.e., aplot of itsintensity ver-
sus time. The observations of numerous smaller fea
tures in the spectrum of Orion KL, together with an
analysis of our data, will be the subject of the next
paper. It should be noted, however, that the results of
Matveenko et al. [5] largely determine the scope and
line of further studies.
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Fig. 3. Light curve of the H,O maser in Orion KL; the zero
timeis July 25, 1997
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Table2. Azimuths for the times of observations and the corre-
sponding position angles of polarization
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Date of observa- Main feature Neighboring feature
tion A,deg | PA,deg | A,deg | PA,deg

July 25, 1997 313 -25

Aug. 20, 1997 333 -15

Sep. 17, 1997 0 0

Dec. 24, 1997 36 20

Jan. 22, 1998 19 11

Feb. 26, 1998 324 -20

Mar. 27, 1998 309 -27 32 18
Apr. 13, 1998 309 =27 327 -18
Apr. 20, 1998 32 18 339 -12
Apr. 27,1998 3 2 319 =22
May 11, 1998 326 -19 348 -7
May 25, 1998 347 -8 307 -28
June 2, 1998 310 —26 315 24
June 15, 1998 310 —-26 315 -24
July 2, 1998 326 -19 335 -14
July 16, 1998 2 1 350 —6
Aug. 13, 1998 331 -16 4 2
Sep. 16, 1998 296 =31 307 -28
Sep. 30, 1998 327 -18 316 -24
Oct. 13, 1998 312 —-26 318 -23
Oct. 27, 1998 288 -33 303 -29
Nov. 17, 1998 32 18 338 -12
Dec. 28, 1998 338 -12 325 -19
Jan. 18, 1999 298 =31 321 =21
Feb. 5, 1999 319 =22 297 =31
Feb. 18, 1999 351 -5 329 =17

ASTRONOMY LETTERS Vol. 26 No.1 2000
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Abstract—We present the results of our study of the H,O maser emission from the source W75N, which is
associ ated with astar-forming region, between November 1994 and March 1999. The observationswere carried
out with the RT-22 radio telescope of the Pushchino Radio Astronomy Observatory (Lebedev Physical Insti-
tute). The maser emission in 1994-1999 can be represented as a superposition of flares of separate components
with a duration from two to six months, which occurred mainly in the radial-velocity range 8-17.5 kms™'. We
detected aregular drift of the velocity centroid from 13 to 9 km s and an abrupt change in its velocity from 9
to5km s, which took place at theinitial stage of maser activity. Based on the variability of the total H,O flux
in al years of our observations of W75N (from December 1979 through March 1999), we conclude that the
long-period variability of the water-vapor maser emission has a period of ~11.5 years. We give arguments that
thisvariability is mainly associated with the most compact group of maser spots, whose positions coincide with
the position of the continuum source VLA 2. © 2000 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Attempts to determine whether a long-period vari-
ability of maser emission exists have been made since
the first, more or less regular monitorings of 1.35-cm
water-vapor maser sources associated with star-form-
ing regions. However, the time interval of 5-8 years
was not long enough to detect such a period. Subse-
guent regular observations showed that a monitoring
must be performed during a longer time, no less than
10-12 years[1, 2]. These studies yielded the periods of
long-period variability for several sources (ON1, ON2,
G43.8-0.1, W49M). The periods arein the range 10-18
years, in agreement with the theoretical studies of
Yorke and Kruge [3], Garlick [4], and Tutukov and
Shustov [5]. According to these authors, the star-forma-
tion process is more or less stationary, but, neverthe-
less, oscillatory processes with a period of the order of
10 yearsmay exist, and the forming star may have max-
imaand minimaof its activity (luminosity).

A dtar at theinitia formation stageis hidden from us
by a dense gas—dust envel ope, which rules out its visual
study. The H Il region produced by the star during this
period isnot yet sufficiently developed. Itssizeis occa-
sionaly no larger than 200-300 AU [6]. The age of
such objects is estimated to be ~10° years. At present,
the study of maser (mainly water-vapor) emission can

* e-mail: lekht@inaoep.mx

be an indicator of how the star formation at avery early
evolutionary stage proceeds.

Our goa here is to study the H,O 1.35-cm maser
emission from the source W75N. The long-term obser-
vations of W75N before 1994 were published by Lekht
et al. [7], Lekht and Sorochenko [8], Lekht [9, 10], and
Hunter et al. [11].

W75N islocated in the star-forming region in Cyg-
nus X, at the core of amolecular cloud. The H,O maser
emission in W75N was detected in 1972 [12]. The H,O
maser is observed toward H 11(B), the most compact of
the three H Il regions found here [13]. The compact
H 11(B) region is associated with a far-IR source [14].
This IR source (IRS 1) isareflection nebula; itsillumi-
nation source coincides with H [1(B) [15]. Subse-
quently, H 11(B) was resolved into three ultracompact
H 1l regions (UCH I1): W75N(Ba), W75N(Bb), and
W75N(Bc) [11]. Five groups of maser spots lie in the
region of the brightest of them (Ba and Bb). All these
sources (the ultracompact H 11 regions, the H,O maser, and
the OH maser) are located a ong the north—south line per-
pendicular to the axis of molecular outflow [16, 15, 11].

One of the two main groups of maser spots is
located in the region of UCH I1(Ba). Here one or two
features are most intense in W75N, but the total veloc-
ity dispersion is smaller than that in the second group.
The second group of maser spots has a considerably
larger velocity dispersion and lies between Ba and Bb.
The angular separation between these groups of maser

1063-7737/00/2601-0038%$20.00 © 2000 MAIK “Nauka/Interperiodica’
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Fig. 1. Spectra of the H,O maser emission in W75N for 1984-1998. The vertical arrow on the left indicates the value of the large

scaledivision.

spotsislessthan 1”, which correspondsto < 2.5 x 10! cm
for adistance to W75N of 2 kpc.

Subsequent VLA observations of W75N [6] in the
1.35-cm continuum and in the water-vapor line at the
same wavelength allowed the structure of thisregion to
be refined appreciably. Three ultracompact H I
regions, whichwerecalledVLA 1, VLA 2,andVLA 3,
were found. The positions of VLA 1 and VLA 3 coin-
cide with W75N(Ba) and W75N(Bb), respectively.
VLA 2 lies between VLA 1 and VLA 3. The source
VLA 1 is elongated approximately in the direction of
the bipolar molecular outflow. The first group of maser
spots coincides with this source and isalso elongated in
the same direction. The second group of maser spots

coincideswithVLA 2 andislocatedinan0”18 x0" 10
(360 x 200 AU) envelope.
ASTRONOMY LETTERS Vol. 26

No. 1 2000

Thus, the difficulty of searching for a long-term
variability of the H,O maser emission in W75N with a
single dish liesin the fact that the two groups of maser
spots, each associated with its ultracompact H 11 region,
are spatially close and have comparabl e fluxes.

RESULTS OF OBSERVATIONS

The 1.35-cm observations of W75N at a frequency
of 22.23508 GHz were carried out with the RT-22 radio
telescope of the Pushchino Radio Astronomy Observa-
tory (Lebedev Physical Ingtitute). The system noise
temperature was in the range 150-230 K. A cooled
transistor amplifier was used in the observations. The
spectra resolution was 0.101 km s™. An antenna tem-
perature of 1 K for a source with unpolarized emission
corresponds to a flux density of 25 Jy. Since the beam



40 LEKHT, KRASNOV

W75N (©

i July 1,1997 |

July 22,1997 |

Aug. 19, 1997

Sept. 16, 1997

W75N (d

100 Jy

Jan. 21, 1998

Feb. 24, 1998

Radial velocity, km s

MWVW/\M/(\V\V\IJ Nov. 6, 1997
I Dec.22,1997 | | Mar. 26,1998 |
| | | | | | | | | | | |
0 5 10 15 20 25 30 0 5 10 15 20 25 30

Radial velocity, km s

Fig. 1. (Contd.)

FWHM of RT-22is2.6', werecorded the total emission
from all the five groups of maser spotsin W75N. The
mean interval between two consecutive observing ses-
sionswas 1.5 months.

Figures la-1f show the spectra obtained from
November 1994 through March 1999. The date of
observation for each spectrum isgiven on theright. The
radial velocities relative to the local standard of rest
(Visr) are plotted along the horizontal axis. For the
search of rapid variability of the emission, we took
three spectra in December 1998 with an interval of 7
and 5 days (Fig. 2a). The subsequent spectraof January 20
and March 10, 1999, (Fig. 2b) confirm the existence of
rapid variability of the H,O emission and the growth
of maser activity as a whole. Figure 3 shows all the
spectra that we obtained between November 1994 and
March 1999.

To qualitatively determine the pattern of evolution
of the H,O maser emission, we constructed a three-
dimensional image (radial velocity, date of observation,
and flux density) (Fig. 4.). The upper panel in thefigure
shows isophotes (in flux units) in the time-velocity
coordinate plane. The principle of constructing athree-
dimensional image isdetailed in [1]. Note only that the
missing baseline in several spectra up to the limiting
velocities introduced in the graph was added. In addi-
tion, because of the long time intervals between the
observations from late 1994 until mid-1995, a strong
transient flare was registered only on February 8, 1995.
For this reason, two auxiliary spectra were constructed
as the mean spectra between the observations of
November 10, 1994, and February 8, 1995, as well as
between February 8 and July 4, 1995. These additions
are needed for our three-dimensional imaging method
to work. We did not include the velocities below zero,

ASTRONOMY LETTERS Vol. 26
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because the emission in this velocity range had always
been weak (until 1998) and, furthermore, we began reg-
ular observations at V, g < 0 only in April 1998.

Figure 5a show the spectrum averaged over the three
observations in December 1998. The heavy and thin
linesin Fig. 5b represent the difference spectra obtained
by subtracting the corresponding preceding spectrum
from each succeeding one. The deviation of the curves
from the zero level in the entire velocity range from -5
to 15 km s implies that there is flux variability of all
components.

Figure 6 shows variations in the integrated flux and
position of the velocity centroid (weighted-mean radial
velocity). Thearrow in Fig. 6amarks the position of the
total-flux minimum. The position of the velocity cen-
troid was calculated for each spectrum using
No. 1

ASTRONOMY LETTERS Vol. 26 2000

S FViAV,
Vv, = -

F.AV,
3

where F; istheflux density at theradial velocity V;; and
AV, is the velocity bin in the spectrum over which the
summation was performed, which is numerically equal
to the passband of the filter of the spectral analyzer.

A least-squares-fitted smooth curve without the last
two points (January 20 and March 10, 1999) is shown
in Fig. 6b. The curve demonstrates aregular drift of the
velacity centroid. The rapid variations about this curve
stem from the fact that the transient flares of individual
components occurred at different radia velocities and
in a fairly wide range of their values. Since January
1999, the emission at negative velocities increased
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greatly in intensity, and a new feature appeared
at —9.8 km s. This caused the position of the velocity
centroid to sharply displaceto 5.4 km s™.

Figure 7 shows variability of the total H,O flux for
al years of our observations of the maser in W75N
(1980-1999). Since there was a large break in the
observations during one of the minima (May 1993—
February 1994), the curve has a break. Four minima of
maser activity, whose positions are indicated by the
solid arrows, are clearly seen in the figure. There are
maximawhich are much smaller in amplitude than the
main maxima between each pair of flux minima. The
dotted arrowsindicate the epochs of VLA observations.

DISCUSSION

The evolution of the H,O maser emission in W75N
during 1994-1999 has peculiarities compared to the
previous periods of time. The main peculiarities are
noted below.

(1) There are no stable spectral components that
have been previously observed for several years. For
example, the component that appeared in mid-1986 at
Vg = 12.4 km s was observed during the longest and
most active period in the evolution of the W75N maser,
and not at the activity minimum.

(2) There is aregular drift of the velocity centroid
(no such studies have previously been carried out for
the H,O maser in W75N).

(3) The emission has appeared at low radial veloci-
ties (10 km s), at which it was not observed previ-
ously.

(4) Since 1993 there has been no emission at veloc-
ities>20kms™.

(5) A pronounced minimum of the total flux has
existed for one year (late 1996—early 1997).

According to Figs. 3 and 4, the H,O emission in the
range of radial velocities 8-17.5 km s can be repre-
sented as a superposition of flares of both individual

ASTRONOMY LETTERS Vol. 26
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Fig. 2. The H,0 spectra obtained from December 1998 through March 1999, which show the existence of arapid variability of the

maser emission.

components and groups of spectrally close compo-
nents. In addition, a chain of weaker features is trace-
able at radial velocities of 6-8 km s The lifetime of
individual components at a 0.5 flux level ranged from
two to six months and reached one year for a group of
close (inradial velocity) features.

Rapid Variations in the Component Emission

There are two main groups of maser spotsin W75N
that are comparable in intensity and are separated by a
distance of < 2.5 x 10 cm [11, 6]. A single-dish spec-
trum is a superposition of the spectra of these groups of
No. 1
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maser spots. For a more reliable identification of indi-
vidual spectral components, especially weaker ones,
we calculated an auxiliary mean spectrum using three
spectra (December 17, 24, and 29, 1998) (Fig. 5a). We
identified fifteen components in the radial-velocity
range from —5 to 20 km s with aflux higher than 10 Jy.
The spectra of January 20 and March 10, 1999, confirm
the existence of arapid variability of ailmost all features
at this epoch. We detected no variability of the compo-
nent radial velocities in a period of one month. The
emission at V; ¢z =-10 km s observed in January and
March 1999 may be an exception. The velocity change
inthistimeinterval was 1 km s™.
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Thetotal number of componentsthat were identified
in each spectrum since December 17, 1998, was from
18 to 22. The lower flux limit was above 5 Jy. Given
that some features disappeared, while others appeared,
we recorded atotal of 34 different features with a flux
above 10 Jy between December 17, 1998, and March 10,
1999. In redlity, there are more components in the H,O
spectrum. However, the very complex structure of the
spectra, especialy of their central part, prevents areli-
able identification of all components, even those with
fluxes of the order of 20-30 Jy. According to Torrelles

et al. (1997), twenty spots were observed toward the
two main groups of maser spots (VLA 1and VLA 2)in
December 1996. There were only six of them with
fluxes above 4 Jy.

Thus, the increase in maser activity (which is most
likely associated with the ultracompact region VLA 2)
causes the number of observed maser spots to increase
considerably. VLA observations during the periods of
maser activity will allow usto increase appreciably the
number of observed maser spots and thus to refine the
structure they form.

2000
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The Velocity Centroid

An analysis of the H,O spectra shows that the emis-
sion during 1994-1999 shifted to lower radia veloci-
ties. Moreover, the emission appeared where it was not
observed previoudy, i.e., near —10 km s. To determine
the pattern of spectrum transformation, we plotted
the velocity-centroid drift against time (Fig. 6b). The
curve contains three types of drift; (1) a smooth drift
(dashed ling); (2) the superposition of small velocity
variations within £1 km s? on it; and (3) an abrupt
No. 1
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change in the position of the velocity centroid from 9to
54kms?,

The smooth drift of the centroid is explained by a
gradual shift of the H,O emission to lower radial veloc-
ities. The shift was attributable to the appearance of
components at lower velocities (< —2 km s?) rather than
to the drift of the components themselves. The rapid
increase in their intensity since early 1999 has caused a
sharp displacement in the position of the velocity cen-
troid from9to 5.4 kms™.
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Fig. 5. (a) The mean spectrum of the H,O maser emissionin W75N in December 1998 and (b) the difference between the succeeding
and preceding spectrafor the same period of observations, where Fy, F,, and F5 are the spectra of December 17, 24, and 29, 1998,

respectively.

Variability of the Total Flux

Thetime variationsin the total H,O maser flux from
W75N during 1980-1992 were rather complex in pat-
tern[9]. There were deep minimaand strong maximaof
the flux. Here we obtained two new minima with a
minor maximum between them (Fig. 7). The pattern
observed in 1982-1986 was repeated. The large
increase in maser activity since 1998 suggests that the
situation of 1987-1991 isrepeated. The question arises:
Which of the two groups of maser spots is responsible

for the large increase in flux observed both previously
(in 1981, 1983, and 1987-1991) and now? The VLA
observations of W75N were carried out on November 24,
1992 [11] and December 15, 1996 [6], i.e., only at
epochs close to the activity minimaof the H,O maser in
W75N. It istherefore difficult to answer this question.

Nevertheless, based on Fig. 7, we assumed that a
timeinterval of 11.5 years between the minima can be
taken as the period of the long-period variability of the
H,O maser emission. In our view, the assumption that
this variability is more likely associated with VLA 2
No. 1
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and the corresponding group of maser spots than with
VLA lispreferred. The ground for this can be the fol-
lowing arguments: (1) the H,O maser emission toward
VLA 2 hasaconsiderably larger radial-velocity disper-
sion than that in VLA 1 and thus gives a larger contri-
bution to thetotal flux [11]; (2) the fluxes of many spec-
tral components, including those at V; ¢z < 10 km s,
increase simultaneoudly; and (3) the group of maser
spots in the vicinity of VLA 2 is very compact and
formsan envelope with aBO0.5 star asthe activity center
[6], whereastheVLA 1 groupishighly elongated along
the molecular jet and forms a cylindrical structure.

It isimportant to note that the 1982—1987 and 1993—
1999 segments in the curve of total-flux variability are
similar. Thus, the large increase in total flux since 1998
follows the pattern that was observed in W75N since
1987. These circumstances can be an argument that any
of thetwo maser sources (groups of spots) dominatesin
the total-flux variability. The large difference in the
structure of the radio continuum sources VLA 1 and
VLA 2 and the corresponding groups of maser spots
inevitably resultsin adifferencein the H,O spectraand
time scales of their variability.

These arguments may be inadequate for the final
conclusion about which of the two groups of maser
spots is dominant to be reached. If these groups give
more or lessidentical contributionsto the total flux, the
curve of total-flux variability can be considered as a
superposition of two curves with different periods.
However, we have not yet performed such an analysis,
because, in our view, it is necessary to have observa-
tionsat least for two periods of maser activity in W75N.

CONCLUSION

(1) The H,O maser emission in the source W75N
during 1994-1998 can be mainly represented by a super-
position of flares of individua or spectraly close compo-
nentsin the range of radial velocities 8-17.5 km s. The
typical lifetime of such components at a half-intensity
level isfrom two to six months.

(2) Despite the erratic pattern of the velocity distri-
bution of individual components, there was a regular
drift of the velocity centroid from 13to 9 km s' and a
subsequent abrupt changein velocity to 5.4 kms™. This
may be an argument for the increase in activity in one
of the two main groups of maser spots, which has a
wider range of velocities of the emission.

(3) Theactivity of the 1.35-cm water-vapor maser is
cyclic in pattern with a probable period of the long-
period variability close to 11.5 years. This most likely
refers to the maser associated with the source VLA 2.

Since the structure of the maser region in W75N is
complex, the interpretation of the total-flux variability
may be ambiguous. A continuation of the long-term
monitoring of W75N and subsequent VLA observa-
tions during the periods when the H,O masers are not
at activity minimum could refine the structure formed
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by the maser spots associated with the ultracompact
continuum sourcesVLA 1and VLA 2, which are at dif-
ferent stages of evolution [6].
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Abstract—Phase retrieval of asignal given itsintensity is considered as a problem of statistically estimating a
set of unknown parameters, the Zernike coefficients. Specifically, the phase problem is presented in the context
of classical wave opticsin the Fresnel approximation. Investigating the stability in this case suggestsfirst learn-
ing if the Zernike coefficients can berestored in principle. If thisisindeed the case, it then suggests determining
the accuracy of their estimation. The stability of asolution to the phase problem depends, asit doesfor the other
inverse problems, on the spectrum of the Fisher information matrix. An explicit representation of the Fisher
matrix is given, and its spectrum is calculated for in-focus and out-of-focus images of a pointlike source. Sim-
ulations show that the solutions in the latter case are generally stable, so the coefficients of the Zernike series
can be determined with an acceptable accuracy. The principal components, the mutually independent combina-
tions of aberrations that are a generalization of the coefficients of the well-known Karhunen—L oeve decompo-
sition, are calculated. As an example of this approach, the maximum-likelihood method is used to determine

the aberrations of the optical system. © 2000 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The problem of retrieving the phase of a complex
signa from its observed intensity arises in various
fields of physics and applied research, in particular, in
atmospheric optics, computerized tomography, and
crystallography (see, e.g., [1-4]. The main astronomi-
cal applications of this problem wereinitiated by radio
and optical interferometric observations [5, 6]. In
recent years, the phase problem has attracted particular
attention in connection with the launch of the Hubble
Space Telescope (HST). It emerged after the spacecraft
launch that the HST images suffered a strong spherical
aberration [7]. The solution of the corresponding phase
problem allowed one to deduce the deviation of the pri-
mary-mirror surface from the design shape and then
apply acorrection to the optical system [8-12].

The phase problem is generally stated as follows.
Assume that the object under study is characterized by
atwo-dimensional complex distribution,

p(u, v) = t(u, v)e"", (1)

wherei = /-1, the meaning of the u and v coordinates
is determined by the specific problem, the real function
t(u, v) isknown, and the phase @(u, v) isto beretrieved
from the known image intensity

1(x,y) = | He—”z"““*y”p(u, v)dudv]®. @)

To which extent can the characteristics of ¢(u, v) befound
from the specified modulus of the Fourier transform of the
object and, possibly, some additional information?
Without dwelling on the uniqueness of the solution,
which has been the subject of many studies, we only

* e-mail: terebizh@crao.crimea.ua

note that the iteration algorithm of Gerchberg and Sax-
ton [13] and its outgrowth proposed by Fienup [14, 15]
are used most commonly in practice to retrieve the
phase information. The corresponding procedures and
a comparison of the above algorithms with other meth-
ods of solving the phase problem can be found in the
reviews by Fienup [16] and Dainty and Fienup [17].

Here, we consider the phase problem as a problem
of statistically estimating a set of unknown parameters,
the Zernike coefficients. Specificaly, the phase prob-
lemis presented in the context of classical wave optics
of athin optical element [1]. Clearly, the phase problem
belongs to the so-called inverse problems; in our case,
we have an essentially nonlinear inverse problem of
estimating the Zernike coefficients. The principal ques-
tion associated with any inverse problem isits stability:
Can the required information be retrieved from obser-
vational data, which inevitably suffer a variety of
noises, with an acceptable accuracy? A genera analysis
of inverse problems [18-20] shows that the stability of
their solutions is determined by the spectrum of the
Fisher information matrix. Below, we therefore give an
explicit representation of this matrix for the case in
question. Model cases suggest that the phase problem
is quite stable under certain conditions.

2. IMAGE-FORMATION MODEL

L et us consider the monochromatic image of an infi-
nitely distant pointlike light source formed by an axi-
symmetric optical system. Let A be the wavelength of
thelight; (X, y', 0) and (X, y, ) are the Cartesian coordi-
nates in the plane of the system’s exit pupil and in the
image plane, respectively; zisthe symmetry axis of the
system; t(X, y') is the amplitude transparency function

1063-7737/00/2601-0049%$20.00 © 2000 MAIK “Nauka/Interperiodica’
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(0=t<1)and W(X, Y, 2) isthe wave aberration of the
systemintheexit pupil when observed inthezplane(in
units of wavelength). We define the pupil function as

p(X, Y, 2) =t(x, y)e ZWY-2, 3

Denoting the Fourier transform of the pupil functionin
the range of spatial frequencies(f,, f,) by P(f,, f,, 2), i.e,

P(flv f2! Z) = J.J- p(le y’ Z)dxldylv (4)

we have the following expression for the source's
image intensity (see, e.g., [1, 21]):

I N PN A A

Without the loss of generality, we assume that the aper-
ture has the shape of acircle with diameter D. Let p =

24X+ yz/D be the radial coordinate in the plane of
the exit pupil normalized to unit maximum value, and 6
be the corresponding angular coordinate. In the subse-
guent analysis, it is convenient to isol ate the wave aber-
ration in the paraxial focal plane z=F by assuming that
w(p, 8) = WX, Y, F). In Fresnel’s approximation, we
then have

W(X, Y, 2) = w(p, 8) + Ax(2)p’, (6)

— X 21(f X + f,y)

where the coefficient

1 0ozr,

Anl?) = —E T oF

()

takesinto account the defocus &z = z— F when observed
inthe z plane, F = F/D isthe focal ratio, and r, = AF

isthe critical radius for a given wavelength (the spatial

frequencies above the critical frequency f. = 1/r_ of the
optical system are known to be filtered out). Note that
the condition |8z < F need not be satisfied. Denote the
point spread function of the optical system by h(x, y, 2),
i.e., the intensity distribution (5) normalized in such a
way that the integral of h(x, y, 2) over the entire image
surfaceis 1. It then follows from (3)—(7) that

1 XX +yy
h = 2
(X,y,2) = (AD)IOHeXpEHx rr[
, ®)
]
—w(p, ) —Azo(z)pz} CH(x,y)dxdy|
where the constant
= Lrpex, y)ydxdy. ©)
Dzﬁ '

Equation (8) concretizes the inverse problem under
consideration: It is required that the phase w(p, 6) be
estimated for the specified point spread function and
the amplitude transparency function. As for the coeffi-
cient Ay (2, of interest are both alternatives: (i) the
defocus &z is known in advance, and (ii) it is estimated
together with the phase.

If we use the phase decomposition into the orthogo-
nal system of two-dimensional functions { Z;(p, 6)}

W(p1 e) = Z aij(p! e)v (10)

=1

then the vector of coefficientsa=[a,, &, ...]T (asusual,
the symbol T denotes transposition; below, by the vec-
tors we mean column vectors) is the unknown object.
The zero vector a corresponds to an ideal optical sys-
tem, in which the star image representsthe Airy diffrac-
tion pattern. For a number of fundamental reasons
[21, 22], the set of Zernike polynomias[23], whichin
recent years has been used predominantly in Noll’s
nomenclature [24], became a standard orthonormal
system of polynomials in optics. For simplicity, we
restrict ourselves to the case of an unobstructed aper-
ture. The orthogonality relations for the system of
Zernike polynomials are

2n 1

1
ﬁIdGIZi(p’ 8)Z;(p, 8)pdp = 3, (11)

where §; is Cronecker’ssymbol. For clarity, we givethe
first eleven Zernike polynomials, which include third-
order classical aberrations,

Z, = 1,
Z, = 2pcosh,
Z; = 2psing,
Z, = J3(2p°-1),

Z; = ./6p°sin2e,
< Z, = /6p°c0s26,

Z, = \/8(3p°~2)psine,
Zs = /8(3p°—2)pcosh,
Z, = /8p°sin39,

= ./8p°cos39,

= J5(6p*—6p° +1).

More specificaly, Z, represents the constant phase
shift; Z, and Z, describe the corresponding wavefront
tilts; Z, specifies the field curvature; Z; and Z, corre-
spond to the third-order astigmatism; Z, and Z; corre-

(12)
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spond to the third-order coma; Z, and Z,, correspond to
the triangular fifth-order coma; and Z,, corresponds to
the third-order spherical aberration. Note that the error
in the shape of the HST primary mirror is amost
entirely attributable to the large (in absolute value)
coefficient a a;; = —0.3 um (the mirror eccentricity
squared is 1.0140 + 0.0003 instead of the design value
of 1.0022985).

In practice, we always deal with a discrete model.
Setting the mesh size on the pupil equal to &X' = dy' =
D/M, the pixel size in the image plane equal to ox =
oy = Az/(Dg), and N= Mg, whereM > 1 andg =2 are
integers, we introduce discrete counts,

hy = h(x, Y, 2)0xdy, kI =0,1,...,N=1;

op(Xm Y 2), Mmyn =0,1,..M-=1, (13)
=0

Prmn O, mn=M.
Asusual, the pupil function isframed by zeros. For this
discretization, M is the number of cells into which the
side of the square described around the exit pupil isbro-
ken up, g is approximately equal to the number of pix-
els at the radius of the diffraction image of a point, and
N is the number of pixels at the diameter of the entire
image Nox. Inthefocal planeat z= F, wehave dx = dy =
r./g, and the size of the entireimage isMr.. As aresult,
relation (8) takes the form

gz N-1N-1 0 om
h, = =— exprH X —(km+1In)
toNl‘m:OnZO U N

) (14)

] 0
+1 X 2T[(Wmn + Azopﬁm) gmn

where t and w are the (N x N) amplitude-transparency
and wave-aberration matrices, respectively. Note that
when the amplitude of a light wave is discretized, the
sampling theorem [25-27] allows usto set g = 1. How-
ever, for the information about the intensity of the light
to be properly kept, we should adhere to the condition
g = 2, because the Nyquist frequency in this case is
twice as high.

Let Sbe the mean number of events generated at the
detector by the light source, and the (N x N) matrix
b = [by] specify the mean background, including dark
current, sky background, stray light, readout noise, etc.
The mean number of detector counts during an expo-
sureis then given by the matrix

g(a) = Sh(a) +b. (15)

So far we have dealt with the mean quantities. Now
we must take into account the inevitable stochastic
nature of the counts when the light isrecorded. Clearly,
the nonuniqueness of the solution of the inverse prob-
lem is attributabl e to this phenomenon.
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The precise statistics of photoeventsis described by
Cox—Mandel’s distribution [28-30] or, as it is occa-
sionally called, the double stochastic Poisson distribu-
tion. Intherange of conditionsthat are of greatest inter-
est, namely, when the exposure time exceeds signifi-
cantly the coherence time of light, the statistics of
photoevents can be fitted with a high accuracy by the
standard Poisson law [31-33]. The fluctuations of al
background components, except for the CCD readout
noise which isaGaussian random variable, obey the same
law. Nevertheless, aswas shown by Snyder et al. [34], for
an appropriate choice of the normalization, the distribu-
tion of readout noise can a so be considered to be Pois-
sonian with an acceptable accuracy. We therefore
assume that the detector counts in different pixels are
Poissonian random variables with the means (15). In
this case, the probability of obtaining a set of counts
Y = [y] in an experiment is

N
fyla) = [ e*“lan@™ma!,  (16)

k=1

where the dependence of the probability density on
object a is specified explicitly. Following Fisher, the
distribution density f(y|a) is commonly called the like-
lihood when it is considered as a function of the second
argument. The quantity

J(y|a) =-Inf(y|a) (17)

represents the information as defined by Shannon [26, 27)
associated with sampley [19]. The statistical properties
of J(y|a) can be directly interpreted in terms of the the-
ory of inverse problems; one of the most important
tools in this sense is the Fisher matrix.

3. FISHER'S MATRIX

If we retain the finite number n of terms in the
decomposition (10) at which the phase is represented
with a satisfactory accuracy, then the estimated object
a isthe n vector. Clearly, any estimate a of the object
obtained from the observed image will almost certainly
differ from the true value a, because the image is sto-
chasticin nature. For thelatter circumstance to be taken
into account, apart from the observed image, we must
consider the ensemble of random images Y, whichisthe
set of al possible realizations formed in accordance
with the distribution density (16). According to Rao—
Cramer’s inequality [35, 36], the accuracy of estimat-
ing the n-dimensional parameter a depends on the sym-
metric (n x n) matrix whose I(a) components are given
by the relations

_[_2o o
Iij(a)_<aaiaajJ(Y|a)>, ihj=1,...,n. (18)
The angular brackets here denote averaging over the

ensemble Y. Since the matrix | was assumed to give
objective “information” about the estimated parameter,
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Fisher [35] called | the information matrix. Note that
Fisher's definition of the information differs from
Shannon’s widely accepted definition [26, 27]. The
properties of the information matrix are discussed in
standard manuals on mathematical statistics (see, e.g.,
[36, 37]).

For the specific case considered here (the phase
problem), the components of the Fisher matrix were
analytically represented by Fienup et al. [10]. In this
study, the diagonal components of | are calculated in
order to determine, in accordance with Rao—Cramer’s
inequality, the minimum variance of the unbiased esti-
mate of vector a, i.e., the estimate whose mean matches
the true object. This gives an idea of the accuracy of
object restoration, but the diagonal components of | do
not fully characterize, by any means, the issue. The
point isthat precisely the biased estimates of the object
are of greatest interest; it is desirable to choose the bias
in such a way that the rms deviation of the estimate
from the true object is at a minimum (the well-known
Kolmogorov—Wiener filter may serve as a good exam-
plein thisrespect). However, Rao—Cramer’'s inequality
becomes much more complicated for biased estimates:
the lower limit on the scatter of the estimate depends
markedly on the form of the bias function, which is not
known a priori. For this reason, the value of Rao—
Cramer’s inequality for real problems is unfortunately
very limited.

Without going into further details, we note here that
the Fisher matrix in the Occamian approach to inverse
problems|[19, 20] specifies the shape and orientation of
the feasible region (FR). In the linear approximation,
the FR is an n-dimensional €llipsoid whose principal
axes are paralel to the eigenvectors vy, ..., v, of the
Fisher matrix and the lengths of its principal axes are
inversely proportional to the square root of the eigen-
values A, ..., A, of this matrix. Since | is a positive-
defined matrix, all its eigenvalues are positive. By num-
bering them in decreasing order, we have, according to
the well-known spectral theorem (see, e.g., [38]),

EI = VAV, V =[v,V, .., Vv,], V' =
OA = diag(Ay, Ag ooy An)s AL A,

These relations imply that the orthogona matrix V is
composed of the eigenvectors of |, while the diagonal
matrix /A contains the spectrum of |. Theratio c = A/,
isknown as the condition number, in our case, of matrix I.
However, we avoid using the concept of condition,
because the actual stability of the inverse problem
depends not only on ¢ but also on the form of the entire
spectrum of the Fisher matrix.

If the spectrum of | covers a wide range of values,
then the semiaxes of an ellipsoidal FR differ greatly in
magnitude (in practice, the difference generally reaches
tens of orders of magnitude!). Thisis equivalent to the
assertion that some combinations of the estimated
parameters (the components of vector a) which corre-

" (19
.2)\n>0.( )

spond to the longest FR semiaxes have avery largerms
deviation from the true values. The variance of these
components even for relatively simple problemsis gen-
eraly so large that their determination from observa-
tions should be considered impossible. Accordingly,
the Occamian approach suggests that only the most
informative set of principal components of the inverse
estimate is retained. If, however, the spectrum of | is
relatively narrow, then theinverse problemis stable and
direct methods of estimating the object, such as the
inverse solution and the maximum-likelihood method,
are admissible.

For arbitrary ensemblesthat obey the Poisson statis-
tics, the Fisher matrix admits of the following factor-
ized representation via the basic parameters of the
direct problem [18]:

I(a) = H'Q(a)*H, (20)

where H isthe point spread function, and Q isthe diag-
onal matrix with the components of the vector of means
g(a). Beforereducing the matrix H to aform convenient
for the calculations, we perform auxiliary transforma
tions in the decomposition (10).

According to (12), the first polynomia Z, is a con-
stant, so the coefficient a, has no effect on the image
and it may be chosen arbitrarily; we assume for conve-
nience that a, = 0. Next, as we see from (12) and (14),
the coefficient a, of the Zernike polynomia Z,(p, 8)
affects the field curvature just as the defocus does. For
this reason, it makes sense to consider these factors
simultaneously. Assuming that

[al = a21
o, = ag,
Ax
O, = au+——,
3 4 2/\/@
< a, = as, (21)
ay = a41,
\an—l = ap,
we obtain from (10)
n-1

W(p, 8) + App® = Aypl2+ z o,Z.1(p,6). (22
=1
The first term on the right-hand side of (22) does not
affect theimage, so it is necessary to estimatethen—1
parameters a,, ..., a,_;. Accordingly, to specify the
dependence on the object, below we use a instead of a.
If the defocus 0z is specified in advance, then, after
obtaining an estimate @ , we can estimate the system’s
internal field curvature from (7) and (21),
ASTRONOMY LETTERS Vol. 26
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Az
a, = Qz———.

4 3 5 Jé
Otherwise, only the total field curvature is estimated,
while its components remain hidden.

We now turn to the derivation of matrix H in (20).
To this end, it is convenient to pass to a one-dimen-
sional data representation [10, 39]. More specifically,
denote the discrete Fourier transform of the pupil func-

tion, i.e., the matrix whose elements are given by the
double sum on the right-hand side of (14), by F =

[Fi i, 1. Next, let R=N2and L = [L]}- , bethecolumn
vector composed of the successive columns of matrix F.
For brevity, we designate the operation of drawing out
the matrix in acolumn by [J, so

(23)

N-1N-1

L=0F= DDZ zexp[—i xzﬁn(klm+ k,n)

Ua=on=0 24)

. U
+1 X 2T(Wiy + Azoprznn)}tmn 5}

Similarly, we “stretch out” the matrices g, h, and b in
(15) whileretaining the previous designations for them.
The vector of the mean image of length Risthen

2
q=klLP+b, k=93
0
and the diagonal matrix isQ = diag(q;, ..., Og). Accord-
ing to (16), the probability of obtaining an image real-
izationVv = [V, V,, ..., Vg|Tin an experiment is

(25)

R
f(vija) = rle_qj(a)qj(a)vi/vj!, (26)
j=1

and the corresponding Shannon information (17) is
R

J(v]ja) = Z[qj(a)—vjlnqj(a)+Invj!].

j=1

27)

Next, according to (18), the elements of the Fisher
matrix are

Ilm(a) = <aalaa ‘](Yla)>u

Im=12 ...,n=-1.
Substituting (25) and (27) in (28) yields

2

(28)

R
(@) = (4T)° S (LTS (LBy), (29
=E

where the asterisk denotes complex conjugation, and
J(2) isthe imaginary part of z. The R x (n— 1) matrix
® = [®;] is composed of the columns @, of length R,
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which are obtained by the above operation of drawing
out the (N x N) matrix of the Fourier transform of the
product of the pupil function and the (I + 1) Zernike
polynomial:

N-1N-1
® =00y ¥ exp[—i x 2Tk, m+ k,n)
|:ln=0n=0 N
(30)
. 0
T1Xx 2T[(Wmn + AZOpﬁwn)}tngI(Tq.) %
Finally, let usformthe matrix H=[H,, ..., H,_,] from

the columns

H, = ATk (L% « @), (31)
where, asusual, thesign * denotes an element-by-ele-
ment multiplication of the arrays. The sought-for repre-
sentation of the Fisher matrix in the form (20) then
directly follows from formulas (29) and (31).

When the spectrum of 1(a) is calculated, it is appro-
priate to use the decomposition

| = ATA, (32)
where we introduced the [R x (n — 1)] matrix
A(0) =Q(a)*H. (33)

In the notation adopted above, the columns of matrix A
are simply expressed in terms of vectors g and H;:

A =(1/J9).+H,, 1=12..n-1 (34

where the sign ./ corresponds to an element-by-element
division. After the matrix A has been formed, it iseasy to
perform its singular-value decomposition in the form

A = UAV'. (35)

Here, Uisan[R x (n— 1)] matrix with orthonormal col-
umns, A isadiagona [(n— 1) x (n—1)] matrix, and V
is an orthogonal matrix of the eigenvectors of | in the
spectral decomposition (19). As for the eigenvalues
AL ..., A\,_ of the Fisher matrix, substituting (35) in (32)
yields

A = diag(Ay, ..., A,_q) = A (36)

Thus, when the system of eigenvalues and eigenvec-
tors of the Fisher matrix is constructed, the sequence of
calculations appearsasfollows. By specifying the defo-
cus 0z, the order of approximation n, and the Zernike
coefficients a,, ..., a, of the wave aberration, we calcu-
late the phase from formulas (7), (21), and (22). The
subsequent specification of the image-discretization
parameters g, M and the amplitude transparency func-
tiont = [t,,] of the optical system allowsusto calculate
the constant t, from (9) and the vector L from (24). To
determine the mean image q in (25), the brightness of
pointlike source S and the additive background b =
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(bl should be specified. Finally, formulas (30), (31),
and (34)—(36) allow the vectors @, H, and the matrices
A A, V, and A to be determined sequentially.

Important information about the correlation
between the derived estimates can be extracted from
the form of eigenvectors {v,}. We cannot go into the
details of the Occamian approach to inverse problems
[19, 20], in which the meaning of the principal compo-
nents p=1[p,, ..., p,_]* of the inverse solution is
clearly elucidated. Sufficeit to say here that the princi-
pal components are mutually uncorrelated linear com-
binations of the components of the vector of inverse
estimate q;,,, which are formed in such away that they
successively “draw” information out of the unstable
inverse solution in a theoretically most efficient way.
The variance of the principal components increases
(strictly speaking, does not decrease) as their number
increases. The principal components are a generaiza
tion of the coefficients of the well-known Karhunen—
Loeve decomposition to a nonsteady random process
with allowance for photon noise. If the matrix V in the
spectral representation (19) of the Fisher matrix is
known, the principal components can be calculated by
asimple rotation of the coordinate system,

p = VTainw (37)
i.€,p,= Vi Oy, .ors Pr_y = Vi_1 O, aretheinverse (or
maximum-likelihood) estimates of the coefficients
{ a1} Which are taken with the weights equal to the
components of the eigenvectors of |.

4. MODEL CASES

Below we calculate the spectrum of the Fisher ma-
trix for several simple situations which are of practical
interest. Let usfirst consider thein-focusimage (z= F)
of apoint-like source formed by anided telescope (a= 0),

0.014~—"
0.0124-"
0.0104—""
0.008 1~
0.0064—""
0.004 4"
0.002 -~

0.5

X

Y o5 05

Fig. 1. In-focusimage of a point source formed by an ideal
telescope under the observing conditions (38). The X and Y
coordinates are in arcseconds.

i.e., theAiry diffraction pattern. We assume the foll ow-
ing values of the attendant parameters:

Telescope diameter D = 2400 mm,

Focal ratio E =240

Wavelength A=6328A,

Star brightness S=1 x 107 events,

Background level b, = 10 events pi-
S iy P 38)

Maximum order n=>55,

of the Zernike decomposition
Discretization in the exit pupil M =32,

Discretization
in the image plan

g=8.

Thus, the image sizes are 256 x 256 pixels, and the
Fisher matrix is 54 x 54 in size. The accumul ated num-
ber of photoevents approximately corresponds to a 1-s
exposure of a7™ star for a 1000 A-wide spectral range.
Figure 1 shows the image of the pointlike source in the
telescope focal plane, and Fig. 2 presents the spectrum
and eigenvectors{ v,} of the Fisher matrix (the compo-
nents of vectors{ v,} are< 1 in magnitude). The shifted
[according to (21)] numbering of coefficients{a,} and
{a} should be borne in mind here.

As we see from Fig. 2a, the spectrum of | descends
moderately steeply up to the 30th coefficient (A,/A5, =
2.2), but then an abrupt cutoff whose value is deter-
mined by a compute zero occurs. Thisimplies that the
inverse problem is unstable. Based on the in-focus pat-
tern, we can estimate only thefirst principal component
P; — Pso, While the higher principal components cannot
be recovered in principle. The amplitude of individual
types of aberrations of the Zernike series can be esti-
mated from different principa components, but it
should be kept in mind that the estimation accuracy in
this case may decrease appreciably. Some coefficients,
primarily those of axisymmetric aberrations, remain
unknown. This result might be expected in advance,
because the contributions of individual aberrations of
the above type are difficult to separate by the appear-
ance of the symmetrically blurred image.

Asfor the eigenvectors of I, the appearance of v, in
Fig. 2b leads us to conclude that the coefficients with
=1, 7 (j = 2, 8) enter into the most reliable principal
component with the largest (in absolute value) weight.
Turning to (12), we see that these numbers correspond
to a wavefront tilt and a third-order coma. The reason
for combining these aberrations is that they both con-
tain the factor cos0. A similar combination with j = 3,
7 and with sin® is the next in recovery accuracy. The
combination with j = 9, 19 follows next; thisis atrian-
gular fifth- and seventh-order coma with sin36. Note
that the accuracy of calculating the higher (in number)
eigenvectors, aswell as the corresponding eigenvalues,
is rather low.
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Fig. 2. Spectrum (a) and eigenvectors (b—d) of the Fisher matrix for the image in Fig. 1. (a) The component number of the corre-
sponding vector isaong the X axis, and the eigenvalues A are along the Y axis; (b—d) vector numbers. The scale was chosen so that

the separation between the successive plots for v was 1.

Let us consider the changes that arise for an out-of-
focus plane of observation, for example, for &z =
+5.0 mm: As before, the telescope is assumed to be
ideal (Figs. 3 and 4). The spectrum of | changed radi-
caly: it covers a mere one and a half orders of magni-
tude (A/As, = 30), implying that the inverse problem
became stable (in particular, well-conditioned). In this
case, the stability of theinverse problem is quite under-
standable: Out-of-focus images allow many types of
phase errors to be localized on the pupil fairly reliably
(see dso [10]). However, the in-focus pattern may be
preferred regarding some types of aberration.

The eigenvectors of the Fisher matrix for out-of-
focusimages suggest a significant separation of aberra-
tions of different types. For example, p, and p, give
mainly information about the Zernike termswith j = 36,
35, which are proportional to p’cos76 and p’sin76,
respectively. If we are interested, for example, in the
third-order spherical aberration (j = 11), it dominatesin
p,s, athough there are al so traces of the defocus (j = 4)
and a fifth-order (j = 22) and seventh-order (j = 37)
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spherical aberration in this component. The required
aberration can be completely isolated by using p,, and
similar principal components which include the same
types of aberrations with different weights. Other aber-
rations of the optical system can be recoveredinasim-
ilar way.

Finally, we turn to the case where the optical system
is imperfect. Figure 5 shows the out-of-focus star
image for the parameters specified in (38), the defocus
0z = +5.0, and the following four nonzero coefficients
of the Zernike series:

a, = 0.05, = 0.10,

= -0.03.

a a,s = 0.03,
11 45 (39)

Asg

Recall that the aberrations are in fractions of the wave-
length. When choosing the numbers of the nonzero
coefficients, we had in mind adaptive optics, where not
only classical aberrations but also high-frequency har-
monics were represented.



-0.5 =05

Fig. 3. Image of apoint source formed by an ideal telescope
when the plane of observationsis shifted by 5 mm along the
optical axis. The X and Y coordinates are in arcseconds.

Information about the spectrum and eigenvectors of
the Fisher matrix is given in Fig. 6. We see that the
inverse problem remained stable (A/As, = 22), so the
phase can be retrieved reliably. At the same time, a

TEREBIZH

comparison of Figs. 4b-4d with the corresponding
Figs. 6b—6d shows that the cross-correlations between
the estimates of aberrations of different types in this
case strengthened. For example, thefirst principal com-
ponent contains alinear combination of the ninth-order
aberrations with j = 20, 32, which are proportional to
P’sin56. The strengthening of the correlation between
the statistical estimates of the coefficients of the
Zernike series with increasing aberrations suggests that
this series does not adequately describe the problem to
be solved.

5. PHASE RETRIEVAL
BY THE MAXIMUM-LIKELIHOOD METHOD

Any method of estimating the object (or, in other
words, solving the inverse problem) is based on the dis-
tribution density f (y|a) assumed in the model. Thiscir-
cumstance is expressed most clearly in the maximum-
likelihood (ML) method introduced by Fisher [40]. For
the observed image realization y,, the corresponding

ML estimate of the vector parameter a (y,) isdefined as

A (a) Vi—Vig (b) Vig—V3s (0 V3—Vsy  (d)
1010 T T T T
ST A B “
16 34 m 52 E:
A
14 A 32—v—w—v—\ﬂ 50
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8 ——v—~v—J\— 26 ‘-A»Vu—\/v —{ 44 A A
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Fig. 4. (a) Spectrum and (b—d) eigenvectors of the Fisher matrix for the imagein Fig. 3.
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the point in space (a4, ..., a,,_,) that gives amaximum
of the likelihood function f(y,|a) or, equivalently, a
minimum of the information (17),

G(Yo) = argminJ(yo| a). (40)

After G (y,) has been calculated, the ML estimates of
coefficients a,, as, ..., a, can be determined from for-
mulas (21).

For one or a few parameters, their ML estimates
amost always have optimal properties, particularly in
the asymptotic region [37]. However, when a large
number of parameters are estimated, quite often we
encounter a completely different state of affairs: The
ML estimate becomesunstable. Thereasonsfor this phe-
nomenon were previously considered in detail [19, 20];

Fig. 5. Image of a point source formed by a telescope with ; P : .
the aberrations (39) when the plane of observationsis shift- m_the long run, the validity of Fhe M.L metho_d 1S dete_r
ed by 5 mm along the optical axis. The X and Y coordinates mined by the spectrum of the Fisher information matrix
arein arcseconds. for the inverse problem in question.
A (@) Vi-Vig (b) Vio—Vis (0 Vi—Vsy (D)
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Fig. 6. (a) Spectrum and (b—d) eigenvectors of the Fisher matrix for the imagein Fig. 5.
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Fig. 7. () Initial phase function and (b) its maximum-likehood estimate.

An analysis of model cases of the inverse problem
in Sect. 4 shows that, when out-of-focus images are
considered, the inverse problem is stable. For this rea-
son, arelatively smple inversion method can be used;
as an example, we restrict ourselves to obtaining the
ML estimate & of the coefficients of aberration decom-
position into Zernike polynomials. The minimum in
(40) was sought by one of the efficient optimization
methods, for example, the quasi-Newton algorithm,
Davidon—Fletcher—Powell’s or Nelder—Mead’s method
(see, eg., [41]). The procedure can be speeded up by
using an analytical representation for the gradient of
Poissonian information,

R
0
6_0(|J(V|a) = ,Zl(v'-/qj_l)H“’
]:
| =1,2,...,n=-1.

It should be noted that the function minimized in the
phase problem takes a very complex form in multidi-
mensiona space, including “ravines’ and local min-
ima. For this reason, due attention should be paid to
choosing an efficient algorithm and testing the reliabil-
ity of the global minimum found [42].

For the model calculations, we took the values (39)
as the nonzero coefficients of aberrations of the initia
wavefront at the total number of decomposition terms
n = 55. The corresponding out-of-focusimage is shown
in Fig. 5; this pattern was used to obtain the ML esti-
mates of the Zernike coefficients. In this case, the devi-
ation of the estimates of the Zernike coefficients from
their true values did not exceed 10, Figure 7 showsthe

(41)

initial wavefront and the result of its restoration from
the observed image intensity. Not only classical aberra-
tions but also the Zernike high-frequency terms are
seen to be restored.

6. CONCLUDING REMARKS

In recent years, various applications of the probabil-
ity theory have increasingly used the Karhunen-L oeve
decomposition into eigenvectors of the covariance
function of the random process under consideration
[43-45]. The advantages of this decomposition prima-
rily stem from the fact that the coefficients of the
derived series are statistically uncorrelated with each
other. In other words, each of the succeeding coeffi-
cients carries information about the process that is
independent of the preceding segment of the series, and
this information accrues (in the linear approximation)
most effectively. The Karhunen—Loeve series is natu-
rally distinguished from a host of other possible
decompositions into orthonormal functions.

The decomposition of the Fisher matrix into eigen-
vectors [19, 20] plays a similar role in the theory of
inverse problems. Indeed, for a linear probabilistic
model of observational-data formation, the covariance
matrix Q of the inverse (or maximum-likelihood) solu-
tion is approximately equal to I-!; the preceding asser-
tion followsfrom the fact that any matrix anditsinverse
matrix have the same set of eigenvectors. The same
relationship between | and Q also approximately holds
for more complicated models of data formation; the
Fisher matrix naturally includes information about all
details of the model (for example, about photon noise
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for image formation). The coefficients { p;} of the cor-
responding decomposition given by (37), the principal
components of the inverse estimate, are therefore of
fundamental importance in obtaining an optimal
inverse solution. The variance of the principal compo-
nents, which determines the accuracy of the inverse
solution, is simply related to the spectrum of the Fisher
matrix.

Returning to the inverse problems of wave optics, it
should be noted that, for all their convenience, the
Zernike polynomials have not been naturaly distin-
guished by the problem itself. Fortunately, as was
shown by Roddier et al. [45], the difference between
the Zernike polynomials and the Karhunen-Loeve
functionsis small when the wavefront perturbations are
analyzed. It should, nevertheless, be bornein mind that
this situation does not persist under more complicated
observing conditions, in particular, when noise plays a
major role.

Note that the concept of condition number ¢ ¢ =
Amax/Amin 1S NOt adequate to judge whether the solution
of the inverse problem is reliable. If ¢ > 1, then the
problem is considered ill-conditioned. However, alarge
¢ may result from the relative smallness of only the
“tail” in the spectrum of the Fisher matrix, whereas
most of the principal components contain valuable
information. This situation takes place, for example, for
the phase problem when in-focus images are analyzed
(see Sect. 5). For this reason, we use the concept of sta-
bility of the inverse problem by associating it with the
appearance of the entire spectrum of the Fisher matrix
rather than with its two extreme values.

Finally, note that images for various defocuses
should be invoked for a more reliable phase retrieval;
the corresponding patterns can be analyzed individu-
aly and simultaneously. Here, we cannot dwell on this
practically important subject.
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OneHundred Y ears of Observations of the Be Star HDE 245770

(the X-ray Binary A0535+26/V 725 Tau):
The End of an Active Phase?
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Abstract—UBYV observations of the X-ray binary system A0535+26/V 725 Tau at the Crimean Station of the
Sternberg Astronomical Institutein 1980-1998 are presented. Based on our and published data, we analyze the
photometric history of the star from 1898. Over aperiod of 100 years, the star apparently showed all three activ-
ity phases (B, Be, Be-shell) of Be stars. We conclude that the X-ray activity of the object is attributable to the
19701997 outburst of the Be star due to envel ope gjection. The star’s colors during the minimum light of 1998
and its 1953-1956 colors (before the outburst) correspond to the spectral type BO-B1 at the color excesses
Eg v =0.74and E,,_g = 0.48, in agreement with the current spectral type 09.7. The minimum light of 1998 and
the color excesses are used to determine the colors of the additional radiation, analyze their evolution during
the 1973-1997 outburst, and refine the distance to the object (3 kpc). The colors of the additional radiation at
maximum light of the star (1973-1980) match the colors of a hydrogen plasmawith T,= 1.5 x 10* K whichis
optically thick in the Balmer continuum. The brightness decline corresponds to a decrease in the optical depth

of the plasma; at V = 91, it becomes optically thin in the Balmer continuum with T, = 10* K and N = 10'°-
10'2 cm3. This conclusion is consistent with the model of a circumstellar envelope but isinconsistent with the
existence of an accretion disk around the neutron star. All the additional radiation responsible for the optical
variability isproduced by asingle source. Theintensity of the Ho emission line at maximum light (1975-1980)
istripleitsintensity in 1987-1997, when quasi-periodic light fluctuations with P = 1400¢ were observed [1]. At
thistime, the line intensity correlated with brightness. The Ha line was in absorption at the minimum of 1998,

and, at present, the star’s active phase appears to have ended. © 2000 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

The transient X-ray source A0535+26, which was
identified with avariable Be star that was subsequently
designated as V725 Tau, has been extensively studied
since April 1975, when thefirst of the so-called “ giant”
X-ray outbursts was recorded. This is believed to be a
binary system with aneutron star, a pul sar with aperiod
of 103 s and an orbital period of 1119 (see the review
article of Giovannelli and Graziati [2]). The orbit is
highly eccentric, and X-ray outbursts are observed dur-
ing periastron passage. The object belongs to massive
X-ray binariesin which the primary is a star of spectral
type O9e-Ble, luminosity class 11—V, and mass 10—
20M, while the secondary is a neutron star. In partic-
ular, the spectral type of the optica star in
A0535+26/V 725 Tau was estimated to be 09.7 I11e[3].
The material that accretes onto the neutron star is
mainly supplied through massloss from arapidly rotat-
ing Be star and stellar wind. Such systems are distin-
guished by long periods (up to several hundred days)
and high orbital eccentricities, which appears to pro-
duce the phenomenon of a transient, flaring X-ray
source (an X-ray outburst is observed during periastron

* e-mall: lyuty@sai.crimea.ua

passage). In contrast to the “standard” massive close
(Cyg X-1-type) X-ray binaries, inwhich the optical star
fills its Roche lobe, these systems were called Be/’XR
binaries.

The optical radiation of such asystemismainly pro-
duced by the Be star and the surrounding envelope. An
accretion disk (AD) around the neutron star may also
be a contributor. Gnedin et al. [4] were the first to have
attempted to separate the additional (relative to the Be
star) optical and infrared (UBVRIJHK) radiation and
concluded that thisradiation could beinterpreted asthe
radiation of an AD whose parameters vary with time.
Lyuty et al. [5] noticed that the object’s X-ray activity
was related to the global outburst of the Be star which
began in late 1960s—early 1970s and reached a maxi-
mum in 1975, when the first of the three giant X-ray
outbursts was observed. Such an outburst is attributable
to avariable rate of mass|loss from the Be star.

Theluminous blue stars are known (seg, e.g., [6]) to
be variable in wide time and amplitude ranges. A mod-
erate variability of AV = 1™misobserved in most of these
stars and is caused by the gjection of a dense envelope,
which can be assumed to be the stellar pseudophoto-
sphere. In this case, the bolometric luminosity is con-
stant, but the pseudophotospheric temperature

1063-7737/00/2601-0009%$20.00 © 2000 MAIK “Nauka/Interperiodica’
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decreases and the radius increases. Since the star
rapidly rotates (hundreds of km s on the equator), a
disklike, rather than spherically symmetric envelope, is
formed.

Clark et al. [1, 7] investigated the spectroscopic and
photometric variability of V725 Tau by using the 1983~
1997 observations and showed that the optical variabil-
ity was apparently attributable to a disklike envelope
around the OB star (circumstellar disk), which is opti-
caly thin in UBV. The light variations are caused by
variations of the emission measure in the circumstellar
disk that emits by the free-free and bound-free mecha-
nisms. There is no evidence for the existence of a sec-
ond variable source (AD). A transient AD appearsto be
formed around the neutron star during giant outbursts
[8]. In particular, the existence of an AD during the
giant outburst of 1994 was proven [9]. However, the
contribution of the AD to the optical luminosity of
V725 Tau is very small and apparently does not exceed
afew percent.

In this paper, we present our UBV observations of
the star at the Crimean Station of the Sternberg Astro-
nomical Institute (SAI) in 1980-1998 and anayze its
photometric behavior over aperiod of 100 yearsand the
color characteristics of the additional (relativeto the Be
star) radiation responsible for the optical variability.

OBSERVATIONS

Our observations began in the spring of 1983 and
were carried out with a photon-counting UBV photom-
eter attached to the 60-m telescope of the Crimean Sta-
tion of the SAI (pos. Nauchnyi). The instrumental pho-
tometric system was very close to Johnson’s standard
photometric system, as suggested by the mean transfor-
mation coefficients that were determined during six
observing seasons in 1967-1990 from observations of
standard stars in the Pleiades, Praesepe, and IC 4665
open clusters: k; = -0.045 £ 0.019, k, =0.999 + 0.012,
ks =1.013 £0.014 [the corresponding formulas are AV =
Av + KAB-V), AB-V) = kAb-v), and A(U-B) =
k:A(u-b). Aswe see, k, iscloseto zero, whilek, and k
are close to unity.

Asthelocal standard, we used star “€” from [10], in
which the following magnitudes are given for it: V =

10754 + 0703, B-V = +0745 £ 0703, and U-B =
+07"19 + 0705. This comparison star was also used by
Rossiger [11], who obtained its magnitudes similar to
those of Lenouvel and Flogér [10]: V = 10754, B-V =
+07'45, U-B = +0."22. Our measurements in 1984 and

1997 yielded the same magnitudes as those obtained by
Lenouvel and Flogér [10] but with a higher accuracy:

V=10"53 0701, B-V=+0"45+ 0701, and U-B =

+0"18 £ 0702. As we see, the measurements of differ-
ent authors over a period of 40 years yield the same

magnitudes. Only the measurements by Walker in 1958

[11] differ markedly (up to 07'1) from them; they are
most likely erroneous.

Some of our observations have already been pub-
lished [4, 5]; here, we present only the observations
after 1988, as well as the observations that were per-
formed by A.A. Aslanov in 1980 at the same site and
with the same telescope and photometer and that he put
at our disposal (see the table). Since Adlanov used the
comparison star BD+26°876, we had to determine its
magnitudes by referencing to the same standard
(SA 48-3) which we used to determine the magnitudes
of star “€” and reduce Aslanov’s observations to our
comparison star. Thus, Aslanov’s observations consti-
tute a single, homogeneous series with our measure-
ments but are separated from ours by a period of three
yearsand overlap in timewith the observations by other
authors. In our analysis, we therefore used Aslanov’s
observations together with published data.

LIGHT AND COLOR CURVES

Portions of the light and color curves for the object
have been published at different times. The most com-
plete curves for along timeinterva aregivenin[1, 5, 7].
We now have an opportunity to present the photoel ec-
tric light and color curves for A0535+26/V 725 over a
period of 25 years, from 1973 until 1998. Thefirst sys-
tematic UBV observations of the object, which was not
known at that time asan X-ray source, wereinitiated by
Rossiger [11]. In their previous study, Rossiger and
Wenzel [12], who used this star as one of the compari-
son stars for the observations of RR Tau, noticed its
weak variability. These observations, together with the
observations by De Loor et al. [13] and Adanov (see
thetable), are the main photometric UBV datafor V725
Tau before 1983. We did not use the observations of
other authors after 1983, because, first, they could vio-
late the homogeneity of the series (see[5]) and, second,
they arerather few in number compared to our observa-
tions, while our observations represent satisfactorily
the star’s variability in 1983-1998.

Since here we are primarily interested in the global
variability of the object, while the star also exhibits a

rapid variability with asignificant amplitude, upto 01

in two or three days and up to 0705 during the night,
we averaged the measurements close in time and/or
brightness. These average magnitudes and colors are
shown in Fig. 1, where the arrows mark the times of
giant X-ray outbursts (we have in mind only the outbursts
observed in the intermediate energy band 2-10 keV).
Occasionally, the outburst in April 1989 is regarded as
a giant outburst [2], but its spectrum was very hard:
from 0.6 Crab in the band 2—6 keV to 4.3 Crab in the
band 16-26 keV [14]. In the intermediate energy band
2-10keV, it should apparently be considered “normal.”
This outburst ismarked in Fig. 1 by the dashed arrow.
ASTRONOMY LETTERS Vol. 26

No.1 2000



ONE HUNDRED YEARS OF OBSERVATIONS OF THE BE STAR HDE 245770 11

Severa features can be noted in the behavior of the
star’s light and color during 25 years (see Fig. 1):

(1) On the average, the brightness declined from

8M8-8"9 to 9M45; the B-V color index decreased,
while U-B first decreased but after 1995 began to
increase.

(2) Three brightness states can be distinguished:
(i) the high brightness in 1973-1981, the colors do not
correlate with brightness; (ii) the pulsations in 1983—
1995 at a nearly constant mean brightness, B-V varies
in antiphase with phase with brightness, and U-B does
not correlate with brightness; and (iii) the brightness
decline after 1995 with a small outburst in 1996; B-V
also anticorrelates with brightness, while U-B anticor-
relates with B-V.

(3) The transitions between these states roughly
coincide in time with giant outbursts; before the 1975
outburst, the V brightness was constant, while the col-
ors varied appreciably; after the 1980 outburst, the

brightness declined by more than 072, but the color
indices were nearly constant; after the 1994 outburst,
the colors varied in antiphase—the star became bluer in
B-V but redder in U-B.

Inthefall of 1997, the star’s brightness had declined
tothelevel of the 1950sfor thefirst timesince 1973 and
has remained approximately at this level to the present
day (late 1998), undergoing only short-term fluctua-

tionswith an amplitude upto 0™ 1. The dereddened col-
ors correspond to a BO star (see below for details on the
colors). The lowest brightness was recorded in 1998, at
which the colors B-V = +0.425 and U-B = —0.604
turned out to be similar to the colors in the mid-1950s,
before the outburst [15, 10]: B-V = +0.45 and +0.46,
U-B = -0.54 and -0.53, respectively.

PHOTOMETRIC HISTORY OF THE STAR

For the subsequent analysis, it is of interest to trace
the photometric history of the star. Stier and Liller [16]
gave yearly means of the Harvard photographic obser-
vations since 1898 and noted that the fading in 1940—
1955 may have been aread effect. Réssiger [17] gave
the Sonneberg photographic observations of the star
since 1930. The Harvard and Sonneberg observations
overlap in time, but their means differ markedly in the
same years. For the calibration, we used the photoel ec-
tric observations by Hiltner [15] and Lenouvel and
Floger [10] by assuming B, = m,, — 0.05 for the Son-
neberg observations and By, = + 0.18 for the Har-
vard observations before 1970 (the Harvard observa-
tions in 1973 and 1974 have a zero correction, which
may be explained by the already commenced outburst
of the star).

The archived photographic observations reduced in
this way, together with the seasonally averaged photo-
electric data, are shown in Fig. 2 and give an idea of the
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star’s photometric behavior over a period of 100 years.
The secular brightness decline from 1898 until 1950 is
particularly noteworthy. The minimum in 1945-1949is
real—it is confirmed by the Sonneberg data. It is
unlikely that the rapid (of the order of a year) fluctua-
tions are real: first, the amplitude of these fluctuations
is within the accuracy of photographic photometry,
and, second, the Harvard and Sonneberg data disagree.
In particular, the “outburst” of 1933 as inferred from
the Harvard datais in conflict with the Sonneberg data.

In 19501965, the star was in quiescence; its bright-

ness was at the mean level of B =983 (indicated by
thedashed linein Fig. 2), and then afairly rapid bright-
ness rise to the maximum of 1975-1980 began. We
clearly seein Fig. 2 that the giant outbursts are not acci-
dental but are associated with certain features of the
light curve. The first outburst in 1975 occurred after
some brightness level near the maximum was reached
(maximum in V); the second outburst (1980) occurred
before an abrupt brightness decline, after which quasi-
periodic (~1400 days) fluctuations[7] set in at anearly
constant mean level; and after the third outburst (1994),
the amplitude of these fluctuations abruptly decreased
(the maximum of 1996 agrees with a quasi-period of
1400 days), and the brightness declined to the 1950—
1965 level in 1997-1998 and below thislevel in thefall
of 1998. The filled square in Fig. 2 marks minimum
minimorum, the lowest brightness for the entire period
of photoelectric observations, which was observed in
thefall of 1998. It may well be that the same minimum
as that in 1945-1949 will be observed in the next sev-
eral years.

Thus, at least two different states of the star were
observed during the century: quiescence (1898-1965)
and an outburst—an active phase (1970-1997) with the

amplitude AV = 0™'55. Thisbehavior is characteristic of
Be stars with amoderate variability and is explained by
the gection of an envelope which produces a
pseudophotosphere[6]. In this case, the outburst ampli-
tude is determined by a change in the mass-loss rate

AlogM = -0.3AV. The bolometric luminosity is nearly
constant, the pseudophotospheric temperature decreases
compared to the photosphere of the Be star, and its
radius increases.

ADDITIONAL RADIATION
Mean Color Indices

To elucidate the nature of the optical variability in
A0535+26/V725 Tau, it is first necessary to separate
the additional (relative to the Be star) radiation and
determine its characteristics. For this purpose, the
intrinsic UBV magnitudes of the star must be known.
We could take the 19531956 magnitudes as the main
brightness, but the star’s mean brightness in the fall of
1997 declined below this level. In the fall of 1998, we
managed to record the minimum brightness in al
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Photoel ectric observations of A0536+26/V 725 Tau in 1980 and 1988—-1998

JD 2400000+ \% BV u-B JD 2400000+ \% B-V u-B
44254.526 8.87 0.54 —-0.60 48158.519 9.311 0.415 —-0.670
44257.334 8.86 0.56 —-0.65 48158.562 9.307 0.421 -0.678
44261.217 8.864 0.536 —0.568 48164.570 9.320 0.430 —0.655
44488.560 8.878 0.562 -0.61 48176.523 9.217 0.460 —0.656
44489.555 8.868 0.552 -0.61 48188.519 9.286 0.433 —-0.694
44490.563 8.863 0.567 —-0.63 48189.452 9.286 0.447 —0.690
44493.557 8.86 0.56 -0.55 48211.404 9.218 0.464 —0.696
44494.576 8.88 0.57 —-0.62 48211.417 9.218 0.468 —0.684
44589.515 8.88 0.57 —-0.625 48244.268 9.295 0.447 -0.677
44590.401 8.89 0.56 —-0.69 48251.265 9.308 0.424 -0.678
44599.401 8.93 0.56 -0.72 48251.277 9.305 0.431 -0.672
44600.469 8.88 0.60 -0.72 48252.233 9.275 0.431 -0.718
47417.559 9.140 0.475 —-0.645 48272.206 9.321 0.424 —0.658
47418.570 9.110 0.491 —0.666 48274.222 9.317 0.428 —-0.678
47419.554 9.090 0.509 —0.666 48294.240 9.251 0.451 —-0.704
47420.577 9.092 0.497 —-0.670 48295.291 9.257 0.452 —-0.673
47439.578 9.127 0.499 —0.669 48325.251 9.157 0.477 -0.672
47449.542 9.093 0.502 —0.638 48505.565 9.107 0.513 —0.689
47450.574 9.091 0.492 —-0.667 48508.573 9.112 0.496 —-0.704
47451.554 9.077 0.489 —-0.625 48509.575 9.114 0.503 —-0.704
47536.342 9.001 0.516 —-0.616 48515.568 9.088 0.516 -0.701
47540.322 9.005 0.515 —-0.626 48516.573 9.084 0.519 —0.698
47569.266 8.994 0.515 —-0.634 48525.585 9.056 0.525 —-0.693
47586.256 8.982 0.523 —-0.628 48534.592 9.104 0.501 —0.680
47607.248 8.974 0.531 —-0.620 48539.565 9.118 0.524 —0.689
47624.263 9.014 0.543 —-0.629 48540.472 9.122 0.501 —0.698
47834.615 9.231 0.459 -0.714 48541.557 9.112 0.511 -0.701
47835.485 9.240 0.437 —-0.708 48543.512 9.108 0.503 -0.714
47836.445 9.219 0.478 —0.700 48546.451 9.131 0.508 -0.719
47837.557 9.251 0.462 —0.698 48566.406 9.136 0.517 -0.723
47838.472 9.286 0.451 —-0.716 48576.472 9.155 0.506 —-0.718
47855.450 9.227 0.441 —0.699 48603.369 9.218 0.472 -0.722
47861.394 9.238 0.459 —-0.702 48856.520 9.005 0.511 —-0.616
47943.228 9.098 0.491 —-0.651 48861.526 8.988 0.513 —-0.599
47943.235 9.102 0.491 —0.653 48864.526 8.975 0.524 —-0.644
47944.225 9.115 0.486 —0.664 48865.496 8.993 0.513 —0.615
47944.238 9.113 0.486 —0.656 48866.498 8.991 0.536 —0.622
47946.224 9.132 0.491 —0.686 48870.500 9.011 0.510 -0.614
47946.230 9.125 0.490 —0.690 48893.502 8.989 0.528 —0.636
47948.233 9.134 0.487 —0.683 48894.598 8.989 0.509 —0.645
47966.260 9.162 0.486 —0.696 48916.497 8.981 0.529 —0.653
47968.269 9.150 0.484 —0.668 48930.521 9.008 0.526 —0.642
47970.258 9.172 0.466 —0.656 48958.345 9.004 0.527 —0.658
47971.276 9.178 0.489 -0.721 48959.335 8.993 0.528 —0.651
47981.243 9.157 0.487 —-0.702 48961.315 8.988 0.538 —0.661
47984.291 9.139 0.461 —0.656 48992.222 9.096 0.508 -0.717
47986.286 9.155 0.479 -0.713 49002.212 9.090 0.523 —0.687
48151.565 9.348 0421 —0.650 49006.254 9.093 0.517 -0.727
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JD 2400000+ \% B-V u-B JD 2400000+ \Y B-V u-B
49031.317 9.092 0.487 —-0.687 49973.552 9.333 0.435 —-0.676
49059.275 9.092 0.507 —0.691 49973.559 9.343 0.424 -0.678
49062.282 9.108 0.517 —-0.681 49998.462 9.339 0.420 -0.731
49245.553 9.024 0.524 —0.685 49998.468 9.342 0.426 -0.727
49246.561 9.033 0.532 —0.680 50002.435 9.279 0.442 —0.628
49248.540 9.028 0.534 -0.672 50002.446 9.273 0.447 —0.649
49251.571 9.038 0.535 —-0.684 50002.452 9.278 0.440 —0.654
49253.557 9.049 0.528 -0.672 50004.424 9.254 0.457 —0.661
49255.568 9.041 0.524 —-0.682 50006.436 9.283 0.440 —0.676
49273.544 9.029 0.528 —-0.687 50007.423 9.294 0.444 -0.673
49274.597 9.017 0.518 —-0.680 50007.434 9.294 0.443 —0.669
49359.261 9.187 0.476 —0.689 50008.418 9.309 0.441 —0.663
49360.323 9.193 0.475 —-0.683 50008.430 9.312 0.437 —0.669
49373411 9.198 0.474 —-0.683 50009.392 9.308 0.430 —0.666
49381.228 9.224 0.459 -0.712 50009.404 9.310 0.439 —-0.675
49393.293 9.241 0.458 -0.677 50010.431 9.332 0.429 —-0.667
49394.297 9.244 0.455 -0.687 50010.444 9.326 0.436 —-0.675
49400.322 9.254 0.441 —0.667 50014.394 9.334 0.442 -0.677
49401.290 9.249 0.454 —0.680 50014.406 9.332 0.435 —0.658
49407.217 9.274 0.472 —0.696 50015.428 0.348 0.439 -0.674
49412.260 9.273 0.442 —0.670 50015.442 9.359 0.428 —0.669
49438.231 9.182 0.480 —0.676 50047.385 9.326 0.434 —-0.678
49442.244 9.158 0.486 -0.673 50047.396 9.313 0.449 —0.688
49444.254 9.181 0.475 —0.656 50048.408 9.307 0.448 —-0.678
49450.252 9.147 0.484 —0.652 50048.442 9.293 0.439 —0.688
49457.244 9.183 0.490 —0.650 50048.455 9.288 0.443 —-0.682
49596.538 9.300 0.450 —0.695 50064.386 9.293 0.436 -0.702
49600.543 9.324 0.462 —0.685 50064.418 9.286 0.439 —-0.681
49601.518 9.335 0.434 —-0.687 50064.431 9.288 0.442 —-0.687
49609.556 9.344 0.433 —0.648 50093.468 9.233 0.463 -0.721
49611.562 9.336 0.442 —0.665 50093.475 9.195 0.465 —-0.678
49629.460 9.292 0.431 —0.646 50095.488 9.206 0.469 -0.675
49630.552 9.295 0.435 —0.654 50102.287 9.255 0.454 —0.693
49640.540 9.242 0.457 —-0.682 50106.298 9.249 0.452 —0.688
49653.418 9.297 0.446 —0.658 50108.194 9.278 0.458 —-0.691
49654.470 9.300 0.450 —-0.680 50115.299 9.267 0.437 —0.746
49658.379 9.320 0.448 —0.664 50116.369 9.265 0.435 —0.680
49663.462 9.316 0.440 —0.665 50117.193 9.271 0.441 —0.695
49665.460 9.335 0.420 —0.686 50121.303 9.236 0.454 —0.692
49692.367 9.296 0.426 —0.664 50133.343 9.250 0.465 —0.688
49716.333 9.302 0.435 —-0.670 50139.215 9.241 0.472 —-0.700
49717.328 9.314 0.434 —0.664 50139.240 9.251 0.459 -0.734
49737.238 9.315 0.445 -0.674 50155.221 9.273 0.476 —-0.677
49751.351 9.313 0.461 —0.669 50170.298 9.28 0.50 -0.71
49771.230 9.353 0.420 —0.648 50177.258 9.231 0.449 -0.770
49772.232 9.364 0417 —0.647 50178.256 9.259 0.439 —-0.705
49778.244 9.361 0.422 —0.663 50311.535 9.157 0.508 —-0.682
49782.232 9.382 0.414 —0.641 50361.468 9.119 0.497 —-0.703
49820.270 9.306 0.446 —0.666 50362.516 9.161 0.500 —-0.701
49820.278 9.311 0.442 —-0.670 50373.542 9.157 0.497 -0.719
49825.262 9.286 0.470 —0.667 50373.558 9.152 0.504 -0.724
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Table. (Contd.)

LYUTY, ZAITSEVA

JD 2400000+ \Y, B-V u-B JD 2400000+ \Y B-V u-B
50392.604 9.230 0.469 -0.711 50760.384 9.451 0.412 —-0.618
50393.595 9.226 0.477 -0.711 50760.415 9.462 0.398 —0.602
50393.607 9.232 0.485 -0.714 50761.426 9.448 0.406 —0.602
50395.513 9.224 0.480 -0.721 50762.423 9.443 0.405 -0.617
50395.537 9.229 0.476 -0.714 50762.458 9.436 0.407 —0.596
50397.469 9.227 0.461 -0.715 50783.483 9.445 0.403 —0.626
50400.465 9.240 0.473 -0.707 50793.310 9.455 0.413 —-0.618
50400.498 9.229 0.470 —-0.705 50802.348 9.418 0.407 —0.642
50402.553 9.228 0.483 -0.734 50817.248 9.472 0.396 —0.604
50403.452 9.244 0.463 —-0.708 50818.227 9.469 0.398 —0.595
50405.392 9.199 0.479 —-0.716 50827.296 9.477 0.409 -0.573
50408.510 9.257 0.455 —-0.705 50863.287 9.442 0.402 —-0.610
50478.279 9.295 0.434 —-0.676 50867.304 9.465 0.413 —-0.629
50484.356 9.304 0.442 —0.695 50868.246 9.470 0.404 -0.617
50487.282 9.344 0.430 —0.685 50875.291 9.452 0.407 —0.600
50491.308 9.350 0.434 -0.715 50920.246 9.449 0.417 -0.617
50491.320 9.356 0.427 -0.717 50920.252 9.456 0.420 -0.641
50504.347 9.357 0.424 —0.689 51044.551 9.461 0.419 —0.585
50505.324 9.370 0.425 -0.674 51046.548 9.472 0.445 —-0.628
50509.303 9.354 0.430 —0.669 51052.553 9.399 0.442 —-0.603
50510.324 9.350 0.429 —0.646 51054.551 9.475 0.417 -0.619
50510.338 9.357 0.425 —0.646 51061.544 9.458 0.421 —-0.604
50519.296 9.376 0.419 —0.664 51074.569 9.448 0.414 —-0.603
50519.308 9.369 0.423 —0.649 51074.582 9.460 0.405 —0.606
50521.322 9.377 0.425 —0.655 51075.513 9.430 0.422 —0.605
50526.313 9.363 0.426 —-0.687 51075.521 9.437 0.414 —0.600
50689.558 9.390 0.416 —-0.624 51081.504 9.441 0.417 —0.602
50689.565 9.387 0.419 —0.636 51081.517 9.461 0.395 —0.599
50690.552 9.344 0.425 —0.628 51088.536 9477 0.410 —0.626
50696.562 9.414 0.406 —-0.614 51103.549 9.452 0.400 —-0.618
50699.566 9.404 0.412 -0.621 51103.555 9.492 0.388 —-0.628
50704.560 9.425 0.412 -0.612 51104.479 9.473 0.403 —-0.614
50726.502 9.421 0.390 -0.617 51104.492 9.472 0.403 —0.605
50730.460 9.445 0.405 —-0.609 51105.405 9.472 0.404 —0.589
50748.452 9.441 0.405 —-0.619 51110.382 9.475 0.407 —0.600
50748.463 9.450 0.398 -0.611 51111.443 9.475 0.408 —0.622
50751.592 9.444 0.398 —-0.602 51112.482 9.468 0.401 —-0.615
50753.459 9.430 0.401 —0.606 51112.493 9.464 0.412 —-0.620
50753.470 9.444 0.39%4 —-0.598 51137.350 9.408 0.418 —-0.623
50754.586 9.446 0.402 —0.599 51141.364 9.448 0.39%4 -0.611
50754.618 9.440 0.408 —0.603 51141.369 9.438 0.415 —0.632
50755.447 9.440 0.397 —0.623 51163.284 9.418 0.412 —0.607
50755.474 9.440 0.408 —-0.623 51163.288 9.413 0.410 —-0.613
50758.430 9.435 0.413 —-0.620 51164.382 9.448 0.414 —-0.610
50758.455 9.431 0.415 —0.604 51164.386 9.443 0.418 —-0.624
50759.428 9.449 0.405 —-0.612 51175.276 9.466 0.408 —-0.603
50759.454 9.446 0.401 —0.598 51175.281 9.472 0.408 -0.611
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Fig. 1. Smoothed light and color curves of V725 Tau/A0535+26: the filled circles and pluses are our observations in 1983-1998,
and the open circles and crosses are the observations of other authors before 1983 ([11, 35, 13]; Aslanov, seethetable). The arrows

mark the times of giant X-ray outbursts.

26 years of photoelectric observations (minimum mini-
morum). Apparently because of the rapid variability in
the star, the minimum brightnessin different bands was
observed at different times and was found to be V,,;,, =

97492 + 07005, B, = 97917 + 07005, and U, =
9™M313 + 0™008; the colors at this minimum were B-V =
0425 and U-B = —0"'604.

Next, the colors must be corrected for the reddening,
which is rather large for V725 Tau. Margon et al. [18]
and Wade and Oke [19] gave the color excesses Eg |, =

078 and 080, respectively, while Giangrande et al. [3]

obtained Eg ,=0"82+0"04 and E;, 3= 0755+ 0704.
However, these values appear to be dlightly overesti-
mated. Since the luminosity class of the star was found
to be I11-V, the dereddened colors must correspond to
the main sequence. If the radiation from the B star
proper is assumed to have been observed in 1953-1956
and in the fall of 1998 (minimum minimorum), then we

obtain the reddenings Eg \, = 0774 and E, 5 = 07'48.
In this case, the color excess Eg , matches the value

075 + 0705 obtained from the 2200 A interstellar
band [2], while E, g is dlightly smaller than that fol-
lowed from the normal reddening law. Below, we use
our color excesses.

Thus, using the minimum minimorum magnitudes
and our color excesses, we can derive the intrinsic col-
ors of the additional radiation, which determined the
outburst (active phase) of the star in 1973-1997 (see
Fig. 2). In Fig. 3, the colors of the additional radiation
are plotted against observed brightness. The (B-V), 4
color index monotonically decreases with declining
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brightness, while (U-B),y, first decreases and then
begins to increase. Comparing Fig. 3 with the light
curve in Fig. 1, we see that the rise in brightness by

AV =0"1 from 1973 until 1977 and its subsequent
decline after 1980 had no effect on the dependence in
Fig. 3: The colors of the additional radiation depend
only on brightness and not on the time when this bright-
ness was reached. Only one data point deviates appre-
ciably from the mean dependence of (U-B),q4q ON Vg,
(it corresponds to the minimum in late 1981—early
1982; seeFigs. 1 and 2). It thusfollowsthat all the addi-
tional radiation of 1973-1997 was attributable to asin-
gle source, apparently the circumstellar envelope
(recall once again that here we do not consider rapid
fluctuations of arelatively small amplitude, which may
have a different nature).

Noteworthy is the large scatter for (U-B),44, Which
is much larger than the observational errors and is
mostly likely attributable to the Balmer emission jump.

Variability of the Ha Emission Line

If the additional radiation originates in the circums-
tellar envelope, then theintensity of emission lines, pri-
marily Ha, must correlate with brightness. Such a cor-
relation was actualy found [1]: The Ha equivalent
width as deduced from the 1987—1996 data correlates
with V magnitude and B-V color at a 95% confidence
level. It should be noted, however, that the continuum
also varies; i.e., the equivalent width of the line reflects
not only the variability of itsintensity but also the con-
tinuum variability. Allowance for the continuum vari-
ability must therefore increase the confidence level of
the correlation. In particular, if the continuum variabil-
ity is taken into account, the correlation coefficient for
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Fig. 2. Photometric history of the star from 1898: The pluses are the Harvard photographic observations [16], the crosses are the
Sonneberg observations [17], the triangles are the photoel ectric observations by Hiltner [15] and Lenouvel and Flogér [10], and the
square is the minimum minimorum of 1998; the remaining notation is the same asthat in Fig. 1.

the 1987-1996 data increases by more than a factor
of 1.5, and the confidence level increases to 99.9%.

The maximum brightness was observed in 1975—
1980 (Fig. 2), and the first spectroscopic observations
began approximately at the same time. We collected al
published data on Ha equivalent-width determinations
from 1975 until 1981 [13, 19-24] and reduced all val-

ues to the same continuum V = 9750 by assuming that
the continuum variations near Ha were proportional to
those in V. This reduced equivalent width EW,., is pro-
portional to the line intensity. When the dates of obser-
vation in V and in Ha did not coincide, we took the
nearest date (but no farther than ten days) of V measure-
ments with allowance for the variability pattern (Fig. 1).
These results, together with the data of Clark et al. [1],

which were a so reduced to V= 9750, are shown in the
upper panel of Fig. 3. The open circles represent the
1975-1981 data, and the filled circles represent the
1987-1996 and 1997-1998 data [25].

Figure 3 shows not only a clear dependence of the
Ha intensity on brightness but also a different behavior
of this dependence at different times. In 1975-1981
(open circles) the Ha intensity was, on the average, tri-
ple that in 1987-1996. There is no significant correla-
tion between line intensity and brightness. However,
Aab [24] noted a considerable increase in EW(Ha) in
January 1981, three months after the giant outburst of
1980, but it is hard to tell whether thisincreaseis attrib-
utable to the outburst, because there were no spectro-
scopic observations during the outburst.

All 1987-1998 data show a good correlation with
brightness; the correlation coefficient isr = 0.70. The

Ha line in emission rather than in absorption corre-
sponds to the lowest brightnessin the fall of 1998 [25].
However, two different levels can be clearly identified
in the 1987-1997 dependence: EW,.(Ha) =—-14.6 £ 0.9

forvV=9"0-9"15,V =9"11 and EW,.,(H0) =—9.1 + 0.4

for V=9"2-9"4, V =9730. The separation into these
two levels depends not on time but only on brightness,
which is apparently attributable to changes of the phys-
ical conditionsin the envel ope.

Nature of the Additional Radiation

We now try to determine the characteristics and
nature of thisadditional radiation, at least qualitatively.
Since, as was already pointed out above, we are con-
cerned with the global variations, let us smooth the
brightness dependences of the colors of the additional
radiation (Fig. 3) by amoving average with theinterval

AV =0"1 and with ashift by half theinterval (aslightly
smaller shift of the interval was used for a brightness

lower than 97'3). The positions of these mean colors of
the additional radiation responsible for the optical vari-
ability in the two-color (U-B)-(B-V) diagram are
shownin Fig. 4, which a so showstheradiation of adif-
ferent nature: main-sequence stars, a blackbody, syn-
chrotron radiation, and the radiation of an optically thin
and optically thick (in the Balmer continuum) hydro-
gen plasma[26]. In order not to overload the figure, we
give only the errors in U-B, because the errorsin B-V
are approximately a factor of 2 smaller; the numbers
denote different apparent magnitudes. In addition, Fig. 4
shows the star's positions as determined from the
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Fig. 3. Colorsof the additional radiationinVV 725 Tau (the notation isthe sameasthat in Fig. 1) and EW(Ha) (in Angstroms) reduced
to asingle continuum level versus observed brightness. For EW(Ha), the open and filled circlesrefer to 1975-1981 and 1987-1998,

respectively.

1953-1956 observations before the outburst (triangles)
and a minimum minimorum of 1998 (square). We
clearly see that the additional radiation at maximum

light V., = 885 corresponds best to an optically thick
(in the Balmer continuum and in UBV) plasma with
T.~ 1.5 x 10* K (the colors are close to the blackbody
line). It should be borne in mind, however, that the cal-
culations were performed for a sphericaly symmetric
envelope, while the envelope in our case is most likely
disklike [7].

The brightness decline corresponds to a decrease of
the optical depth both in UBV and in the Balmer contin-
uum; the colors approach the lines for an optically thin
(in the Balmer continuum) plasmawith T,= 10* K and
Ne = 10'°-10'2 cm3.The subsequent fading is appar-
ently caused by a decrease of the optical depth in UBV.
This behavior suggests the following natural scenario:
An increase in the rate of mass loss from the Be star
leads to the formation of a fairly dense envelope
(pseudophotosphere), to arise in brightness [6], and to
the appearance of strong emission lines. In the course
of time, the envelope begins to disperse, its optica
depth decreases not only in the continuum but also in
the lines, and the brightness and the emission-line
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intensity decrease. When the envelope becomes opti-
cally thin, it is no longer visible in UBV but apparently
can still show up inthelines.

Indeed, at maximum light (1975-1980) the enve-
lope was optically thick (see Figs. 2 and 4) and emitted
radiation roughly as the stellar photosphere or, to be
more precise, as a blackbody with T, ~ 12000 K
(pseudophotosphere) with a mean magnitude brighter

than V =9"'0. Theindependence of EW,., on brightness
can be explained by line saturation. The physical con-
ditionsin the envel ope appear to have changed abruptly
after the giant outburst of 1980: Quasi-periodic fluctu-
ations set in at a nearly constant mean brightness V =

9715, the envel ope became optically thinin the Balmer
continuum, and, in general, a dependence of the Ha
intensity on brightness appeared. However, thetwo lev-
els mentioned above, which may not accidentally cor-
respond to the maximum and minimum of the 1400-
day fluctuations, can be distinguished in this depen-
dence. At a very low brightness (1998), the line is no
longer in emission but in absorption: EW,,, = EW=2.2 A
(November 6, 1998). However, on November 9, 1998,
aweak emission appeared on the red side, although, in
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general, the line remained in absorption. The line
FWHM (~1000 km s™) was essentially the same asthat
for the emission [25].

We now show that the additional radiation cannot be
produced by the AD around the neutron star. ANAD is
known to emit radiation as a hot star with atemperature
of (2-3) x 10* K [27]. Furthermore, the outer disk
regions can be additionally heated by X-ray radiation;
the energy release through heating can exceed the grav-
itational one [28, 29]. Since the AD as a plane figure
emits maximum radiation in the direction perpendicu-
lar to its plane, it gives the largest contribution to the
flux from the binary system at small orbital inclina-
tions. Such a situation is observed in the system ScoX-1
[29], wherethe disk contribution to the optical flux isat
amaximum, but the radiation fromthe AD, the star, and
a hot spot cannot be separated.

However, thereisabinary system (HZ Her/Her X-1)
where we can separate the AD radiation and determine
its color characteristics. Both optical and X-ray
eclipses are observed in HZ Her. The optical flux from

this system has three components: (i) a normal A5—F
star, (ii) a hot spot on the star's side facing the X-ray
pulsar, and (iii) an AD around the neutron star. Since
the neutron-star size is much smaller than the size of a
normal A—F star, at the beginning and at the end of an
X-ray eclipse, we see the radiation from the star itself
and from half the AD but do not see the hot spot, which
givesthe bulk of the optical flux. During atotal eclipse
(phase 0.0), we see the flux only from the undisturbed
side of the normal star. We can thus easily determine
the AD colors observed at different eclipse phases [30].

In Fig. 5, the mean colors of the AD in HZ Her
which correspond to different parts of the eclipsed disk
region are indicated by the open diamonds; the upper
diamond corresponds to half the disk at the beginning
of the X-ray eclipse. The total colors of the AD are
close to the colors of main-sequence B1-B5-stars (B5
corresponds to the outer, colder parts of the disk). The
colors of the additional radiation in A0535+26/V 725
Tau, first, are far from the AD colors and, second,
exhibit acompletely different pattern of variations with
total flux. We therefore conclude that the contribution
of the AD in this system is very small and unlikely
exceeds afew percent.

This figure also shows the color variations of the
additional radiation during the giant outbursts of 1980
and 1994 and the normal outburst of 1983. The X-ray
outbursts are known to be divided into giant and normal
outbursts only by the amplitude, but we do not know
whether they are different in nature. However, Motch
et al. [8] assume that a transient AD is formed around
the neutron star during giant outbursts and that stellar-
wind accretion takes place during normal outbursts.
The first giant outburst occurred in late April—early
May 1975, when the object’s visibility season for
ground-based observations had ended. The 1980 and
1994 outbursts were extensively observed in X raysand
optically.

Numbers 1-5 without symbolsin Fig. 5 indicate the
color behavior of the additional radiation during the
giant outburst of 1980 (G80). The color variations cor-
respond to the variations both in temperature and in
optical depth: A month before the outburst (1, 2), the
temperature was higher, while the optical depth was
smaller than those at the maximum (3); the minimum
temperature and the maximum optical depth were
observed ten days after the maximum (4); and a month
after the maximum, the state was approximately the
same (5) as a month before the maximum. The color
variations during the normal outburst in October 1983
(N83, 6-9) were completely different in pattern. First,
the circumstellar envelope became optically thin in the
Balmer continuum, and, second, the optical depth in
UBV decreased at the maximum (8). The colors during
the giant outburst of 1994 (10-14) exhibited approxi-
mately the same behavior; i.e., the nature of the 1994
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outburst is apparently the same as that of anormal out-
burst, but the nature of the outburst in 1980 (and most
likely in 1975) is clearly completely different.

DISCUSSION

This article is a continuation of the series of papers
[1, 7, 31] on the study of long-term variability in the
Be/XR binary system A0535+26/V725 Tau. Previ-
ously, the following conclusions were reached: Thecir-
cumstellar envelope (disk) is responsible for the
object’s optical variability; there is no evidence for the
presence of asecond variable source (an AD around the
neutron star); the long-term (years or, possibly, months)
variability of EW(Ha) correlates with the V magnitude
and the B-V color, but there is no such correlation for
V/R (the ratio of the violet and red emission peaks),
although the V/R ratio varies in a fairly wide range,
possibly periodicaly with a period of about a year. If
thisperiodisinterpreted asthe period of the global one-
armed oscillation (GOAOQ), i.e., asdistortions of the cir-
cumstellar disk in the form of a one-armed density
wave, then it turns out to be the shortest among the
known periods for Be stars.

The infrared observations in 1992-1995 [31] show
that, first, not only the long-term but also the fairly
rapid (of the order of a month) infrared variability cor-
relates well with the optical variability. Second, the
density in the circumstellar disk was estimated from the
intensity of Paschen and Brackett emission lines
(Pall-Pa20 and Br11-Br20; the transition between the
optically thin and optically thick radiation corresponds
to Pal3—Pal5 and Br13-Brl7) to be N, = (0.15-1.5) %

10'2 cm3. This value is in good agreement with our
estimate N, = 10'°-10'2 for a brightness lower than V =

9M1-9™M2 (see Fig. 4); in 19921995, the brightness
declined, on the average, from 970 to 974,

The photometric behavior of the star closely
matches the behavior of aBe star during envelope gjec-
tion [6]. The pseudophotospheric temperature may
decrease by a factor of 3 or 4, while the radius may
increase by one order of magnitude or more. In our
case, the BOIll star has a radius of ~15R, and T, =

28000 K for m, = 97'50 (at minimum). The colors at
this minimum correspond to a spectral type slightly
earlier than BO (recall that the object’s spectral typeis
09.7111€). However, in 1953-1956, twenty years before
the outburst, the colors corresponded to a spectral type
dlightly later than BO (see Figs. 4 and 5); i.e., the stellar
temperature turned out to be higher after the outburst
when the shell phase ended. The star apparently “pre-
pared” for the envelope gjection in the 1950s.

At maximum light m, m, =8 ™83, but the colors cor-
respond to a blackbody with T, ~ 12000 K. In order not
only to offset the decrease in temperature but also to
ensuretheincreasein luminosity, the radius of the emit-
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ting surface must increase tenfold. Thus, a maximum
light we see not the BO star but its cooler pseudophoto-
spherewith an effectiveradius of ~150R,. Thisisprob-
ably the reason why there is a confusion with the dis-
tance determination for the object. For example,
assuming that M,, = —4.9 (BOIll) and m, = 8.9, Wade
and Oke[19] give adistance of 1.8 kpc. The samevalue
was obtained by Giangrande et al. [3] for the spectral
type 09.7l1le and m, = 8.85. Margon et al. [18]
obtained a distance of 3.6 kpc by assuming that M, = -6
(supergiant), while Janot-Pacheko et al. [32] give 2.6 kpc.
The largest distance of 4.8 kpc was obtained by Stier
and Liller [16]. In &l cases, the visual absorption A,
was assumed to be approximately the same, but all
authors made the same mistake: the brightness at max-
imum was assumed to be that of the BO star. In redlity,
the brightness at maximum is attributable to the emis-
sion from the circumstellar envel ope with amuch lower
temperature, and only at minimum (m, = 9.50) doesthe
apparent magnitude correspond to the BO star. Taking
this into account, we obtained a distance of 2.9 kpc by
assuming that the luminosity is My, = —5.0 for the cur-
rently firmly established spectral type BOIIIl. But the
X-ray luminosity then turns out to be appreciably
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Fig. 5. Color variations (the numbers from 1 to 14) of the
additional radiation during the giant X-ray outburst of 1980
(G80), the normal outburst of 1983 (N83), and the giant out-
burst of 1994 (G94). Numbers 3, 7, 8, and 12 correspond to
the outburst maxima. The open diamonds give the positions
of the mean color indicesfor the AD in HZ Her/Her X-1for
variousfractions of the eclipsed AD part [30]; the upper dia-
mond corresponds to half the AD observed at the beginning
of the X-ray outburst. The remaining notation isthe same as
that in Fig. 4.
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higher: L, = (1.5-2) x 1077 erg s for giant outbursts
at adistance of 1.8 kpc and is afactor of 2.5 higher at
D = 2.9 kpc.

CONCLUSION

Here, we present the UBV observations of the X-ray
Be/XR binary system A0535+26/V 725 Tau after 1988
and analyze all photoelectric UBV observations of the
object (1973-1998) and its photographic observations
since 1898. The X-ray activity is associated with the
outburst of the Be star that began after 1970 and that is
attributable to envelope gection. The optical V lumi-
nosity reached a maximum in 1975, when the largest
(in amplitude and duration) X-ray outburst was
observed. The envel ope dispersed amost completely in
the fall of 1998; the colors at the minimum of 1998
(minimum minimorum) correspond to a spectral type
dlightly earlier than BO, while the colorsin 1953-1956
(before the outburst) correspond to adlightly later spec-
tral type than BO; at the same color excesses, i.e., after
the outburst (the compl etion of the shell phase), the star
became dlightly hotter. All the additional (relativeto the
Be star) radiation is attributable to a single source, the
circumstellar envelope (disk), and the contribution of
the AD around the neutron star does not exceed a few
percent.

The star appearsto have passed all activity phases of
Be stars. B-Be-Be shell-B. TheHa linewasin absorp-
tion in the fall of 1998, the maximum intensity of the
emission line was observed at the maximum light in
19751980, and the intensity of the Ha emission line
decreased with declining brightness. The star has been
known as a definitely emission-line star since 1942 [33],
whilein 1922 and 1926, it was classified as B0 [16].

In general, the optical behavior of the star is consis-
tent with the existing theory of Be stars, except for the
appearance of quasi-periodic light fluctuations (P =

1400%) with an amplitude AV = 03 after 1980, when
the second giant X-ray outburst was observed. Since
the circumstellar envel ope dispersed almost completely
in the fall of 1998, it would be unreasonable to expect
strong X-ray outbursts in the coming years. The object
will most likely be a weak X-ray source, as it was
before 1975 [34]. The recurrence period of the enve-
lope gection in A0535+26/V725 Tau is nhot known.
However, since only one such episode ~25 years in
duration was observed in the 20th century, the next epi-
sode will not occur soon.
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