
Astronomy Reports, Vol. 48, No. 12, 2004, pp. 1005–1018. Translated from Astronomicheskĭı Zhurnal, Vol. 81, No. 12, 2004, pp. 1104–1118.
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Abstract—We have obtained the first high-spectral-resolution (R = 15 000 and 60 000) optical spectra
for the extremely luminous star No. 12, identified with the IR source IRAS 20308+4104 in the Cyg OB2
association. We have identified about 200 spectral features at 4552−7939 Å, including the interstellar NaI,
KI lines and numerous DIBs, which are the strongest absorption lines in the spectrum, along with the
HeI, CII, and SiII lines. A two-dimensional spectral classification indicates that the star’s spectral type
is B5±0.5 Ia+. Our analysis of the radial-velocity pattern shows the presence of a radial-velocity gradient
in the stellar atmosphere, due to the infall of matter onto the star. The strong Hα emission line displays
broad Thompson wings and time-variable core absorption, providing evidence that the stellar wind is
inhomogeneous, and a slightly blue-shifted P Cygni absorption profile. We conclude that the wind is time-
variable. c© 2004 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

Studies of mass loss and elemental-abundance
variations in the surface layers are crucial for our
understanding of the evolution of massive stars. It
is important to establish the evolutionary stage and
the star’s luminosity with certainty. One widely used
approach to stellar-evolution studies is to investigate
stars in clusters and groups: the evolutionary stage,
age, and luminosity can be determined fairly reliably
for group members, whereas these characteristics are
rather uncertain for field stars. It is especially im-
portant to study group members that are rare, such
as LBV stars or Wolf–Rayet stars. From this point
of view, the Cyg OB2 (or VI Cyg) association, with
an age of several million years, is of special impor-
tance. The Cyg OB2 association contains a group
of high-luminosity stars with correspondingly very
high masses (about 100 M�), and is so large that the
association may be a young globular cluster [1].

According to Massey et al. [2], unevolved O and
Of stars have been identified in the association, as
well as an LBV candidate—the variable star No. 12
from the list of Schulte [3]. We will refer to this star as
Cyg OB2–No. 12.

CygOB2–No. 12 is among the brightest OB stars
in the IR, due to the presence of circumstellar
matter lost by the star via its strong wind [4]. The
star is identified with the IR source IRC+40430 =
IRAS 20308+4104. For a distance modulus for the
association of m − M = 11.2m, the star’s luminosity
is log(L/L�) = 6.26 [5] and its bolometric abso-
lute magnitude is Mbol = −11m [6]. Massey and
Thompson [6] classified the star as B5 Ie, and Souza
1063-7729/04/4812-1005$26.00 c©
and Lutz [7] as B8 Ia, whereas Humphreys and
Davidson [8] considered it to be one of the Galaxy’s
brightest A supergiants. Massey et al. [2] later
confirmed the LBV candidate status of Cyg OB2–
No. 12 based on its membership in an association
whose turnoff point is near that for the Milky Way’s
most massive stars.

The luminosity of Cyg OB2–No. 12 implied by its
association membership indicates that the star is one
of the four most luminous stars in our Galaxy (see,
for instance, the diagram for S Dor stars presented
by van Genderen [9] and Table 2 in the review of
de Jager [5]). However, its visible light is strongly
attenuated due to the large distance to the association
and the presence of strong extinction: the observed
magnitudes are B = 14.41m, V = 11.40m. It was
recognized long ago that, apart from being distin-
guished by its high luminosity, CygOB2–No. 12 also
displayed very high reddening [10, 11]. Based on their
photometric study of a stellar sample in Cyg OB2,
Torres-Dodgen et al. [12] estimated the association’s
distance modulus to be m − M = 11.2m ± 0.2m and
its distance to be d = 1.7 ± 0.3 kpc, and confirmed
that the high interstellar reddening for the association
members (with a mean value E(B − V ) = 1.82)
was satisfied by a normal law. The exception is
Cyg OB2–No. 12, whose visual extinction exceeds
10m (!). Obviously, spectroscopic studies of stars
experiencing such a high degree of reddening are
possible only thanks to the relatively small distance
to the association and the high absolute luminosities
of many of its members.
2004 MAIK “Nauka/Interperiodica”
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Lozinskaya et al. [13] also emphasized that the
compact group of massive stars in the Cyg OB2 as-
sociation probably possessed the Galaxy’s strongest
stellar winds, which are capable of significantly af-
fecting the ambient interstellar gas over some two to
three million years.

Cyg OB2–No. 12 is one of the few late B stars
known to radiate thermal radio emission [4]. The
variability of its radio flux is surprising [14]. White
and Becker [15] estimated the mass-loss rate to be
4 × 10−5M�/yr, which is unusually high for a normal
supergiant, but consistent with the extreme luminos-
ity of Cyg OB2–No. 12. According to the criterion
suggested by Humphreys and Davidson [8], a mass-
loss rate that high indicates that Cyg OB2–No. 12 is
an LBV star. Through his modeling of the IR spectral
energy distribution, Leitherer et al. [16] estimated
the star’s effective temperature to be Teff = 13600 K
and the envelope’s electron temperature to be Te =
5000 K. The combination of a hot atmosphere and
a cool, dense envelope found for Cyg OB2–No. 12
is not unique: such structures are known for S Dor
stars [17].

The light from Cyg OB2–No. 12 is polarized [18].
The broadband polarimetry of Schulz and
Lenzen [17] at 0.3−1.1 µm displayed linear polariza-
tion exceeding 10%, providing evidence for a non-
spherical distribution of the circumstellar material,
and hence for a nonspherically symmetrical stellar
wind.

The accumulated observations show that
Cyg OB2–No. 12 is a crucial object for studies of
late evolutionary stages for massive stars, creating
the need for high-resolution optical spectroscopy that
would make it possible to classify the spectrum, and
thereby refine estimates of the star’s fundamental
parameters and the characteristics of its stellar wind.

2. OBSERVATIONS AND DATA REDUCTION

Our spectroscopic observations of Cyg OB2–
No. 12 were acquired with the 6 m telescope of
the Special Astrophysical Observatory (Russian
Academy of Sciences) using echelle spectrographs.
Our first set of observations, obtained on June 12,
2001 using the PFES spectrometer [19] with a
1040 × 1170-pixel CCD chip at the primary focus,
yielded a spectrum in the interval 4542−7939 Å with
a resolution of λ/∆λ ∼ 15 000 (20 km/s). A second
set of observations was obtained on April 12, 2003 at
the Nasmyth focus using the NES spectrograph [20]
equipped with an image slicer [21]. We obtained a
spectrum in the range 5273−6764 Å with a resolution
of λ/∆λ ∼ 60 000 (5 km/s) using a 2048 × 2048-
pixel CCD chip.
We used the PFES spectrometer to acquire spec-
tra of bright, luminous B stars for use in spectral
classification (see Section 3.1 for details). We elim-
inated cosmic-ray traces via a median averaging of
two consecutive exposures. The wavelength calibra-
tion was performed using the spectrum of a ThAr
hollow-cathode lamp. We recorded the spectrum of
the hot, rapidly rotating star HR 4687, which has no
narrow lines, each night for use in subtracting the
telluric absorption spectrum.

The preliminary reduction of the CCD images of
our echelle spectra (removal of cosmic rays, back-
ground subtraction, wavelength calibration, and ex-
traction of the spectral orders) was performed using
the MIDAS (98NOV) ECHELLE package. The final
reduction (continuum normalization, measurements
of radial velocities and equivalent widths for various
spectral features) was done using the DECH20 pro-
gram package [22].

3. DISCUSSION OF THE RESULTS

3.1. General Description of the Spectrum
and Spectral Type of Cyg OB2–No. 12

The main features of Cyg OB2–No. 12 are evident
even in low-resolution spectra [10]: it is an early-type,
very luminous star with very strong Hα emission and
extremely strong diffuse interstellar bands (DIBs).
TheNaD1,2 sodium-doublet lines display no obvious
peculiarities. Wendker and Altenhoff [4] note that the
Hα profile is probably variable.

Our high-resolution spectra enabled us for the
first time to make detailed line identifications, classify
the spectrum, and measure radial velocities. Table 1
presents identifications for the spectral features ob-
served on June 12, 2001 and April 12, 2003, along
with their equivalent widths Wλ, residual intensities
r, and heliocentric radial velocities Vr. Figures 1 and 2
display fragments of the spectra of Cyg OB2–No. 12
and of the hypergiant HD 168625 (B6Ia+, Mv =
−8.5m). The spectrum of HD 168625 was taken on
June 19, 2001 with the PFES spectrometer. These
spectra are very similar, demonstrating that the stars
have similar temperatures and luminosities. In ad-
dition, DIBs are equally well represented in these
spectra and have similar intensities. The strongest of
them, the 5780 and 5797 Å bands, dominate in Fig. 1,
but even the weak DIBs at 5766, 5773 Å, etc. have
comparable intensities to the stellar NII, AlIII, and
SiIII absorption. The DIBs at 6376 and 6379 Å in
Fig. 2 are almost as deep as the SiII (2) absorption.

The vast majority of spectral features are shallow
absorption lines with depths of 0.02−0.03 of the con-
tinuum level, whose depths, equivalent widths, and
ASTRONOMY REPORTS Vol. 48 No. 12 2004
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Table 1. Line identifications (multiplet number in brackets), equivalent widthsWλ, residual intensities r, and heliocentric
radial velocities Vr for the spectra of Cyg OB2–No. 12 obtained on both dates (colons indicate uncertain values)

Element λlab, Å
June 12, 2001 April 12, 2003

Wλ, Å r Vr, km/s Wλ, Å r Vr , km/s

1 2 3 4 5 6 7 8

HeI (48) 4921.93 0.43: 0.73 −18:

FeII (42) 4923.92 0.13: 0.9:

DIB 4963.90 0.17: 0.86 −12:

DIB 4984.81 0.92:

NII (19) 5001.4: 0.20: 0.90: −5:

NII (6) 5002.70 0.93:

NII (19, 6) 5005.15 0.13: 0.91

NII (24) 5007.33 0.08: 0.95

SII (7) 5009.56 0.95:

NII (4) 5010.62 0.12: 0.94 −18

HeI (4) 5015.68 0.35 0.83 −14

FeII (42) 5018.44 0.12: 0.91: −9:

SII (7) 5032.45 0.12: 0.93: −17:

NII (4) 5045.10 0.96:

HeI (47) 5047.74 0.12: 0.93:

FeIII (5) 5073.90 0.08: 0.96:

FeIII (5) 5086.72 0.05: 0.96:

FeIII (5) 5127.35 0.09: 0.95: −12:

FeIII (5) 5156.12 0.09: 0.92: −10:

FeII (42) 5169.03 0.13: 0.93 −13

FeIII (113) 5235.66 0.10: 0.95:

FeIII (113) 5243.31 0.98:

FeIII 5260.34 0.97

FeII (49, 48) 5316.65: 0.03: 0.98:

SII (38) 5320.73 0.04: 0.97: −15:

SII (38) 5345.72 0.06: 0.97: −18:

DIB 5404.50 0.95: −12:

DIB 5418.90 0.96: 0.07: 0.92 −16:

SII (6) 5428.67 0.07 0.96 −19: 0.05: 0.96: −26:

SII (6) 5432.82 0.10 0.94 −20: 0.13 0.91 −23

SII (6) 5453.83 0.24 0.88 −16 0.21 0.86 −25

SII (6) 5473.62 0.05 0.97 −18 0.09: 0.94:

DIB 5487.67 0.22 0.95

DIB 5494.10 0.07 0.92 −14 0.08 0.90 −13
ASTRONOMY REPORTS Vol. 48 No. 12 2004
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Table 1. (Contd.)

1 2 3 4 5 6 7 8

NII (29) 5495.67 0.06: 0.97:

DIB 5508.35 0.95

SII (6) 5509.72 0.95: −17:

DIB 5512.64 0.04 0.96 −12: 0.04 0.93 −8:

CII (10) 5535.35 0.06: 0.97:

DIB 5541.62 0.97

DIB 5544.96 0.05 0.94 −9 0.09: 0.92 −12:

SII (6) 5564.98 0.04: 0.96: −27:

DIB 5594.59 0.98 −12:

SII (11) 5606.15 0.06 0.96 −13 0.09 0.95: −25:

DIB 5609.73 0.04 0.98 −10 0.04 0.96: −10:

SII (11) 5616.64 0.98: −15:

SII (14, 11) 5640.1: 0.17 0.89 −10: 0.23 0.89 −24:

SII (14) 5647.03 0.06 0.96 −18: 0.07 0.93 −26

SII (11) 5659.99 0.99: 0.06: 0.95: −27:

SII (11) 5664.78 0.98

NII (3) 5666.63 0.13: 0.92 −17 0.11 0.92 −27:

NII (3) 5676.02 0.12: 0.95 −19: 0.13 0.92 −20:

NII (3) 5679.56 0.23: 0.89 −17 0.24 0.85 −23

NII (3) 5686.21 0.13: 0.96 −22:

AlIII (2) 5696.60 0.10 0.93 −13 0.12 0.91 −23

DIB 5705.20 0.25 0.92 −20: 0.30 0.92

NII (3) 5710.77 0.13 0.93 −16 0.14 0.92 −16

DIB 5719.30 0.05 0.97 −1

AlIII (2) 5722.73 0.09 0.94 −20 0.06: 0.96 −15:

SiIII (4) 5739.73 0.15 0.93 −10 0.12 0.92 −19:

NII (9) 5747.30 0.96

DIB 5766.16 0.05 0.95 −8 0.06 0.96 −13:

DIB 5769.04 0.03 0.98 −10: 0.03 0.97: −8:

DIB 5772.60 0.05: 0.97 −14: 0.04 0.97: −10:

DIB 5775.78 0.97:

DIB 5780.37 1.03 0.60 −9 0.95 0.62 −8

DIB 5785.05 0.97:

DIB 5793.22 0.97: −6:

DIB 5795.16 0.96: −5:

DIB 5796.96 0.38 0.69 −9 0.35 0.69 −9

DIB 5809.24 0.06: 0.97: 0.05 0.96: −9:
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Table 1. (Contd.)

1 2 3 4 5 6 7 8

DIB 5811.96 0.98 −15:

DIB 5818.75 0.97: −6: 0.05 0.96: −13:

DIB 5828.46 0.06: 0.97

FeIII (114) 5833.93 0.05: 0.97 −15: 0.07 0.96: −15:

DIB 5842.23 0.97

DIB 5844.80 0.96 −12

DIB 5849.80 0.16 0.88 −12 0.14 0.86 −12

HeI (11) 5875.72 0.76 0.64 −2 0.82 0.66 −12

NaI (1) 5889.95 0.40 −34

NaI (1) 5889.95 0.92 0.11 −13 0.82 0.01 −9

NaI (1) 5895.92 0.58 −34

NaI (1) 5895.92 0.76 0.14 −12 0.72 0.02 −9

DIB 6005.03 0.96: −7:

DIB 6010.65 0.30: 0.95 −13

DIB 6019.36 0.03: 0.97 −14 0.03: 0.98: −13:

DIB 6027.48 0.06: 0.98 −10 0.07 0.95 −11

DIB 6037.61 0.09: 0.97 −19: 0.15 0.96

OI (22) 6046.4: 0.03: 0.99:

DIB 6059.67 0.05: 0.98: −11:

DIB 6065.20 0.98: −18: 0.04 0.97: −9:

DIB 6068.20 0.02: 0.99

NeI (3) 6074.34 0.04: 0.98 −7:

DIB 6084.75 0.03: 0.98

PII (5) 6087.82 0.02: 0.99:

DIB 6089.78 0.06 0.94 −7 0.04 0.94 −11

NeI (3) 6096.16 0.05 0.97: −8:

DIB 6108.05 0.98: −10:

DIB 6113.20 0.05 0.96 −14 0.06 0.96 −13

DIB 6116.80 0.03: 0.98 −10:

DIB 6118.68: 0.99

DIB 6139.94 0.03 0.97 −15 0.02 0.96 −10:

NeI (1) 6143.06 0.05 0.97 −8: 0.10 0.95 −27

FeII (74) 6147.74 0.99

OI (10) 6156.3: 0.99

OI (10) 6158.18 0.98 −5:

DIB 6161.9: 0.98 −10:

NeI (5) 6163.59 0.98

PII (5) 6165.59 0.98:
ASTRONOMY REPORTS Vol. 48 No. 12 2004
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Table 1. (Contd.)

1 2 3 4 5 6 7 8

FeIII 6185.26 0.98:

DIB 6194.73 0.98

DIB 6195.96 0.12 0.86 −12 0.12 0.80 −12

DIB 6203.08 0.85 −14 0.30: 0.85 −12

DIB 6211.66 0.03: 0.97 −14:

DIB 6212.90 0.02: 0.98 −9:

DIB 6215.79 0.99

DIB 6220.81 0.99 −15:

DIB 6223.56 0.98 0.04 0.95

DIB 6226.30 0.99

DIB 6234.03 0.95 −14: 0.05 0.95 −12

DIB 6236.67 0.98

FeII (74) 6238.39 0.99:

FeII (74) 6247.55 0.99:

DIB 6250.82 0.98 −12:

NeI (5) 6266.50 0.04: 0.97 −14: 0.05 0.97

DIB 6269.75 0.27 0.86 −13 0.28 0.85 −11

DIB 6283.85 0.59 −14 0.61 −10:

SII (26) 6312.66 0.98 −16:

FeII 6317.99 0.98:

DIB 6324.80 0.04: 0.97:

DIB 6329.97 0.03 0.98 −11:

NeI (1) 6334.43 0.03 0.98: −9: 0.97: −20:

SiII (2) 6347.10 0.39 0.81 −14 0.40 0.78 −28

DIB 6353.34 0.05 0.98 −15: 0.04 0.97 −15:

DIB 6362.30 0.05 0.98 −15: 0.06 0.97: −12:

DIB 6367.25 0.04: 0.97 −13: 0.04 0.95 −8

SiII (2) 6371.36 0.28 0.87 −14 0.33 0.84 −30

DIB 6375.95 0.11: 0.93 −10 0.13 0.86: −14

DIB 6379.29 0.18 0.83 −12 0.20 0.78 −12

NeI (3) 6382.99 0.04 0.97 0.06: 0.95 −32:

SII (19) 6384.89 0.99

DIB 6397.39 0.08 0.96

DIB 6400.30 0.98:

NeI (1) 6402.25 0.13 0.93 −9

DIB 6410.18 0.04: 0.98

SII (19) 6413.71 0.05: 0.98
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Table 1. (Contd.)

1 2 3 4 5 6 7 8

DIB 6425.70 0.03: 0.97 −13

FeII (40) 6432.68 0.03: 0.98:

DIB 6439.50 0.06 0.95 −12 0.05 0.94 −9

DIB 6445.20 0.05 0.94 −10 0.07 0.92 −11

DIB 6449.14 0.04 0.96: −11: 0.05 0.96 −10:

FeII (74) 6456.38 0.95: −15:

NII (8) 6482.05 0.95: −13:

NeI (3) 6506.53 0.97 −10: 0.93: −26:

Hα 6562.81 4.0: 1.6 −8 1.76 −15

CII (2) 6578.05 0.38: 0.82 −6 0.39 0.80: −23:

CII (2) 6582.88 0.29: 0.86 −9

DIB 6597.31 0.96 −10:

NeI (6) 6598.95 0.98

NII (31) 6610.57 0.99:

DIB 6613.56 0.42 0.70 −9 0.39 0.68 −12

DIB 6632.85 0.99:

OII (4) 6640.90 0.99:

DIB 6646.03 0.99:

DIB 6660.64 0.06 0.93 −11 0.07 0.92 −10

DIB 6665.15 0.98

DIB 6672.15 0.05 0.96 −13

HeI (46) 6678.15 0.75 0.68 −2

DIB 6689.30 0.03: 0.99 −13:

DIB 6694.48 0.02: 0.99 −17:

DIB 6699.26 0.07 0.95 −11

DIB 6701.98 0.02 0.98 −15

DIB 6709.39 0.02: 0.98 −6:

DIB 6729.28 0.02: 0.98 −11:

DIB 6737.13 0.02: 0.99 −13:

DIB 6740.99 0.03: 0.98

DIB 6767.74 0.01: 0.99 −17:

DIB 6770.05 0.03: 0.98 −9

DIB 6788.66 0.02: 0.99 −7:

DIB 6792.52 0.03 0.98 −12

DIB 6795.24 0.03 0.98 −6:

DIB 6801.37 0.02: 0.98 −9
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Table 1. (Contd.)

1 2 3 4 5 6 7 8

DIB 6810.5: 0.98:

DIB 6827.30 0.02: 0.98 −14

DIB 6843.60 0.06 0.96 −19

DIB 6852.67 0.02 0.98

DIB 6860.02 0.05 0.97 −17

DIB 6862.53 0.03: 0.99

HeI (10) 7065.32 0.36: 0.82 +2:

DIB 7357.60 0.91 −14:

NI (3) 7468.31 0.05 0.98 −15:

DIB 7494.89 0.98: −9:

FeII 7495.63 1.01

FeII 7513.17 1.03 −12

DIB 7559.35 0.97 −12

DIB 7562.3: 0.25: 0.94 −13:

DIB 7581.30 0.08: 0.97 −12:

KI (1) 7664.91 0.70: 0.4: −9:

DIB 7721.85 0.07 0.96 −10

OI (1) 7771.94 1.231 0.76 +3:

OI (1) 7774.2: 0.75

DIB 7832.81 0.05 0.97 −10
1 Triplets combined equivalent width.
radial velocities are uncertain (marked with colons in
Table 1).

The signal-to-noise ratio in the blue was not high,
and we used nonstandard criteria for our quantitative
spectral classifications. The sets of classification cri-
teria and the wavelength intervals used for 2001 and
2003 overlap only partially. The classification tech-
niques are described in more detail in [23]. Here we
note only that the HeI, CII, NII, AlIII, SiII, SII, and
FeII lines were used.

The W (Sp) calibration relations were based
on the supergiant standard stars ε Ori (O9.5Ia),
HD 13854 (B1.2Iab), HD 14134 (B2.2Ia),
HD 206165 = 9 Cep (B2.5Ib), HD 198478 =
55 Cyg (B3.4Ia), HD 164353 = 67 Oph (B3.6Ib,
Mv = −5.6m), HD 58350 = η CMa (B3.9Ia),
HD 13267 = 5 Per (B5Ia), HD 15497 (B6Ia, Mv =
−7.0m), HD 183143 (B7.7Ib, Mv = −8m),
HD 34085 = β Ori (B8.2Ia, Mv = −7.3m),
and HD 21291 (B9.3Ib, Mv = −6.9m).
A comparison of the absorption depths and equiv-
alent widths in our two spectra shows that, although
the depths were slightly smaller in 2001 than in 2003
(due to the lower resolution), the equivalent widths
did not differ systematically. It is thus natural that the
spectral types derived for Cyg OB2–No. 12 for the
2001 and 2003 data were the same within the errors:
B5.0±0.5 and B4.8±0.5, respectively. The luminosity
class for both Cyg OB2–No. 12 and HD 168625
is Ia+. Evidence for the star’s high luminosity is also
provided by the high intensity of the OI 7773 Å IR
triplet, whose equivalent width is W = 1.14 Å, corre-
sponding to an absolute magnitude of Mv < −8m.

3.2. The Hα Line Profile

Based on two spectra with 3 Å resolution taken
three days apart, Souza and Lutz [7] concluded that
the radial velocity derived from the Hα emission
line was variable. An absorption line at 6532 Å
ASTRONOMY REPORTS Vol. 48 No. 12 2004
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Fig. 1. Fragment of the spectrum of Cyg OB2–No. 12 taken on June 12, 2001 (top) compared to the corresponding fragment
of the spectrum of the B5Iae+ star HD 168625 (bottom). The stellar lines are marked, with their identifications given. The rest
of the absorption features are DIBs; the deepest are at 5780 and 5797 Å (Table 1).
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Fig. 2. Same as Fig. 1 for the region of the SiII doublet (Table 1).
was detected in one of the spectra, whose posi-
tion corresponds to an expansion velocity of about
−(1400−1500) km/s. The spectrum with 7 Å reso-
lution presented in [18] shows a similar absorption
feature (6526 Å).

Our high-resolution spectra enabled us to study
the structure of the Hα emission profile (Fig. 3) in
detail. The profile has broad wings extending to at
ASTRONOMY REPORTS Vol. 48 No. 12 2004
least ±1000 km/s is slightly asymmetric, with weak
absorption visible in the left wing, suggestive of a
P Cygni profile; and displays absorption features with
variable shape in the core. These absorption features
correspond to transitions in the Hα line rather than to
the telluric spectrum, whose contribution was care-
fully removed from the spectrum.

We are inclined to interpret the emission wings of
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the Hα profile as being due to Thompson scatter-
ing on the envelope’s free electrons [24–26]. Stark
emission wings are formed in denser media, such
as the de-excitation region behind the shock front
in the atmosphere of W Vir [27]. Following Wolf
et al. [28], let us estimate the efficiency of Thompson
scattering for a hot envelope in which the hydrogen
is completely ionized. In accordance with [15], let
us assume a mass-loss rate of 4 × 10−5M�/yr and
a radius for the envelope equal to twice the stellar
radius (R
 = 338R� [14]). It is more difficult to esti-
mate the escape velocity based on the two absorption
features observed in the Hα wing [7, 18]. The value
of 1400 km/s used in [15] seems too high. Note
that the shell forming the narrow absorption feature
must be spatially separated from the shell forming
the P Cygni profile. It is not clear why the presence
of this shell is not manifest in the spectrum taken
three days later [7]. The distance covered at such a
speed over three days is about 3.7 × 1013 cm, which
is a factor of four higher than the envelope’s radius
estimated in an adiabatic cooling wind model, based
on observations of free–free emission transitions at
6 cm [15]. This would imply that the optical spectral
features are formed further from the star than the
radio emission. This discrepancy can be removed if
we reject the assumption of spherical symmetry for
the envelope. In fact, if the wind extends differently
in different directions, its temperature in a spherical
approximation will be lower than the real tempera-
ture, as is observed (5000 ± 1500 K [15]). For the
above high escape velocity and large radius, the op-
tical depth to Thompson scattering in the spherically
symmetric approximation [28] is insignificant, about
0.01. If the escape velocity is lower by an order of
magnitude, as is suggested in [14] (see also our es-
timate of the highest wind velocity below), and the
wind is not spherically symmetric, the Thompson-
scattering optical depth increases by more than an
order of magnitude.

We conclude that the absorption features we have
detected at the peak and in the blue wing of the
Hα line are variable, even after we have taken into
account the different spectral resolutions of our ob-
servations.

3.3. Interstellar Features

The strength of the interstellar (and circumstellar)
extinction of the light from Cyg OB2–No. 12 has
made the star a popular target for studies of inter-
stellar spectral features. In particular, the strong ab-
sorption towards Cyg OB2–No. 12 is of considerable
interest from the point of view of investigating the
discrete distribution of the absorbing material (cf., for
example, Scappini et al. [29] and references therein).
Souza and Lutz [30] first detected IR bands of the
C2 molecule, and molecular features in the spec-
trum of Cyg OB2–No. 12 were subsequently ana-
lyzed in a number of studies. In their high-spectral-
resolution study, Gredel and Münch [31] detected a
ASTRONOMY REPORTS Vol. 48 No. 12 2004
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four-component structure in the IR (1, 0) band of
the C2 molecule’s Phillips system, which displayed a
range of velocities from−10.6 to+13.2 km/s, where-
as Chaffee and White [32] observed two components
in the KI line with velocities from−12.9 to−4.3 km/s.
Gredel et al. [33] used echelle spectra to analyze
the physical conditions for the formation of the C2

and CN molecules in detail, and also detected an
interstellar rubidium (RbI) line.

We also note that the star’s spectrum is densely
populated by interstellar features, as can clearly be
seen in Figs. 1 and 2. It follows from Figs. 1 and 2
and Table 1 that the intensities of the main DIBs and
of the NaI lines are higher than those of the strongest
photospheric absorption lines (HeI, CII, SiII) in the
spectrum of Cyg OB2–No. 12. We discuss the struc-
ture of the D1 and D2 NaI(1) lines below, in connec-
tion with the systemic velocity of Cyg OB2–No. 12.

3.4. Radial Velocities

Table 2 presents radial velocities for individual
lines and averages for groups combining lines with
similar residual intensities. Possible systematic errors
for the velocities in Tables 1 and 2 estimated from
the telluric and interstellar lines are within 2 and
1 km/s for the June 12, 2001 and April 12, 2003
spectra, respectively. It is also necessary to take into
account the differing spectral resolutions when com-
paring Vr(NaI) for the 2001 and 2003 spectra. Fig-
ure 4 shows that, in the April 2003 spectrum, the
main component with r ≈ 0.01 and Vr = −9 km/s
is clearly separated from a component with Vr =
−34 km/s that is half as strong. The June 2001
PFES spectrum does not show these components as
being separated, but the asymmetry of the profile is
appreciable, with the blue wing being less steep.

The random measurement errors for individual
lines can be judged from the scatter of the circles
in the upper panels of Fig. 5, with the following
caveats. The velocities were measured from absorp-
tion cores, i.e., from the lowest parts of the profiles,
with exclusion of the very deepest portions having
much lower intensity gradients. Of the two lines
whose profiles are displayed in the bottom panels
of Fig. 5, the core in the June 2001 spectrum is
sharper for the HeI absorption line, so that its position
can be measured more accurately, whereas the SiII
absorption line is sharper in the April 2003 spectrum.
The SiII (2) lines (open circles in Fig. 5) are obviously
blueshifted relative to other absorption lines with the
same depths, but the other lines may also possess
small mutual shifts, increasing the scatter of the data
points in the Vr(r) diagrams. In addition, many of
the lines are asymmetric (as is also clearly visible
ASTRONOMY REPORTS Vol. 48 No. 12 2004
Table 2. Heliocentric radial velocities, Vr, for individual
lines and groups of lines in the spectrum of Cyg OB2–
No. 12 (colons indicate uncertain values)

Lines Vr , km/s

June 12, 2001 April 12, 2003

Emission features

Hα −10 −15

FeII −12:

Stellar absorption features

NII, OII, SII, etc. −16 −25

SiII (2) −14 −29

CII (2) −11 −24:

HeI 5876 −1 −12

Hα −140:, 0: −125:,−28

Interstellar absorptions

NaI (1) −11 −34,−9, 20

KI (1) −10:

DIB −10 −11

in Fig. 5), and a small shift in r has a considerable
influence on the resulting value of Vr.

3.4.1. The systemic velocity of Cyg OB2–
No. 12. Unfortunately, we have no data on the radial
velocities of any stars of the association besides Cyg
OB2–No. 12 itself and the spectroscopic binary Cyg
OB2–No. 5, whose gamma velocity is very uncer-
tain [34]. However, a rough estimate of the systemic
velocity, Vsys, for Cyg OB2–No 12 is possible based
on the differential rotation of the Galaxy. In our
case, this estimate is facilitated by the fact that the
dependence of the velocity on distance is weak in
the direction toward Cyg OB2–No. 12 (along the
Cygnus arm), and almost disappears in the region
of the Cyg OB2 association [35]. This circumstance
makes it possible to use a wider range of acceptable
distances for stars, HII regions, and cool gaseous
clouds whose radial velocities are to be used to
estimate Vsys. The relation between the heliocentric
radial velocity, Vr, and Galactic longitude, l, for stars
between 1 and 2 kpc selected from the catalogs [36–
38] gives the mean value Vr = −12 ± 3 km/s for the
longitude of Cyg OB2 (l = 80◦). The peak of the
interstellar Hα emission profile at l = 80◦ is also at
Vr = −12 km/s [13, 39], and the highest intensity
of the CO radio emission is at Vr = −9 km/s [40].
A similar Vr value for the CygOB2 association (about
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−10 km/s) results from the detailed analysis of the
motions of stars and interstellar matter in the Cygnus
arm carried out by Sitnik et al. [41].

Let us supplement the above Vr estimates with
those obtained specifically for Cyg OB2–No. 12. Ac-
cording to McCall et al. [42], the CO emission has
two intensity peaks, with Vr = −7 and −2 km/s,
and the interstellar absorption profiles of KI, CO,
C2, etc. have up to five components with Vr values
from −13 to 12 km/s. The profiles of the interstellar
NaI doublet in our high-resolution spectrum (Fig. 4)
have two main components: the strongest is satu-
rated and has Vr = −9 km/s, while the shallower one
is blueshifted and has Vr = −34 km/s. A similar di-
vision into components with the same intensity ratio
and velocities (−11 and −35 km/s) is observed in
the D2 NaI line for the spatially nearby hypergiant
P Cygni [43]. The blueshifted component is probably
circumstellar, and is associated with the stellar wind.
Judging from its velocity, the main absorption feature
is formed immediately in front of the star, in the gas
complex that Sitnik et al. [41] call BB. There are
dips at the bottom of this absorption feature, whose
velocities (−13 and −6 km/s) coincide with those for
the components of the KI line according to Chaffee
and White [32] and McCall et al. [42]. Finally, we
should include our velocity estimates for stationary
envelope emission lines (the first rows of Table 2). The
weak FeII 7513 Å emission line, which is unfortu-
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nately the only one, gives Vr ≈ −12 km/s; the upper,
symmetric part of the Hα profile, which experiences
minimal distortion from the absorption components,
gives Vr = −10 . . . −15 km/s.

As expected, all these estimates are close to each
other. We adopt Vsys = −11 ± 2 km/s as the center-
of-mass velocity for Cyg OB2–No. 12.

3.4.2. Temporal and line-to-line variations
of Vr. Figure 5 and the data in Table 1 show that the
radial velocities measured from the absorption-line
cores vary in time and change with the line intensity.
In both our spectra, the weakest lines (r → 1) yield Vr

values lower than Vsys (by 5 and 14 km/s, respectively,
in 2001 and in 2003), testifying to variable rates
of expansion of the layers where they are formed.
Stronger lines show positive shifts relative to weaker
ones, with the exception of the SiII lines, marked in
Fig. 5 as open circles. The slope of the filled-circle
chain in the left panel of Fig. 5, corresponding to
June 12, 2001, is quite evident, whereas it is poorly
represented in the upper right panel of Fig. 5 due to
the limited spectral range and some deficiencies of the
ASTRONOMY REPORTS Vol. 48 No. 12 2004
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April 12, 2003 data. The core of the deepest available
absorption line, HeI 5876 Å, shows the highest Vr,
which exceeded Vsys by 10 km/s on June 12, 2001;
according to McCall et al. [44], this shift reached
values as large as 22 km/s.

3.4.3. Manifestations of the wind. The stel-
lar wind from Cyg OB2–No. 12 is manifest most
clearly in the Hα profile. Figure 3 shows that the
profile shape varies with time, but its principal fea-
tures are preserved: strong emission, with a dip at
the short-wavelength slope, a sheared peak, and ex-
tended Thompson wings. The blueshifted absorption
is barely visible in the June 2001 spectrum and is
more pronounced in the April 2003 spectrum, but can
be traced at least to Vr = −160 km/s in both cases;
i.e., to the same limit that is reached by the blue wings
of the absorption lines presented in Fig. 5. The wind’s
velocity limit is about 150 km/s.

The intensity inversions in the upper part of theHα
profile are especially interesting. They indicate that
the wind from Cyg OB2–No. 12 is not uniform: in
addition to the high-velocity material noted above,
it contains a fair amount of material that is nearly
stationary relative to the star, or is even falling onto
the stellar surface. The coexistence of lines with direct
and inverse P Cygni profiles in the same spectrum,
and even combinations of such features in the profile
of the same line, has been noted for some LBVs
at their maximum brightness [45, 46]. This behav-
ior leads us to reject the spherically symmetric wind
model. It is possible that the slow part of the wind also
contributes to the absorption profiles; spectroscopic
monitoring is needed to check this hypothesis. So far,
this possibility is supported by the coincident veloc-
ities for the central dips of the Hα line and the well-
formed cores of strong absorption lines (HeI 5876 Å
in 2001 and SiII 6347 Å in 2003), as well as by the
fact that the shift of all the absorption lines in the 2003
spectrum towards short wavelengths relative to their
positions in 2001 was accompanied by a similar shift
of the central dip in Hα.

At any rate, both the hydrogen lines and the
strongest absorption lines in the visual spectrum
Cyg OB2–No. 12 (for the available part of the spec-
trum, these are the HeI and SiII lines) are partially
formed in the wind.

4. CONCLUSIONS

Our detailed spectroscopy of the extremely lumi-
nous star Cyg OB2–No. 12 in the stellar associa-
tion Cyg OB2 at 4552–7939 Å has enabled us to
identify about 200 spectral features, including numer-
ous interstellar features (NaI, KI, and DIBs). Us-
ing spectral-classification criteria developed for long
ASTRONOMY REPORTS Vol. 48 No. 12 2004
wavelengths, we have determined the star’s spectral
type (B5±0.5) and luminosity class (Ia+). The inten-
sity of the IR oxygen triplet, OI λ 7773 Å, leads to an
absolute magnitude for the star Mv < −8m.

Our analysis of the radial-velocity pattern indi-
cates the presence of a radial-velocity gradient in the
atmosphere due to the infall of matter onto the star.

We have detected fine structure of the profile of
the strong Hα emission: broad emission wings (to
±1000 km/s), absorption at the peak that varies with
time, and weak P Cygni absorption features corre-
sponding to expansion velocities up to 150 km/s. The
intensity inversion at the Hα peak provides evidence
that the stellar wind is not uniform: in addition to that
part of the wind that moves away from the star, there
is also material that is at rest relative to the star, or is
even falling onto the stellar surface.

The radial velocitiesmeasured from the absorption-
line cores vary with time and with the line intensity.
The weakest lines (r → 1) in our two spectra give Vr

values lower than Vsys (by 5 and 14 km/s, respec-
tively, in 2001 and 2003), testifying to a variable rate
of expansion of the layers in which they are formed.
Our discovery of evidence that the wind is variable
shows the necessity of spectroscopic monitoring of
this star.
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Abstract—We present the results of spectroscopic observations of the X-ray binary V404 Cyg obtained
on the 6-m telescope of the Special Astrophysical Observatory in 2001–2002. We have used a statistical
approach to interpret the radial-velocity curve of V404 Cyg. We derived the dependence of the mass of the
X-ray emitting component mx on the mass of the optical component mv via an analysis of the radial-
velocity curve based on profiles of the CaI 6439.075 Å absorption line synthesized in a Roche model.
Using the orbital inclination estimated from the ellipticity of the optical component, i = 54◦−64◦, and the
component-mass ratio q = mx/mv = 16.7 found from the rotational broadening of the spectral lines, we
obtain mx = 10.65± 1.95 M� for the mass of the black hole. c© 2004 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

The X-ray nova GS 2023+338 was first discov-
ered by the Ginga space probe during an outburst
on May 22, 1989 [1]. This discovery was subse-
quently confirmed by Sunyaev et al. [2]. During the
outburst, the magnitude of GS 2023+338 changed
from V ∼ 18.3m to V = 11.6m. Soon afterward, an
optical counterpart to the X-ray source was identified:
V404 Cyg, which had been classified as a nova after
an outburst in 1938 [3, 4].

TheX-ray nova V404Cyg contains a K0IV optical
subgiant that fills its Roche lobe and a black hole
that accretes matter from an accretion disk. Themass
function of the optical star in V404Cyg is fv = 6.08±
0.06 M� [5]; this is much higher than the limiting
mass for neutron stars, providing evidence that the
compact component in the system is a black hole.
The absence of X-ray pulsations from the compact
object prevents the direct determination of the mass
of the optical component. Estimates of the mass of
the optical star based on its spectral type vary from
0.5 M� to 1.0 M� [6].

Current estimates of the parameters of the X-ray
source are not very accurate. Based on the I light
curve, the range of possible orbital inclinations was
determined to be 46◦−73◦ and the component-mass
ratio to be q = mx/mv = 8−12 [7]. The measured
semi-amplitude of the radial velocity variations, Kv =
211 ± 4 km/s, yields for the mass function of the
optical star fv = 6.3 ± 0.3 M�. Assuming that the
mass of the subgiant is close to 1.0 M�, Wagner
1063-7729/04/4812-1019$26.00 c©
et al. [7] concluded that the mass of the compact
object is 8−12 M�.

A more accurate semi-amplitude for the radial
velocity of the optical star was found in [5]: Kv =
208.5 ± 0.7 km/s; this corresponds to the mass
function fv = 6.08 ± 0.06 M� quoted above. The
component-mass ratio q = 16.7 ± 1.3 was estimated
from the rotational broadening of lines of metals at
6400–6600 Å. Assuming that the highest possible
orbital inclination is 80◦ (as follows from the absence
of X-ray eclipses [8]) and that the mass of the optical
star is 0.2−1.3 M�, we obtain for the mass of the
compact object 7−24 M�.

Analysis of the K light curve of V404 Cyg yields
the orbital inclination i = 52◦−60◦ [6]. Using the
component-mass ratio q = 16.7 [5] and the mass of
the optical component 0.5−1.0 M�, we find for the
mass of the compact object 10−15 M�.

Analysis of the H light curve of V404 Cyg yields
i = 59◦−73◦ [9]. For this range of inclinations, the
mass of the black hole does not exceed 12.5 M�. For
the component-mass ratio q = 16.7, the mass of the
black hole is close to 9.5 M�.

The R light curve combined with the spectro-
scopic component-mass ratio q = 16.7 [5] gives i =
56◦ ± 2◦ [10]; variability of the light curve on a time
scale of six hours was reported in this same paper.
Six-hour variability of the Hα profile is also observed,
but the brightness and Hα variations of the system
are not correlated [11, 12]. Hynes et al. [13] describe
the growth and decline of the equivalent width and
2004 MAIK “Nauka/Interperiodica”
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Table 1. Spectroscopic observations of V404 Cyg

Date UT Exposure, s Number of spectra Spectral interval, Å Resolution, Å

July 12, 2001 18:07–20:30 2700 3 5700–8200 5.5

July 14, 2001 18:52–20:26 2700 2 5700–8200 5.5

July 15, 2001 20:20–21:53 2700 2 5700–8200 5.5

July 16, 2001 21:09–22:40 2700 2 5700–8200 5.5

June 14, 2002 17:35–20:14 1800 5 5500–6800 3.0

July 9, 2002 18:25–19:35 1800 2 5500–6800 3.0

July 10, 2002 18:43–20:20 1800 3 5500–6800 3.0

July 11, 2002 16:52–20:02 1800 6 5500–6800 3.0

July 12, 2002 18:56–19:57 1800 2 5500–6800 3.0
variations of the Hα emission profile on time scales
down to ∼1–2 h. Pavlenko et al. [10] include fluc-
tuations of the photoionizing flux from the compact
object due to local flares in the accretion disk or the
disk corona among possible origins for the variation
of the Hα emission equivalent width [13], however,
the mechanism underlying the fast variations of the
Hα equivalent width is not known with certainty.
The asymmetry of the Hα emission wings likewise
remains poorly understood (for more details see [13]).

Our aim was to more accurately determine the
radial-velocity curve of the X-ray nova V404 Cyg and

Table 2. Observed barycentric radial velocities
of V404 Cyg (adopted zero Julian epoch is
JD0 = 2448813.873 [5])

Phase Radial velocity, km/s

0.229 187.10

0.295 195.90

0.365 161.20

0.387 139.80

0.535 −58.39

0.606 −111.09

0.696 −198.10

0.770 −212.50

0.930 −68.42
the parameters of the close binary system, as well
as study the short-time-scale variability of the Hα
emission profile.

2. OBSERVATIONAL DATA
Two sets of spectroscopic observations of

V404 Cyg were obtained using the 6-m telescope
of the Special Astrophysical Observatory between
July 12 and 16, 2001 and between June 11 and
July 12, 2002. The observations were carried out
at the primary focus using a UAGS high-power,
long-slit spectrograph and a PM1024 CCD with
1024 × 1024 pixels and a pixel size of 24 × 24 µm. In
2001, we used a diffraction grating with a dispersion
of 651 lines/mm, yielding an inverse linear dispersion
of 3.1 Å/pixel in the spectral interval studied, 5700–
8200 Å. The resolution of the resulting spectrograms
was 5.5 Å.

In 2002, we used a R1305/17 diffraction grating
with a dispersion of 1305 lines/mm, providing an in-
verse linear dispersion of 1.5 Å/pixel and a resolution
of 3.0 Å at 5500–6800 Å. A log of the observations is
given in Table 1.

All the spectra were calibrated against a HeNe
light source. The spectra were reduced using the
MIDAS package, including standard flat fielding,
background subtraction, bias correction, and elimi-
nation of “hot” pixels. The single white dwarf
BD+284211 was used as a spectrophotometric
standard for all the spectrograms. The K0IV star
HR8857 [5] was used as a radial-velocity standard.

The radial velocities of V404 Cyg were derived
from the shift of blends at 6400–6520 Å relative to the
ASTRONOMY REPORTS Vol. 48 No. 12 2004
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Fig. 1.Folded observed radial-velocity curve of the optical
component of V404 Cyg. The open circles show the ob-
served radial velocities derived by Casares and Charles [5]
from absorption lines of metals, while the open triangles
show the radial velocities found in the present study. The
solid curve is the theoretical radial velocity curve for the
Roche model based on the synthesized CaI 6439.075 Å
absorption line profile assuming mx = 10.46 M�, mv =
0.7 M�, and i = 59◦ (the remaining parameters are
listed in Table 3); no correction for the response function
has been made. The dashed curve shows the theoretical
radial-velocity curve for a point-mass model with mx =
10.46 M�, mv = 0.7 M�, and i = 59◦. This latter curve
nearly coincides with the curve for the Roche model.

blends in the same wavelength interval of the radial-
velocity standard HR 8857. Table 2 gives the observed
radial velocities of the optical component of V404 Cyg
corrected for the Earth’s motion and the systemic
velocity.

We constructed the folded radial-velocity curve
using our spectroscopic data along with the radial ve-
locities from [5], which were derived from the shift for
the wavelength interval 6212–6605 Å relative to this
same interval in the spectrum of the radial-velocity
standard, HR 8857. The folded curve enabled us to
determine the orbital period of the V404 Cyg binary
more precisely. We adopted JD0 = 2448813.873 for
the zero Julian epoch [5]. The new orbital period,
Porb = 6d.4715 ± 0.0001, agrees with the old value,
Porb = 6d.4714 ± 0.0001 [5], within the errors.

The folded observed radial-velocity curve based on
our spectroscopic data and the data of [5] is shown
in Fig. 1. The radial velocities were averaged over
phase intervals to reduce the influence of random
errors (Fig. 2). Since the observed radial velocities
are not distributed in phase very uniformly, the rms
deviation of the mean radial velocity at phase 0.508
ASTRONOMY REPORTS Vol. 48 No. 12 2004
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Fig. 2. Radial velocities averaged over phase intervals
(filled circles). For comparison, theoretical radial-velocity
curves for the Roche model (solid) and point-mass model
(dashed) for the case mx = 10.46 M�, mv = 0.7 M�,
and i = 59◦ are shown.

is 37.80 km/s (or 18.1% of the radial-velocity semi-
amplitude). This large rms deviation is due to the
large gradient of the regular radial-velocity variations
near phase 0.5. Since the rms deviation of the ob-
served radial velocity σVr at phase 0.508 is much
larger than in other phase intervals (where it is ∼2–
3% of the radial-velocity semiamplitude; Fig. 2), and
thus gives rise to an appreciable “perturbation” of
the residuals [see (1) below], we excluded the mean
observed radial velocity at phase 0.508 when fitting
the mean radial-velocity curve.

3. FITTING OF THE MEAN
RADIAL-VELOCITY CURVE

The optical component of V404 Cyg fills its in-
ner Roche lobe. The tidal action of the relativistic
companion makes the shape of the optical star non-
spherical. The side of the optical component facing
the relativistic object is heated by the incident X-ray
emission. Therefore, we fit the mean radial velocities
using a Roche model that is able to take into account
this interaction between the components to some ex-
tent. The parameters of theRochemodel for the X-ray
binary V404 Cyg are given in Table 3.

The presence of observable X-ray emission from
the V404 Cyg binary provides evidence that the K0IV
optical star fills its Roche lobe. Since this star fills
its Roche lobe over a time determined by its nuclear
evolution time scale, which is ∼1010 yr, the orbit
of the close binary has enough time to circularize,
and the rotation of the optical component becomes
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Table 3.Numerical input parameters for the synthesis of the radial-velocity curves of the optical component of V404 Cyg
in the Roche model

P , day 6.4715 Period

e 0.0 Eccentricity

i, deg 54, 59, 64 Orbital inclination

µ 1.0 Roche lobe filling factor for optical component

f 1.0 Ratio of the rotational velocity of the optical star to the synchronous rotational velocity

Teff, K 5500 Effective temperature of the optical component

β 0.08 Gravitational darkening coefficient

kx 0.03 Ratio of the X-ray luminosity of the relativistic component and bolometric luminosity
of the optical component, Lx/Lv

A 1.0 Coefficient of reprocessing of incident X-ray radiation

u 0.5 Limb-darkening coefficient
synchronous with the orbital motion. Therefore, our
calculations assume that the orbit of V404 Cyg is
circular and the ratio of the spin and orbital rotational
velocities is f = 1.0.

We consider the masses of both components and
the orbital inclination of V404 Cyg to be unknown
parameters. We found the solution via a step-by-step
search through the parameter values considered. We
obtained a set of masses for the compact object mx

for masses of the optical component mv of 0.5 M�,
0.7 M�, and 0.9 M� and orbital inclinations i of
54◦, 59◦, and 64◦. This yields the dependence of the
mass of the compact object on the mass of the optical
component and orbital inclination. The orbital incli-
nations were selected based on earlier fitting of the
R, K, and H light curves of the close binary, which
gave the estimates 56◦ ± 2◦ [10], 56◦ ± 4◦ [6], and
59◦ − 73◦ [9], respectively. The statistical adequacy of
the model was tested at the α = 5% significant level.

Since the radial velocity of the optical component
was determined from absorption lines of metals at
6200–6500 Å both in the present study and in [5],
our theoretical radial velocities are based on syn-
thesized profiles of the CaI 6439.075 Å absorption
line. Since absorption lines of metals in the spectrum
of the optical component of V404 Cyg have small
widths (∼1 Å), the theoretical radial-velocity curves
were computed from the CaI 6439.075 Å profile con-
volved with a Gaussian instrumental profile with a
full width at the half maximum of FWHM = 0.5 Å.
This FWHM was adopted because most of the radial
velocities included in the folded curve (Fig. 2) were
derived from spectra obtained with an instrumental
FWHM = 0.5 Å [5]. For comparison purposes, we
also fit the observed mean radial-velocity curve of
V404 Cyg using synthesized CaI 6439.075 Å profiles
without convolving with a response function. Figure 3
shows the synthesized CaI 6439.075 Å absorption
profiles at orbital phases of 0.00 and 0.25 for both
cases.

The residual differences between the mean ob-
served and theoretical radial-velocity curves were
computed as

∆(mx) =

M∑

j=1
(nj − 1)

M

M∑

j=1
nj(Vj

teor − V̄j
obs)2

M∑

j=1
nj(nj − 1)σ2

j

, (1)

where V̄j
obs is the observed radial velocity averaged

over a phase interval centered at φ̄j , Vj
teor is the

theoretical radial velocity at the same phase, σj is

the rms deviation of V̄j
obs from the observed radial

velocity in the phase interval with its center at φ̄j ,
M is the number of phase intervals, and nj is the
number of individual averaged observations in phase
interval j.

The value of ∆(mx) is distributed according to a
Fisher law FM,

∑M
j=1(nj−1),α [14]. We can find the set

of acceptable values for mx for a given significance
level α and a specified value of mv. This set contains
ASTRONOMY REPORTS Vol. 48 No. 12 2004
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Fig. 3. (a) Synthetic profiles of the CaI 6439.075 Å absorption line calculated in the Roche model for mx = 10.46 M�,
mv = 0.7 M�, and i = 59◦ (for the remaining parameters see Table 3) at orbital phases 0.00 (solid) and 0.25 (dashed).
(b) The same profiles convolved with a Gaussian response function with FWHM = 0.5 Å. The profiles at orbital phase 0.25
are corrected for the Doppler shift.
values of mx obeying the condition

∆(mx) ≤ F
M,

M∑

j=1
(nj−1),α

.

The algorithm used to compute the theoretical
absorption-line profiles and theoretical radial-velocity
curves is described in [15, 16], and we do not present
it here. Note, however, that computing the local shape
of the CaI 6439.075 Å absorption profile using this al-
gorithm requires the solution of the radiative-transfer
equation for each area element. This differs from the
algorithm for synthesizing radial-velocity curves from
the Hγ absorption profile applied in [17], which in-
cluded computation of the local shape of the profile
from an area element via the interpolation of tabulated
values of this profile given by Kurucz [18].

The residuals found by fitting the mean observed
radial-velocity curve are shown in Fig. 4; this figure
shows that it is important to take into account the
instrumental profile. The theoretical radial-velocity
curves computed without including the effect of the
response function on the synthesized CaI 6439.075 Å
ASTRONOMY REPORTS Vol. 48 No. 12 2004
absorption profile are not in agreement with the ob-
served data: the close-binary models are rejected at
the α = 5% significance level (Fig. 4b).

Table 4 presents the relation between the com-
ponent masses for various orbital inclinations de-
rived in the Roche model based on the synthesized
CaI 6439.075 Å profiles convolved with the response
function. The same relation without this convolution
is presented in Table 5. The results are shown in
graphical form in Fig. 5. Since the residual differences
between the theoretical and observed radial-velocity
curves are unacceptably large at the α = 5% signif-
icance level when the response function is not taken
into account, the confidence intervals for the mass of
the compact object are omitted in Table 5 and Fig. 5b.

4. DEPENDENCE OF THE SHAPE
OF THE RADIAL-VELOCITY CURVE

OF V404 Cyg ON ORBITAL INCLINATION

We carried out special calculations of the theoreti-
cal radial-velocity curves in the Roche model to study
the dependence of the shape of the radial-velocity
curve on the orbital inclination of V404 Cyg. The
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mass of the optical star was taken to bemv = 0.7 M�,
and the mass of the black hole to be mx = 10 M�.
Calculations were carried out for inclinations i = 40◦,
54◦, 64◦, and 80◦, with the remaining parameters of
the Roche model unchanged (see Table 3). Since the
radial-velocity semiamplitude Kv increases with the
orbital inclination, the computed theoretical radial ve-
locity curves were normalized to the maximum radial
velocity in the phase interval 0.0–0.5. The difference
in the shapes of the radial-velocity curves is maxi-
mum at phase φ = 0.36. The difference of the radial-
velocity curves for i = 40◦ and i = 80◦ was ∼0.3%
of the semiamplitude Kv when the response function
was taken into account when computing the synthe-
sized CaI 6439.075 Å profiles and ∼0.5% when the
response function was not taken into account. For
comparison, the difference in the shape of the radial-
velocity curves for close binaries with parameters
similar to that of Cyg X-1 (q = mx/mv � 0.5) was
∼3% of Kv when the orbital inclination was varied
from i = 40◦ to i = 80◦ [19].

In the case of the X-ray nova V404 Cyg, in-
creasing the orbital inclination from i = 54◦ to i =
64◦ resulted in variations of the shape of the radial-
velocity curve of the semiamplitude Kv by∼0.10% or
∼0.13% when the CaI 6439.075 Å profile was or was
not convolved with the response function. Because
the shape of the radial-velocity curve varies little with
such variations of the orbital inclination, the residual
minima for the different inclinations do not differ as
much as in the case of Cyg X-1 [19, Fig. 5] (Fig. 4).

The rms error σV r of the observed mean radial-
velocity curve of V404 Cyg is ∼(2–3)% of its semi-
amplitude Kv , preventing estimation of the orbital in-
clination as was done for Cyg X-1 [19]. However, the
Roche model can be used to estimate the orbital incli-
nation from the radial-velocity curve, since the min-
imum residuals are different for different inclinations
(Fig. 4). This is especially clearly visible in Fig. 4b.
For successful estimation of the orbital inclination of
V404 Cyg from the radial-velocity curve, σVr must
be ∼0.10% of Kv or, in absolute units, ∼0.2 km/s.
Therefore, further high-quality spectroscopic obser-
vations of V404 Cyg are promising for this purpose.

5. COMPONENT MASSES IN V404 Cyg

The component-mass ratio q = mx/mv found
from the rotational broadening of metal lines in the
spectrum of the optical component of V404 Cyg is
16.7 [5]. By drawing the corresponding line in the
ASTRONOMY REPORTS Vol. 48 No. 12 2004
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Table 4.Dependence of the mx on mv in the Roche model.
The effect of the response function on the synthesized CaI
6439.075 Å profile is taken into account

mv, M�
mx, M�

i = 54◦ i = 59◦ i = 64◦

0.5 11.87+0.24
−0.22 10.13+0.21

−0.23 8.87+0.22
−0.19

0.7 12.22+0.30
−0.27 10.46+0.25

−0.23 9.21+0.21
−0.18

0.9 12.56+0.28
−0.27 10.78+0.26

−0.25 9.53+0.20
−0.19

plot showing the relation between the component
masses (Fig. 5), we find that, for i = 54◦−64◦,
the masses of the black hole and optical star are
mx = 8.7−12.6 M� and mv = 0.52−0.76 M�. Thus,
the mean mass of the black hole in V404 Cyg is
10.65 ± 1.95 M�.

6. VARIABILITY OF THE Hα EMISSION
PROFILE

Casares et al. [11] were the first to point out the
S-wave variability of theHα emission profile; they es-
timated the period of this variability to be 5.7 h. Later,
the more accurate period of 5.656 h was found from
a larger number of spectrophotometric observations
obtained in 1990–1991 [12].

The most detailed study of the short-time optical
variability and behavior of the Hα line in V404 Cyg
was carried out by Hynes et al. [13], who found a
qualitative correlation between the behavior of the
continuum and the Hα equivalent width. An increase
of the continuum is observed with increase in the
Hα equivalent width. Both the continuum from the
accretion disk and the Hα flux vary by more than a
factor of two over one to two hours.

During the nights of June 14 and July 11, 2002,
we obtained five and six spectra at 5500–6800 Å
(Table 1), enabling us to study the behavior of the Hα
line on time scales∼30min. TheHα emission profiles
are shown in Fig. 6, and the profiles averaged over a
night are shown in Fig. 7. We determined the mean
profile by taking the arithmetic mean of all Hα profiles
obtained during a night. Figures 6 and 7 show that
the emission profile not only experiences significant
variations during the course of a night, but also varies
strongly from night to night.

We investigated the short-term variability of the
Hα emission profile. We estimated the deviation of
a given Hα profile from the profile averaged over the
night using the Fisher statistical criterion, averaging
the relative intensities of the Hα emission lines over
ASTRONOMY REPORTS Vol. 48 No. 12 2004
Table 5. Dependence of mx on mv in the Roche model.
The effect of the response function on the synthesized CaI
6439.075 Å profile has not been included

mv , M�
mx, M�

i = 54◦ i = 59◦ i = 64◦

0.5 11.83 10.10 8.86

0.7 12.20 10.42 9.18

0.9 12.54 10.77 9.48

wavelength intervals of ∼5 Å. The residuals were
computed as

∆(Iobs(t)) =

M∑

j=1
(nj − 1)

M
(2)

×

M∑

j=1
nj(Ij

mean − Īj
obs(t))2

M∑

j=1
nj(nj − 1)σ2

j

,

where Īj
obs is the observed mean relative intensity of

the Hα line in the wavelength interval centered at λ̄j

at time t, Ij
mean is the mean relative intensity of the

averaged Hα line profile in the wavelength interval
centered at λ̄j at time t, σj is the rms deviation of

Īj
obs(t) in a given wavelength interval centered at λ̄j ,

M is the average number of wavelength intervals, and
nj the number of averaged relative intensities in the
wavelength interval j.

We found the times t when the Hα profile deviated
significantly from the nightly averaged profile for a
specified significance level α. The deviation of a profile
from the mean profile was considered to be signifi-
cant if

∆(Iobs(t)) ≥ F
M,

M∑

j=1
(nj−1),α

.

We considered the α = 5% significance level for
our analysis. The results are presented in Fig. 8,
which shows that significant deviations from the
mean level occurred on a time scale of about two
hours on the night of June 14, 2002, and on a time
scale of ∼0.5–1 h on the night of July 11, 2002. The
behavior of the line is striking. A phase of intense
growth of the emission line component can suddenly
change into a decrease, and vice versa. The change of
phases may occur in ∼0.5 h (Figs. 6b and 8b).
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The origin of the Hα variability has not been es-
tablished. Proposed sources of the S-wave variability
include the motion of a hot spot in the accretion
disk [12], chromospheric activity of the optical com-
ponent, and reconnection of magnetic field lines in
the accretion disk [13]. No unique mechanism for the
S-wave short-time-scale variability of the Hα emis-
sion in V404 Cyg is known. Correct interpretation of
the data requires a long series of observations with
high time resolution, and studies in this direction
should be continued.

7. CONCLUSION

Themain result of our study is our derivation of the
relation between the masses of the two components
in the X-ray nova V404 Cyg in a Roche model for
orbital inclinations i = 54◦−64◦. Combined with the
spectroscopically determined component-mass ratio
q = 16.7 [5], these dependences yield mx = 10.65 ±
1.95 M� for the mass of the black hole and mv =
0.64 ± 0.12 M� for the mass of the optical star.

It is not currently possible to constrain the or-
bital inclination of V404 Cyg using the observed
mean radial-velocity curve. The accuracy required for
this is ∼0.10% of the radial-velocity semiamplitude
Kv , while the accuracy of the observed mean radial-
velocity curve is∼(2−3)% of Kv. Thus, the averaged
effects of the orbital variability of the absorption-line
profiles contributing to the radial-velocity curves of
low-mass X-ray binary systems (q 	 1) influence
the shape of the line relatively weakly. Therefore, the
orbital inclinations of low-mass X-ray binary systems
must be determined directly from the orbital variabil-
ity of absorption-line profiles [20, 21]. This requires
ASTRONOMY REPORTS Vol. 48 No. 12 2004
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high-quality spectra of V404 Cyg with resolution
R � 50 000 on the largest 8–10 m new-generation
telescopes.

We also determined the typical time scales for
variability of theHα emission profile. Significant vari-
ations of the profile shape and equivalent width occur
on time scales of∼0.5−2 h. The origin of variability of
the photoionizing flux has not been established [13],
and studies of this problem require further spectro-
scopic observations of V404 Cyg.
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Abstract—The effect of curvature of openmagnetic-field tubes on the death lines of radio pulsars is studied.
The solution is obtained in the framework of a Goldreich–Julian model for both dipolar and asymmetric
magnetic fields. The tube-axis curvature can shift the death line appreciably toward either longer or shorter
periods. If the field is dipolar and gamma rays are generated by the inverse Compton effect, the formation
of secondary plasma is more efficient near the death line. In the case of an asymmetric magnetic field,
the generation of radio emission beyond the tube of open field lines is possible. c© 2004 MAIK “Nau-
ka/Interperiodica”.
1. INTRODUCTION

The death line of a radio pulsar is the curve in the
magnetic-field—period plane separating the regions
where radio emission can and cannot be generated.
The mechanism for the radio emission is as follows
[1, 2]. Electrons are accelerated by the electric field
along open magnetic field lines emanating from the
polar regions of the pulsar (we shall consider the
case of an acute angle between the angular-velocity
and magnetic-moment vectors). Next, these elec-
trons produce gamma rays, which, in turn, gener-
ate secondary plasma (i.e., electron–positron pairs)
due to the presence of a transverse component of
the magnetic field. When the primary high-energy
particles pass through the secondary plasma, they
generate oscillations that result in radio emission. It
is commonly believed that a pulsar will no longer emit
at radio frequencies if a sufficient amount of secondary
plasma cannot be formed.

In the present work, we shall calculate the death
lines for an asymmetric magnetic field and compare
these results with the case of a dipolar field. The death
lines for a dipolar field have already been obtained by
other authors (for example, in the recent works [3]
and [4]). However, we calculate them again to show
that our approximationmethod gives the same results
for the dipolar field as a numerical approach [3]. In
addition, we study the effect of stationary plasma in
unfavorably bent field lines. When the field is dipolar
and gamma rays are formed by the inverse Compton
effect, the generation of secondary plasma is more ef-
ficient near the death line. In the case of an asymmet-
ric magnetic field, radio emission can be generated
beyond the tube of open field lines.
1063-7729/04/4812-1029$26.00 c©
To calculate the death lines, we need information
about the electric field accelerating the primary elec-
trons.

In a regime with the free outflow of charges in a
Goldreich–Julian model for a rotating neutron star
possessing a magnetic field (a radio pulsar), the elec-
tric fields in the region of open magnetic field lines
are determined by the relativistic effect of inertial
reference-frame dragging. This was demonstrated for
the case of a dipolar magnetic field by Muslimov and
Tsygan [5, 6] and Beskin [7], and for an arbitrary
axially symmetric magnetic field by Tsygan [8].

The electric field for the case of curved axes of the
tubes of open field lines of a nondipolar magnetic field
was calculated by Kantor and Tsygan [9].

We derived the death lines in analytic form. The
emission spectra and energy distributions of the sec-
ondary plasma were not taken into account, and all
calculations were carried out for the characteristic
energies.

2. DEATH LINES FOR A DIPOLAR FIELD
WITHOUT STATIONARY PLASMA

IN THE REGION OF OPEN FIELD LINES

As is known, the electrostatic potential (in a co-
ordinate system rotating with a star) in the region of
open dipolar magnetic field lines at distances much
less than the light-cylinder radius is [5, 6]

Φ =
1
2
κΘ2

0

(
Ωa

c

)

B0a(1 − ξ2)
(

1 − 1
η3

)

cosχ;

(1)

cosχ �= 0.
2004 MAIK “Nauka/Interperiodica”
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Here, κ = (rg/a)(I/Ma2), where I is the moment
of inertia of the star, rg = (2GM)/c2 is the gravi-
tational radius of a neutron star with mass M , and
a is its radius. The parameter κ describes the effect
of inertial-frame dragging (described by the metric-
tensor component g03) on the electric field near the
star; its characteristic value is equal to 0.15. Further,
Ω is the angular velocity of the star, B0 is the ampli-
tude of the magnetic field at the magnetic pole of the
star, Θ0 =

√
Ωa/c is the angular radius of a tube of

open field lines at the stellar surface, ξ is the distance
from the tube axis normalized to Θ0, η is the distance
from the stellar center normalized to its radius, and
χ is the angle between the magnetic moment and
angular velocity of the star. We shall not take into
account the Schwarzschild terms g00 and g11 in the
metric tensor describing the gravitational field near
the rotating neutron star. Therefore, an accelerated
electron will acquire the Lorentz factor

γ =
eΦdip

mc2
= 106P−2B12

(

1 − 1
η3

)

cosχ,

where P is the period of the radio pulsar in seconds
and ξ was taken to be 0.5, since this corresponds to
a line with a not very small potential and curvature
simultaneously.

The free path of a photon in the magnetic field is
determined in the standard way [1, 10]. The photons
are emitted by electrons along the magnetic field lines
within an angle of about 1/γ. Before a pair is born in a
magnetic field with radius of curvature ρ, the photon
traverses the path

Sph =
0.2mc2ρ

�ω

Bc

B
.

This expression can be obtained if the integral of the
photon absorption coefficient in the magnetic field
along the photon trajectory is assumed to be unity.
The main contribution to the integral is produced
by the final part of the trajectory (where the pair is
produced). Therefore, the magnetic field appearing in
this formula is the field in the place where the pair is
formed. Our estimate is valid forB < 1013 G, because
it does not take into account the processes considered
in [11], such as deflection of the gamma ray by the
magnetic field, the formation of a pair in a bound state,
and the decay of one of the states of the gamma ray
into two photons.

For a dipolar field, the radius of curvature ρ at
ξ = 0.5 is equal to 2.2 × 108P 1/2 cm. Therefore,

Sph ≈ 2 × 109mc2

ω�

P 1/2

B12
cm.

The photons emitted by the primary electrons
will have the following energies. Magnetic curvature
radiation results in gamma rays with characteristic
energiesEph = (3/2)(γ3

�c/ρ). The inverse Compton
scattering of thermal photons on electrons with
Lorentz factors γ > mc2/2kT results in gamma
rays with energy Eph = mc2γ. When γ < mc2/2kT ,
gamma rays with energy Eph = 2kTγ2 are generated
[12].

The condition for the creation of a pair is [2, 10]

B⊥ = Bc
0.2mc2

�ω
.

Here,B⊥ is themagnetic-field component perpendic-
ular to the direction of propagation of the gamma ray.

As the gamma ray moves away from the place it is
emitted, the angle between the magnetic field and the
direction of propagation increases, but the intensity of
the field decreases. The transverse component of the
field will be maximum at the point η0 = 1.5η, where
η is the distance from the stellar center to the place
where the gamma ray is emitted.

The condition η0 = 1.5η can be rewritten

Sph =
1015(1.5η)3P 1/2

B12ω�(η)
=

η

2
106, (2)

whereB12 is the magnetic-field intensity at the stellar
surface, and ω�(η) is the energy of a photon produced
at a distance η from the stellar center.

In the case of inverse Compton scattering by en-
ergetic electrons, we have

Sph =
1015(1.5η)3P 1/2

B125 × 105 × 106P−2B12 cosχ
(

1 − 1
η3

)

=
η

2
106.

After some manipulation of this equation, we ob-
tain η2/(1 − 1/η3) = 0.74 × 102B2

12P
−2.5 cosχ. The

furthest right line in the B–P plane corresponds to
the minimum of the function η2/(1 − 1/η3), i.e., η ≈
1.35. Therefore, the death line is described by the
expression

P = 3.6B0.8
12 (cos χ)0.4. (3)

3. MULTIPLICATION FACTOR
FOR THE SECONDARY PLASMA

IN A DIPOLAR FIELD
WITHOUT STATIONARY PLASMA

IN THE REGION OF OPEN FIELD LINES

To determine this multiplication factor, we need to
know howmany gamma rays are produced by a single
primary electron and how many pairs are formed by a
single gamma ray. It is obvious that a cascade cannot
ASTRONOMY REPORTS Vol. 48 No. 12 2004
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develop near the death line, and that one gamma ray
cannot produce more than one pair.

The number of gamma rays produced is deter-
mined by the integrated probability of gamma ray
formation. Gamma rays born very close to the stellar
surface cannot form pairs because their energy is
insufficient, whereas gamma rays born at very large
heights cannot form pairs because the magnetic field
decreases with distance from the star. The corre-
sponding boundaries are defined by the condition that
the distance from the stellar center to the point where
the pair is formed is a factor of 1.5 greater than the
distance from the stellar center to the point where
the gamma ray is formed. From here on, we shall
consider the inverse Compton scattering of thermal
photons on fast electrons (γ > mc2/2kT ), when the
gamma ray carries away all the energy of the electron.
For this condition to be satisfied, it is necessary that
T5P

0.5/B12 > 1.5. In the conditions typical for radio
pulsars, the probability of photon scattering by an
electron somewhere along its entire path is much less
than unity.

Photons produced at a resonant cross-section will
contribute to the formation of pairs if [12]

γres = 103B12

T5
>

1.4 × 104P 0.5

B12
,

in other words,

B2
12

T5P 0.5
> 14.

If this requirement is not satisfied, the number of
photons scattered by one electron along the path from
r1 to r2 is

Nγ =

r2∫

r1

σTσT
4

c

(
mc2

kT

)2

ln
(

2γkT
mc2

)

dL

mc2γ
,

where ln
(
2γkT/mc2

)
is a quantity of the order of

unity, and r1 and r2 are the upper and lower bound-
aries for the generation of pair-forming photons.
Therefore, we obtain

Nγ =

r2∫

r1

T 2
5

2.3 × 103γ
dL.

Consequently, the number of gamma rays generated
by one electron Nγ when thermal emission is pro-
duced by the entire surface of the star is equal to

Nγ =
7 × 10−4T 2

5 P
2

B12 cosχ
. (4)

We can see that the multiplication factor increases
near the death line (we assume here that one gamma
ASTRONOMY REPORTS Vol. 48 No. 12 2004
ray creates one pair, and that the multiplication fac-
tor equals Nγ ; the condition for the formation of
a cascade will be discussed below). If the ampli-
tude of the magnetic field is fixed, the concentration
of the secondary plasma increases as P . As a re-
sult, the efficiency of radio emission should increase
near the death line. The increase in the concentra-
tion will be stopped and replaced with a decrease
when the height η (the height above which photons
created cannot produce pairs) approaches the value
η = 2 (the height at which the flux of thermal photons
from the stellar surface is substantially attenuated).

This takes place when P = 3.2B4/5
12 cos2/5 χ; i.e., the

true death line should be within the interval P =
(3.2–3.6)B0.8

12 cos0.4 χ.

We have not taken into account screening of the
field by the electron–positron plasma, since the mul-
tiplication factor was small (this is valid for moderate
temperatures of the stellar surface T5 < 10, where
T5 = T/105 K).

Let us consider the case when thermal radiation is
emitted only by a hot spot in the polar region. Sec-
ondary plasma is formed as long as gamma rays cre-
ating pairs are produced at heights z0 < 0.01P−1/2,
since the flux of thermal photons is considerably at-
tenuated at heights exceeding the radius of the polar
region.

Therefore, the death line will be given by

P < 1.35B2/3
12 (cosχ)1/3. (5)

The number of photons produced will be

Nγ =
1.9 × 10−4T 2

5 P
1/2

cos1/2 χ
. (6)

Next, let us consider the case when the pho-
tons are generated by magnetic curvature radiation.
A similar calculation of the death line gives

P = 0.16B4/7
12 cos3/7 χ. (7)

Let us determine the number of gamma rays emit-
ted per electron that are able to create a pair. Since
the generation of secondary plasma becomes efficient
in the case of magnetic curvature radiation, screening
of the electric field should be taken into account. We
shall assume that the electric field is zero everywhere
above the point where the first electron–positron pair
was born.

The minimum pair-creation height (the height of

the gap) in the case ofP > 0.08B8/17
12 cos6/17 χwill be

h = 7.5P 7/4/(B12 cos3/4 χ), and the Lorentz factor at
this height reaches γ(h) = 2.3 × 107P−1/4 cos1/4 χ.
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To obtain the corresponding expressions for the

case P < 0.08B8/17
12 cos6/17 χ, the effect of the sec-

ondary plasma on the electric field must be taken into
account. We shall not consider this case.

A single electron generates the following number
of photons that are able to form pairs:

Nγ ≈ 106γ(h)η0

2P 1/2c
,

where η0 = 1 + z0, and z0 is the height above which
the photons can create pairs.

When h > 0.01P−1/2, we find

Nγ =
2.3 × 102B

1/2
12 cos5/8 χ

P 13/8
. (8)

Since the number of photons we have obtained is
much greater than for the inverse Compton effect, it is
reasonable to assume that the true death line should
be located to the right of the one obtained above. Pairs
will not be formed from electrons with the charac-
teristic energy, but they will form from electrons in
the high-energy tail of the spectrum, although the
number of pairs produced will be decreased by a factor
of eE/E0 , where E0 = (3/2)(γ3

�c/ρ). If we take E =
10E0, the number of pair-forming gamma rays will be
decreased by a factor of 2 × 104; i.e., this number will
be comparable to that for the inverse Compton effect.
The corresponding death line will be described by the
expression

P = 0.22B4/7
12 cos3/7 χ, (9)

which agrees well with the results [4].

If a gamma ray possesses a sufficiently large en-
ergy, the electron–positron pair produced will have
a large transverse momentum. The momentum of
a particle across the magnetic field will be reduced
by radiation, and the energy of the photons emitted
could be sufficient to generate secondary pairs [13].
Therefore, a cascade can develop. However, this is
impossible near the death line, and the multiplication
factors will be equal to the number of gamma rays
produced by a single electron.

Therefore, the multiplication factors for the dipolar
field will be as follows. In the case of the magnetic
curvature generation of gamma rays, the multiplica-
tion factor is

k =
2.3 × 102B

1/2
12 cos5/8 χ

P 13/8

if P > 0.08B8/17
12 cos6/17 χ (this is the condition for

the absence of a cascade) and the spot under consid-
eration is not very close to the death line.
In the case of inverse Compton scattering of ther-
mal photons from the entire surface of the star, the
multiplication factor is

k =
7 × 10−4T 2

5 P
2

B12 cosχ
.

This is valid for the parameter ranges 0.75B0.8
12 ×

cos0.4 χ < P < 3.2B0.8
12 cos0.4 χ, P > 2.3B2

12/T
2
5 .

In the case of inverse Compton scattering of ther-
mal photons from a hot spot in the polar region, the
multiplication factor is

k =
1.9 × 10−4T 2

5 P
1/2

cos1/2 χ
.

This is valid not very close to the death line at P >

2.3B2
12/T

2
5 and P > 0.3B2/3

12 cos1/3 χ.

4. STATIONARY PLASMA IN THE REGION
OF OPEN FIELD LINES

Let us consider the electrostatic potential in the
region of openmagnetic field lines. As is known, there
are favorable and unfavorable lines [15]. The potential
varies monotonically along favorable lines up to the
light cylinder, whereas there are potential wells on
unfavorable lines.

The electrostatic potential in the case of a dipolar
magnetic field takes the form [6]:

Φ =
1
2
Φ0κΘ2

0

(

1 − 1
η3

)

(1 − ξ2) cosχ

+
3
8
Φ0Θ3

0H(1)
(

Θ(η)H(η)
Θ0H(1)

− 1
)

× ξ(1 − ξ2) sinχ cosφ,

where the following notation has been used:

Φ0 = (aΩ/c)B0a,

Θ0 =
√

Ωa/cf(1),

Θ(η) = Θ0

(

η
f(1)
f(η)

)1/2

,

f(η) = −3
(η

ε

)3
[

ln
(

1 − ε

η

)

+
ε

η

(

1 +
ε

2η

)]

,

where ε = rg/a ≈ 0.4,

H(η) =
1
η

(

ε− κ

η2

)

+
(

1 − 3
2
ε

η
+

1
2
κ

η3

){

f(η)
(

1 − ε

η

)}−1

,

φ is the azimuth angle in a cylindrical coordinate
system whose axis is directed along the tube.
ASTRONOMY REPORTS Vol. 48 No. 12 2004



DEATH LINES OF RADIO PULSARS 1033

 

1

 

η

 

10 100 1000

0

2

4

6

8

–2

 
Φ
 

, 10
 

8
 

 CGS units

Fig. 1. Behavior of the potential for ξ = 0.5, χ = 45◦,
cos φ = −1, P = 1, B12 = 1.

At some angles φ, the potential will be nonmono-
tonic; i.e., there will be potential wells (Fig. 1).

If the formation of electron–positron plasma does
not proceed very actively, the charged particles will
be concentrated in these wells and tend to smooth
the potential. Therefore, the following situation will
develop in unfavorably bent field lines. The potential is
zero at the stellar surface. The next layer is filled with
a stationary plasma, and the potential remains zero up
to some point, where a potential with an opposite sign
relative to the favorable lines appears, which varies
monotonically. There is no electron flux from the stel-
lar surface along these lines (we consider the case of
an acute angle between the angular velocity of the
star and its magnetic moment), but there can be an
inverse flow of electrons from the light cylinder. The
presence of this stationary plasma with zero poten-
tial should decrease the effective cross-section of the
tube, and, consequently, the value of the accelerating
potential.

If a considerable amount of plasma is formed (at
small periods, when magnetic curvature radiation is
efficient), the electric field can become zero every-
where above the place where the plasma is formed.
Therefore, the potential will be monotonic, and there
will be no decrease in the tube cross-section, or,
consequently, in the potential. On the other hand, it is
also possible that some part of the tube will be filled.
We cannot definitely answer which of these cases
actually takes place.

Let us consider the influence on the death line of
decreasing the cross-section of the tube in which the
electrons are efficiently accelerated.

To estimate the electrostatic potential, let us as-
sume that the part of the tube where the electron
acceleration takes place possesses a circular cross-
section with a radius that is half the radius of the
ASTRONOMY REPORTS Vol. 48 No. 12 2004
 

10

 

8

 

0.10.001 1 100.01

 

P

 

, s

10

 

10

 

10

 

11

 

10

 

12

 

10

 

13

 

10

 

9

 
B

 
, s

Fig. 2. Calculated death lines of radio pulsars for the
magnetic curvature mechanism (dashed), the inverse
Compton effect acting on thermal photons from the entire
stellar surface with stationary plasma (dash–dot), the in-
verse Compton effect acting on thermal photons from the
entire stellar surface without stationary plasma (solid),
and the magnetic curvature mechanism with station-
ary plasma (dash–double-dot). The observational data
(points in the B–P plane) were taken from the unpub-
lished ATNF Pulsar Catalog of Hobbs and Manchester
(2003).

initial tube. Since the potential depends quadratically
on the cross-sectional radius, the electron Lorentz
factor should decrease by a factor of four. The death
line corresponding to the inverse Compton effect act-
ing on photons from the entire surface of the star will
be P = (1.8–2.1)B0.8

12 cos0.4 χ, that corresponding to
the inverse Compton effect acting on photons from

a hot spot will be P = 0.8B2/3
12 (cosχ)1/3, and that

corresponding to magnetic curvature radiation P =
0.12B4/7

12 cos3/7 χ. These death lines and the corre-
sponding lines without filling taken into account are
drawn in Figs. 2 and 3.

5. DEATH LINES IN THE CASE
OF BENT TUBES (AN ASYMMETRIC

MAGNETIC FIELD)

Let us describe the specific features of bent tubes.
The potential in an asymmetric tube can be ex-

pressed [9]

Φ =
ΩF

2πc
(1 − ξ2) (10)

× {[1 − κ(1/η)3] cosχ + (κ− 1) cos χs},
where F is the magnetic flux through the tube, cosχs

is the cosine of the angle between the angular velocity
and the magnetic field near the stellar surface, and
cosχ is the cosine of the angle between the angular
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Fig. 3. Same as Fig. 2 for the inverse Compton effect
acting on thermal photons from a hot spot in the polar
region when stationary plasma is present (solid) and the
inverse Compton effect acting on thermal photons from
a hot spot in the polar region without stationary plasma
(dashed).

velocity and the magnetic field at the point under
consideration.

The following model was considered in our previ-
ous work [9]. A star with radius a possesses magnetic
moment m, so that the field at its magnetic pole
is B0 = 2m/a3. An additional dipole with magnetic
moment m1 ⊥ m is located at a depth a∆ (∆ ≈ 0.1)
near the pole of the neutron star, so that its field at the
star’s pole is equal toB1 = m1/a

3∆3. Assuming that
B0 = B1 and a favorable axis inclination and tube
curvature, we can obtain an increase by a factor of
five in the potential and by a factor of 20 in the curva-
ture, compared to the dipolar case. The corresponding
potential wells will be shallower, and they will not be
filled with stationary charge to the zero potential level.
However, we can still describe the filling as a halving
of the effective cross-section of the tube.

One characteristic feature of tubes with bent axes
is that electron–positron pairs can be produced both
inside and outside the tube (in the region of closed
field lines). The birth of pairs in the region of closed
field lines is possible because, if a photon does not
have too large an energy, its path before the forma-
tion of a pair can be large enough for it to leave the
tube. This path length must satisfy the condition L >√
ρΘaη (where ρ is the radius of curvature of the tube,

andΘaη is the tube radius). After traversing the entire
magnetosphere, pairs born near tubes in the region of
closed field lines will enter the region of the opposite
magnetic pole. We might expect that they would heat
a spot near this pole, but this heating was found to
be negligible, because pairs produced beyond the tube
have a fairly small Lorentz factor (about 40), and
do not experience acceleration along their trajectory.
In this case, the beams of electron–positron plasma
that are generated penetrate the stationary plasma of
the Goldreich–Julian magnetosphere, which is com-
posed of electrons and positively charged particles
(probably, positrons), and is characterized by ρeff .
This should lead to the excitation of plasma oscilla-
tions both in the moving electron–positron plasma
and in the stationary plasma, and, consequently, to
the generation of radio emission. The corresponding
radiation has two components: one represents a nar-
row beam, while the other is isotropic. The isotropic
radio emission should have a lower characteristic fre-
quency.

Let us determine which gamma rays can leave a
tube through the lateral surface towards the region of
the Goldreich–Julian plasma. With this aim in view,
let us consider the variation of the line curvature with
height.

In themodel formulated above, we have the follow-
ing expressions for the magnetic field [9, 14]:

Br =
B0

η3
, Bθ =

B0

2η3

[

θ + 2ν
(

∆η

η − 1 + ∆

)3
]

,

where ν = B1/B0. It can easily be shown that the ra-
dius of curvature of the field lines B can be expressed
in terms of the function f = Br/Bθ as

ρ = r
(1 + f2)3/2

1 + f2 − df

dθ

.

We obtain for a dipolar field ρdip =
4
3
r

θ
.

For a nondipolar field of the kind specified above,
the curvature at 1 < η < 2 is

ρ =
2r
3ν

(
η − 1 + ∆

∆η

)3

.

The following radii of curvature are obtained in this
model: ρ = 1.1× 106 cm at η = 1, ρ = 10.4 × 106 cm
at η = 1.2, and ρ = 108 cm at η = 2. Therefore, the
characteristic path of a photon leaving the tube can
be estimated as L > 2.5 × 105 cm.

For a gamma ray to leave the tube, it must not
have a very large energy; i.e., it must be emitted by
an electron in the initial stage of its acceleration. The
energy of the gamma ray should satisfy the following
inequality (for this estimation, we shall use here the
path length obtained for the case of constant curva-
ture):

Sph =
5 × 1012ρ6

B12*�
> L = 2.5 × 105.
ASTRONOMY REPORTS Vol. 48 No. 12 2004
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We find from this expression

*� <
2 × 107

B12
eV,

where ρ6 = ρ/106.
Photons produced by the resonant inverse Comp-

ton effect will satisfy this inequality if

B3
12

T5
< ρ6 ≈ 10.

In this case, the resonant photons will produce
electron–positron pairs in the region of closed field
lines.

Let us calculate the death line of a radio pulsar
for the case of magnetic curvature radiation. The free
path of a photon is

Sph =
2 × 1023ρ6ρ

′
6

B′
12γ

3

(primed and unprimed quantities refer to the points
where the pair and gamma ray are produced, respec-
tively).

The potential in a bent tube essentially reaches
its maximum at a height of about η = 1.2. Therefore,
we take ρ6 = 10, which corresponds to a height of
η = 1.2 and ρ′6 = 50.

Although the condition for pair formation Sph =
106η/2 was obtained for the case of constant curva-
ture of the tube, we shall use this condition to esti-
mate the death line for the case when the curvature
changes with height.

This yields the death line P = 0.7B2/3
12 . If gamma

rays from the tail of the spectrum (E = 10E0) are

taken into account, P = B
2/3
12 . If the stationary

plasma is taken into account, P = 0.5B2/3
12 .

The death line for the inverse Compton effect is
determined in a similar way:

5 × 1012ρ′6
B′

12mc2γ
=

η

2
106,

and from this expression we obtain

P = 32B12. (11)

If we include the effect of filling of the unfavorable field
lines with plasma, then

P = 18B12. (12)

The death lines for an asymmetric magnetic field with
a favorable configuration are drawn in Fig. 4.

In the case under consideration, the death line
extends far to the right. When the tube axis is bent
unfavorably, the potential will decrease, and the death
line will be shifted to the left compared to the dipolar
ASTRONOMY REPORTS Vol. 48 No. 12 2004
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case. In addition, it is possible that the run of the
potential is such that the tube is filled with stationary
plasma in the entire tube cross-section up to some
height. In other words, the nondipolar magnetic field
can also result in an earlier death of the radio pulsar.

Therefore, a nondipolar magnetic field in radio pul-
sars can lead to either an increase or decrease in the
death periods.

6. RESULTS

We have obtained the death lines for the cases
of dipolar and asymmetric magnetic fields, and es-
timated the multiplication factors for the secondary
plasma in the case of a dipolar field.

If we assume that the pulsar radio emission is gen-
erated at the local frequency of Langmuir oscillations
in the secondary-plasma beam, this frequency can be
estimated as

* = 1.4 × 1010

√

kγ
B12

Pη3
rad/s,

where γ is the Lorentz factor of the secondary plasma
and η is the normalized distance from the star to the
spot where the oscillations are excited. This frequency
turns out to be in the observable range for the multi-
plication factors obtained here.

If the field is dipolar and gamma rays are produced
by the inverse Compton effect, the multiplication fac-
tor increases near the death line; i.e., the generation
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of secondary plasma becomes more efficient. As a
result, more efficient radio emission by pulsars should
be expected near the death line. In the case of an
asymmetric magnetic field, the generation of radio
emission is possible beyond the tube of open field
lines.
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Abstract—Powerful solar flares contain one ormore impulsive events, plasma ejection, and the subsequent
development of gigant post-eruptive loops. In the middle of the 1980s, Jakimiec proposed an analysis
of the flare loops based on log T − 1/2 logEM diagrams constructed from the observed soft X-rays (the
so-called Jakimiec model). We have used this method to construct and analyze these diagrams not for
various arbitrary events, but instead for similar flares within a single center of activity; in other words, for
homological flares (two-ribbon flares observed in November 2000, powerful prolonged events observed in
October-November 2003, etc.). This eliminated the effect of differences in the magnetic configurations,
enabling us to find a new relationship: the slope (tanα) of the log T − 1/2 logEM line during the flare
decay depends on the maximum temperature Tmax at the source of the soft X-rays. The dependence of
tanα on Tmax gradually evolves from a series of short flares to a series of powerful, prolonged, nonstationary
processes. Our results support the idea that the development of post-eruptive loops depends on the energy
of the impulsive events for the phenomenon as a whole. Explosive evaporation simultaneously increases
both the temperature and the density of the plasma at the loop top. The subsequent evolution of the post-
eruptive formations depends on the difference in the initial conditions and on the degree of opening of the
magnetic configuration. The importance of our analysis for the duration of flares and differences between
dimmings is briefly discussed. c© 2004 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

The large number of extra-atmospheric observa-
tions of solar flares that are now available has led
to certain new ideas about the behavior of the phe-
nomenon as a whole. Most powerful events include
impulses, plasma ejection—eruptions in the form of
a surge or coronal mass ejection (CME)—and the
subsequent formation of gigant coronal loops. The
post-eruptive phase can include the formation of both
ordinary coronal loops, with heights below 0.1 R�,
and gigant arches that slowly ascend and live for
many hours.

Loops are the main structural elements of flares.
The high-temperature loop plasma radiates soft
X-rays. In modern images, especially those obtained
with high temporal and spatial resolution using
TRACE, we can clearly see the low loops of the
impulsive phase and an envelope of higher loops.
We cannot conclude directly whether the formation
and behavior of high loops depend on the impulsive
process based on EUV and soft X-ray images. This
problem is of interest for general models of flares, and
can be solved using various modern observations.
However, the routine detection of X-ray fluxes in two
spectral ranges regularly performed by the GOES
1063-7729/04/4812-1037$26.00 c©
satellites since 1988 can be used for an initial study of
this problem.

The work of Jakimiec et al. [1], who first investi-
gated the logarithm of the temperature as a function
of the logarithm of the emission measure (log T −
1/2 logEM), was very important for analyses of flare
soft X-rays. Each point on this diagram corresponds
to a single time, forming a characteristic hystere-
sis pattern describing the formation and behavior of
coronal loops. Below, we shall call this dependence
the T–EM diagram.

A large number of studies of solar and stellar flares
have been devoted to developing the Jakimiec model
(see [2–4] and references therein). Already in [2], use
of the temperature–density diagram was proposed for
a loop top for diagnostics of the physical parameters
of the flare, primarily the flare heating strength and
duration. When the heating is sufficiently strong, the
flare loops exhibit a quasi-stationary behavior, with
this regime being similar to those obtained in [5],
which are usually realized at activity centers. On the
other hand, a significant weakening of the heating
sharply decreases the loop-top temperature, although
this process obviously cannot affect the radiation
immediately. The Palermo–Harvard gas-dynamical
code has often been used for numerical simulations
2004 MAIK “Nauka/Interperiodica”
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of processes during the flare decay [6]. Modeling pro-
cesses at the loop bases introduces major difficulties
into such simulations, since the entry of plasma from
the partially ionized chromosphere into the coronal
portion of the loop depends on the emission from
these dense layers. In addition, the results depend on
the initial temperature and density distributions and
the expansion of the loop with height, especially in
the transition region, all of which are poorly known.
Several years ago, a simpler (in comparison with
the computations of Reale [4]) approach to the gas-
dynamical modeling of flare decay was used in [7],
with an accurate treatment of the evolution of a
constant mass of gas, taking into account both the
heating and dissipative factors.

It is evident that the behavior in the post-eruptive
phase could depend on the specific properties of the
magnetic configuration. For example, powerful flares
are very infrequent near isolated sunspots or strictly
within small active regions. These are fairly compact
and radiate soft X-rays for no longer than one to two
hours. On the other hand, post-eruptive phenomena
and the formation of distinct sigmoid flares are more
frequent for active regions located in the immediate
vicinity of boundaries between opposite polarities of
the large-scale field, or for active regions connected
to a neighboring activity center by high bundles of
magnetic field lines. Most powerful flares are of this
type, and their total durations can reach many hours.

If analyses of T–EMdiagrams for a variety of flares
does not take into account the configuration of the
magnetic field of the active region, they will not lead to
any definite astrophysical conclusions. Therefore, this
method has become much less common over the last
∼10 yrs. We have applied it in its standard form to an
analysis of powerful flares [8]. Gradual changes in the
form of the hysteresis from weak coronal phenomena
to powerful prolonged flares have been revealed (see
Fig. 6 in [8]). Nevertheless, the usual technique has
not been successful in analyses of the relations be-
tween impulsive and post-eruptive phenomena.

The objective of the present work is to study the re-
lations between the impulsive and post-eruptive flare
phases. Section 2 analyzes T–EM diagrams for flares
of a single type occurring at a single activity center.
New relationships found in Section 3 are further used
to develop a general model for flares. Ourmost impor-
tant finding is an independent argument supporting
the idea that it is mainly the impulsive process that
determines the subsequent evolution of the flare as
a whole; i.e., both the maximum temperature of the
source of soft X-rays and the behavior of the post-
eruptive loops at the onset of the decay phase.
2. TEMPERATURE–EMISSION MEASURE
DIAGRAMS FOR SERIES

OF HOMOLOGICAL FLARES

The main disadvantage of previous works apply-
ing the Jakimiec model was that they considered
flare phenomena occurring in different groups and/or
various types of phenomena. There have been a few
attempts to divide such studies according to the forms
of T–EM diagrams, but these have not been suc-
cessful. To improve the method, we have formulated
an approach based on analyzing flares occurring in a
single magnetic configuration and of roughly a single
type.

Right at the start of this work, we understood that
we must consider the radiation of post-eruptive loops
only for processes occurring within a single magnetic
configuration. Moreover, the behavior of flares some-
times changes even within a series of phenomena oc-
curring in a single magnetic configuration when they
are affected by adjacent activity centers. Therefore,
we tried to select series of homological flares for our
analysis.

The current (23rd) solar-activity cycle exhibited
only a few infrequent powerful flares up until the end
of October 2003. Nevertheless, we examined the soft
X-ray data for large sunspot groups passing over the
solar disk starting from 1997. We selected intervals
of 14 days containing five to six powerful flares, in-
cluding some X flares with almost equal durations.
We identified 20 such series. The second stage of our
preliminary analysis was to select flares occurring in a
single group that were sufficiently isolated from each
other in time (in order to eliminate the effect of the
background in the second GOES channel, at 0.5–
4 Å). Finally, we performed ourmain analysis for flares
of group NOAA 9236 at the end of November 2000.
This represents a rare case of flares occurring near
a single large sunspot. The main radiation of these
compact flares occurred in the immediate vicinity of
the sunspot. We also analyzed series of very powerful
events in October and November 2003. We supple-
mented these data with those for short flares occur-
ring in July 2002 and typical large flares occurring at
the end of April and beginning ofMay 1998, including
the sigmoid flare of April 29.

The compact sunspot groupNOAA9236 has been
studied as a part of an international program. There
was a high flare activity in this group on November
24–26, with five X flares and two M flares over these
three days. These powerful flares occurred, on aver-
age, at intervals of 10 h, and had fairly short durations
(1–2 h). Figure 1 presents the total X-ray flux of the
Sun in the two GOES-8 channels, which shows the
flare activity of this group. The numbers in this figure
correspond to the numbers in the Table (see below) for
ASTRONOMY REPORTS Vol. 48 No. 12 2004
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Fig. 1.GOES-8 X-ray fluxes for the end of November 2000. The upper and lower curves correspond to the ranges 1–8 Å and
0.5–4 Å, respectively. The numbers indicate the flares studied.
flares in group NOAA 9236 that were studied earlier
in [9–11]. Note that the flare of November 24 (about
15 h) displayed an appreciable neutron flux [12].

The neutral line of the large-scale field in the vicin-
ity of sunspot group NOAA 9236 was very irregular.
The loops were connected to regions located near the
main sunspot; that is, the loops did not reach heights
exceeding the sunspot’s size (1′ or 40 000 km). This
was the origin of the short-duration flares in this
group. Figure 2 shows two typical flares of this group.
The Yohkoh difference image for the M flare (flare 4,
Fig. 2a) shows that the flare loop connecting the
main sunspot and emergent small hills of field of
opposite polarity is still present in the middle of the
decay phase. In other flares in this series, there were
no high loops extending far from the sunspot. The
main luminous portion to the south of the sunspot
center was fairly small, and essentially did not prop-
agate southward; i.e., the flare exhibited no sigmoid.
Even powerful flares of this group displayed sigmoid
sources only weakly. Namely, Figure 2b shows that
the X-ray source at the very end of flare 3 is retained
within the active region, and does not propagate along
the neutral line of the large-scale magnetic field.

Another feature of this group, which contains a
large central sunspot and numerous small formations,
was that the small sunspots moved azimuthally about
the large sunspot, from a certain point to the north-
west (located outside but not far from the penumbra)
to the opposite point. In other words, there were two
gas-dynamical streams flowing around the penumbra
with velocities of 150–300 m/s [13]. Series of such
ASTRONOMY REPORTS Vol. 48 No. 12 2004
powerful and also fairly short flares have occurred very
seldom during the operation of modern space probes.

We discussed the time behavior of the temper-
atures of powerful flares in [8]. Upon reaching its
maximum, the temperature decreases sharply over a
characteristic time t1 in the decay phase, and we can
sometimes observe a subsequent transition (t2) to a
period of prolonged post-eruptive radiation (t3). The
giant arches formed in the powerful flares studied did
not rise too high and were observed for only about an
hour, in contrast to the behavior of typical prolonged,
powerful flares.

Figure 3 presents the temperature behavior at the
soft X-ray source for a weak and strong flare in this
series. The parameters t1, t2, and t3 are the recipro-
cals of the second terms of linear approximations for
sub-intervals of the temperature function (Fig. 3a).
For flare 4, t1 = 0.95 h, t2 = 2.50 h, and t3 = 5.75 h.
To some extent, the presence of three time intervals
with ratios similar to these is typical for powerful,
prolonged flares. It is possible that the post-eruptive
prolonged X-ray radiation is associated with the high
loop that is clearly visible in Fig. 2a. One charac-
teristic of the powerful flares of this series was that
a temperature plateau was observed instead of the
period t2. This is also visible in the T–EM diagrams
for the final stages of large flares.

The main part of our study deals with T–EM
diagrams (in the diagrams below, the temperature
is in MK, the emission measure is in 1050 cm−3).
Figure 4 shows such diagrams for the studied flares of
November 2000. These plots cover only time intervals
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09:48–08:36 Yohkoh Nov. 24, 2000 23:47:31

Fig. 2. Two examples of typical flares of group NOAA 9234. (a) The Yohkoh difference image of M flare 4 [11] shows that the
flare loop connecting the main sunspot and emergent small hills of field of opposite polarity was still present in the middle of the
decay phase. The main luminous portion to the south of the sunspot center was fairly small, and essentially did not propagate
toward the south; i.e., the flare exhibited no sigmoid shape. Even powerful flares of this group have displayed sigmoid sources
only weakly. (b) At the very end of flare 3, the X-ray source is still present in the active region, and does not propagate along
the neutral line of the large-scale magnetic field.
in which the flare radiation appreciably exceeds the
background; i.e., they do not show the very ends of the
flares. The upper portions of the hysteresis curves in-
clude one or more impulsive energy releases. Figure 4
indicates some characteristic points on the hysteresis
curves: the times when the maximum temperatures
and emission measures of the soft X-ray source are
achieved. In addition, the “break” of the hysteresis
curve, when the flares enter a quiescent decay phase,
is indicated for flares 1 and 5, as well as some typical
times for the development of the post-eruptive arcade.

In contrast to the powerful prolonged flares studied
in [8], the diagrams presented here were constructed
for two-ribbon phenomena with total durations of one
to three hours, including the time for the existence of
the systems of gigant loops (the period t3). All these
flares, with the possible exception of the weak flares
6 and 4, appreciably occupied chromospheric layers,
and the hysteresis extends to high T and EM (we
discussed the form of the hysteresis in connection
with Fig. 6 in [8]). In all these flares, the impulsive
phase with its hard X-ray radiation [9] lasts several
minutes. The maximum emission measure is reached
near the maximum hard X-ray radiation recorded in
the Yohkoh HXT M2 channel, and this time inter-
val indicates the transition from the impulsive to the
post-eruptive phase. In [8], this point was in the in-
terval t2 in the T–EM diagram, with t2 for the most
powerful flares occurring after themaximum emission
measure.

One peculiarity of the flares of November 2000 is
the virtual absence of gigant arches. The diagrams
in Fig. 4 indicate this via the sharp decrease in tem-
perature observed after some time in the first three
flares, accompanied by a constant emission measure.
This effect is not so pronounced for the remaining
flares, and the emission measure increases slightly
toward the end of the flare. The short total duration
of these events is associated with the same effect. It is
clear that this is consistent with Fig. 2 and the weak
sigmoid features of the flares considered.

3. NEW RELATIONSHIP
FOR THE BEHAVIOR OF THE FLARE

SOURCE OF SOFT X-RAYS

The development of flare loops corresponds to an
approximately linear relation between the T and EM
logarithms in the decay phase in the T–EM diagram.
The Table presents the number of each flare, date,
X-ray class, maximum temperature of the soft X-ray
source, initial and final times limiting the approxi-
mated points for the lower hysteresis branch, and the
tangent of the angle α between the approximating
line and the horizontal axis. Note that, for the ana-
lyzed series of comparatively short two-ribbon flares
occurring in 2000, the initial time is virtually always
ASTRONOMY REPORTS Vol. 48 No. 12 2004
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Fig. 3. Temperature of flares 4 and 2 as a function of time. Individual sections are approximated by straight line segments,
y = log T (temperature in MK, time in hours).
very close to the EM maximum (except for flares 1
and 5). A comparison of Fig. 4 with the data in the
Table supports this.

Figure 5 shows the portions of the T–EM dia-
grams selected for the time intervals indicated in the
Table and the corresponding intervals for the approx-
imating lines. The flares are ordered in accordance
with the maximum temperature of their soft X-ray
ASTRONOMY REPORTS Vol. 48 No. 12 2004
sources. We can see a certain relationship between
the slope of the approximating line and the maximum
temperature in Fig. 5. Its main feature is that the
slopes tan α = d log T/d(1/2 log EM) of the approx-
imating lines for weak and strong flares in a single
series of homological flares are appreciably different.
For the strong flares 3, 5, and 7, there are intervals
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where the temperature decreases very slowly, so that
the point in the diagrammoves virtually parallel to the
horizontal axis. Before any theoretical discussion, let
us note that this corresponds to the quasi-stationary
loops in the Jakimiec model [2, 3].

Analysis of the series of homological flares shows
that the transition from large to small angles α (from
weak to strong events) is gradual. Unfortunately, we
do not have enough such series to statistically verify
this conclusion. Nevertheless, this result may indi-
cate that tan α determines the main features of the
behavior of the loop and the confined plasma. The re-
lation between T and EM in the decay phase is deter-
mined by numerous parameters. Gradual changes in
tan α for the series of homological flares may indicate
the dominant role of a single factor determining the
macroscopic behavior of the post-eruptive loops.

The powerful flare 2 of this series displayed strong
nonthermal processes and the generation of neutrons
[12]. This could affect the subsequent behavior of the
loops. Similar effects were more clearly manifest in
the powerful flares of October–November 2003 con-
sidered below.

The low flare activity of nearly the entire 23rd
solar-activity cycle was followed by high activity as-
sociated with the rise of group NOAA 10486 at the
end of October 2003. This group gave rise to se-
ries of powerful events during successive solar ro-
tations, with flares not being confined to this group
even during the first rotation; namely, a flare in group
NOAA 10486 induced an instability and extension of
the process into group NOAA 10484.

We analyzed six flares occurring in October–
November 2003 in the same way as the events of
ASTRONOMY REPORTS Vol. 48 No. 12 2004
November 2000 described above. These include a
flare near the eastern limb (October 23), two very
powerful flares with some flux saturation in the hard
GOES-10 channel (October 28 and November 4),
X 10 and X 8.3 flares (October 29 and November 2,
respectively), and, finally, a weak M 7.6 flare. The
list indicates that this series contains more power-
ful events than those analyzed above. Though we
tried to select homological flares solely in group
NOAA 10486, the influence of the adjacent group
and of the large-scale field probably affected these
phenomena. For these reasons, we eliminated the
two strong compact flares of October 23 (20 UT)
and October 26 (7 UT) from our consideration (see
also [14]).

The powerful homological flares of October–
November 2003 were prolonged, and their rise phases
each included several impulsive episodes. For ex-
ample, the hard X-ray and microwave radiation of
the October 23 flare contained two group of spikes,
near 8:30 and 8:45 UT; in other words, the linear
relation between log T and logEM in the decay phase
begins when the impulsive energy release has already
finished.

Figure 6 presents the diagrams for this series
of flares. The maximum emission measures of the
soft X-ray sources are higher than those in Fig. 4.
The temperatures in Figs. 4 and 6, determined from
the ratio of the signals in the two GOES channels,
do not differ much. However, due to the very soft
X-ray energies used, the real differences between the
plasma temperatures in the loops for weak and strong
flares are likely to be underestimated. If we adopt the
Yohkoh HXT data on the thermal emission of flares
occurring before February 2001, the temperatures of
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Parameters of the flares and their analysis

Flare number Date Class log Tmax (МК)
Approximation interval

tanα
beginning (UT) end (UT)

1 24.11.00 X2.0 1.39 5:07 5:18 0.606

2 24.11.00 X2.3 1.36 15:16 15:43 0.652

3 24.11.00 X1.8 1.43 22:02 22:43 0.468

4 25.11.00 M3.5 1.22 9:21 10:17 0.923

5 25.11.00 X1.9 1.45 18:54 19:19 0.176

6 26.11.00 M2.2 1.22 3:16 3:35 1.274

7 26.11.00 X4.0 1.47 16:50 17:41 0.241

8 23.10.03 X5.4 1.43 8:42 9:47 0.635

9 24.10.03 M7.6 1.27 3:01 4:20 0.720

10 28.10.03 X > 17 1.6 11:16 13:13 0.404

11 29.10.03 X10 1.43 20:56 21:49 0.477

12 2.11.03 X8.3 1.42 17:30 18:23 0.594

13 4.11.03 X > 17 1.55 19:59 23:59 0.569
powerful events increase by approximately a factor
of 1.5. The maximum temperatures (and EM) of the
most powerful flares of 2003 cannot be determined
using the GOES-10 data due to flux saturation. We
have estimated the maximum temperatures for the
two most powerful flares both by extrapolating the
GOES-10 data and by using the fluxes of thermal
emission in harder channels. Note also that there
were gigant loops associated with the 2003 flares.
Figure 6 shows only part of the decay phase, and weak
X-ray radiation continued long after the end time in
Fig. 6 (in other words, t3 was tens of hours).

The form of the hysteresis curves in Fig. 6 is
usual for powerful flares, except for the weaker flare
of October 24. Two sets of gigant loops rather than
one frequently occur in the decay phase of these
flares, affecting the lower part of the hysteresis curve.
However, they do not strongly affect the approxi-
mating lines. The Table presents the beginnings and
ends of the time intervals for the six 2003 flares, and
each straight line approximates all points of the lower
branch of the hysteresis curve for the corresponding
interval.

We could, in principle, construct a diagram such
as Fig. 5 for this series of flares. This would similarly
show some gradual changes in tan α from weak to
strong events. We can see this by considering Fig. 6
together with the Table.

Figure 7 presents tan α as a function of the max-
imum temperature of the source of soft X-rays for
two series of flares. Figure 7a shows a line based on
data for seven flares occurring in November 2000.
Analyzing the series of homological flares, we obtain a
result that could not be predicted a priori: the behav-
ior of post-eruptive loops depends on the maximum
temperature reached in one or more impulsive energy
releases.

It is important to verify that this new relationship
is not valid only for the selected series of typical two-
ribbon flares. Our analysis shows that it is probably
manifested in other series of homological flares as
well, especially those occurring within a single ac-
tivity center. We can consider the series of flares oc-
curring in October–November 2003 to be an extreme
case, with the corresponding relationship shown in
Fig. 7b. Despite the fact that we have only rough
estimates for the maximum temperatures of the most
powerful flares, the general weak dependence can be
discerned.

We analyzed some other series of homological
flares in a similar way. Let us summarize the results
obtained. First, the hysteresis diagrams obtained for
a series of very short flares on July 17–18, 2002 are
typical for flares occupying chromospheric layers. The
Hα observations of A.N. Shakhovskaya obtained at
the Crimean Astrophysical Observatory show that
the ejection during the X flare of July 18 (at about
8h UT) seems to shorten the lifetimes of the flare
loops. This effect is likely responsible for the short
durations of both this flare and other events in this
series. These flares display similar maximum temper-
atures, but different lower branches of their hysteresis
ASTRONOMY REPORTS Vol. 48 No. 12 2004
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lower diagrams) are discontinuous at high temperatures due to saturation of the X-ray fluxes. The UT times are indicated.
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imum temperature (in MK) for (a) the flares of November
2000 and (b) the flares of October–November 2003. The
line in the upper plot uses data for seven flares occurring
in 2000; the asterisk indicates the flare of July 18, 2002.

curves. Therefore, the corresponding inclination an-
gle in Fig. 7 becomes large. The asterisk in Fig. 7a
shows one point corresponding to the distinct two-
ribbon flare occurring on July 18 at about 8h UT. The
position of this point displays a typical tan α value for
fairly powerful two-ribbon flares.

We analyzed ordinary powerful flares with appre-
ciable post-eruptive phases occurring at the end of
April and beginning of May 1998, and these likewise
demonstrate a relationship similar to that in Fig. 7.
The slope here is intermediate between those shown
in Figs. 7a and 7b. We note, however, that some
sigmoid flares (such as that of April 29, 1998 [15]) fall
away from the general relationship, and display low
tan α values for comparatively lowmaximum temper-
atures.

The gigant post-eruptive loops of sigmoid flares
frequently occur far from the first impulsive flare
centers, and the relationship between impulsive and
post-eruptive processes becomes disrupted. How-
ever, in most cases, the maximum temperature is
reached precisely at the end of the impulsive energy
release, when sufficient material is evaporated from
chromospheric layers into the flare loops. The sub-
sequent behavior of the flare depends largely on the
processes occurring in the impulsive phase. These
ideas provide a basis for interpreting the relationship
we have found between the slope of the hysteresis
curve in the decay phase and the maximum flare
temperature.

4. PHYSICS OF THE RELATIONSHIP

The physical evolution of the plasma contained
in gigant loops depends on numerous parameters.
In this section, we address the question of whether
there is some dominant process responsible for the
relationship between tan α and the maximum tem-
perature.

It would be most natural to use numerical sim-
ulations for this purpose. Such an attempt was un-
dertaken in [3], although, in our opinion, without
any subsequent progress. A comparison of dozens
of studies of the plasma dynamics in loops (see the
review [4] on computations of stellar flares) withmod-
eling of processes in a tube containing a constant
mass of plasma [7] only demonstrate that prolonged
radiation of soft X-rays requires prolonged heating,
and the loop size corresponds to the heating applied.

Numerical computations have clarified the role of
thermal conductivity as a dissipative process. In the
nonstationary regime, thermal conductivity tends to
equalize the plasma temperatures along the loop, but
the downward energy flow due to thermal conduc-
tivity decreases after the maximum temperature (and
maximum loop length) is reached, especially in com-
parison with radiative losses. Thermal conductivity
supports the transport of energy and its efficient ra-
diation at the loop bases. Therefore, we can disregard
this dissipative process in the total energy balance of
the loop as a whole (or of a set of loops) in a first
approximation.

Let us try to understand what determines tan α for
a given flare. For this purpose, consider the energy
balance in the flare loop using the results of [16].
A change in the energy of a unit mass of quasi-
stationary plasma takes the form [17]

dε

dt
=

η

ρ
− 1

ρ
n2L(T ) − p

d(1/ρ)
dt

, (1)

where ε is the thermal energy per gram of material
(erg/g), ρ = Mn is the density (g/cm3), M ≈ 2 ×
ASTRONOMY REPORTS Vol. 48 No. 12 2004
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10−24 g is the mean nuclear mass for the cosmic
abundance of the elements given, p is the pres-
sure, and η is the heating rate per unit volume
(erg cm−3 s−1). Note that the last term is the work
of the gas under arbitrary changes in the physi-
cal conditions within a closed volume. The quasi-
stationary regime allows volume changes but not any
macroscopic plasma motions or siphon flows from
one loop base to another.

The energy balance equation (1) is applied here to
an optically thin plasma, and we can further simplify
by neglecting the thermal conductivity. For a com-
pletely ionized plasma, ε = 3nkT/ρ = 3kT/M and
p = 2nkT . Consequently, (1) takes the form

3k
dT

dt
=

η

n
− nL(T ) + 2kT

d ln n

dt
. (2)

Note that, when the source expands (the density de-
creases), the last term and the radiative-loss term
are both negative. When the last term describing
the energy changes associated with volume changes
dominates in (2), the limiting solution can be found
easily:

(T/T0)
3/2 = n/n0. (3)

The solution (3) results from the monatomic gas
behavior of the plasma, where the ratio of specific
heats γ is 5/3. We assume here the absence of heat-
ing, dissipative terms, and special boundary condi-
tions. Nevertheless, this limiting solution is always
realized when the expansion of the emitting volume
is significant and the term describing the expansion
exceeds the term responsible for the radiative losses.
In this case, with weak or no heating, the plasma
can cool very rapidly; that is, faster than via radiation
losses alone. Thus, we observe a rapid decay of soft
X-rays at CME.

When both heating and expansion are absent, (2)
describes radiative cooling on a characteristic time
trad = 3kT/nL(T ). If we neglect the last term in (2)
for a given lifetime of the source, multiply byMn, and
integrate over the plasma volume, we obtain

3kN
dT

dt
=

∫

ηdV − L(T )
∫

n2dV. (4)

Here we assume that, at a given time, each volume
element dV has the same temperature T and a total
number of particles N =

∫
ndV .

Equation (4) shows that the changes in temper-
ature are due to the difference between the heating
and cooling in the emitting region. In order to delay a
decrease in temperature, i.e., to increase the cooling
time compared to trad, additional heating through-
out the emitting region must compensate a consid-
erable fraction of the radiative losses. We can ex-
plain this as follows. Let us introduce a quantity u =
ASTRONOMY REPORTS Vol. 48 No. 12 2004
η/(n2L(T ))—the ratio of the additional heating to the
radiative losses—and assume that u is independent of
spatial position within the emitting volume. Equation
(4) then reduces to

3kN
dT

dt
= −(1 − u)L(T )EM(T ). (5)

If the density in the source is constant, this equation
takes the form

d ln T

dt
= −1 − u

trad
. (6)

In this simple case, the heating increases the charac-
teristic radiation time by a factor of 1 − u.

Let us then assume that the emission measure
varies exponentially:

d lnEM
dt

= − 1
tem

, (7)

where tem is the characteristic time for an exponential
decrease of the emission measure.

In this case, (6) and (7) yield a formula for tan α:

d log T

0.5d logEM
=

2(1 − u)tem
trad

. (8)

Spectral observations enable us to determine the
temperature and density in the post-eruptive loops.
As a rule, the plasma temperature is higher for more
powerful events, but the evaporation of material in-
creases the density significantly. Therefore, the final
trad does not differ much for different prolonged so-
lar events, although it decreases somewhat with the
overall power of the event. The behavior of tem is
mainly determined by the rate of expansion of the
loop. Numerous TRACE films demonstrate a remark-
able persistence of gigant arches over long time pe-
riods. This indicates a small range of tem variations
from case to case. For periods at the beginning of the
decay phase of the November 2000 flares indicated
in the Table, we find tem varies from three to one
hour from weak to powerful flares. Therefore, the ratio
tem/trad remains virtually constant for flares of this
series. Thus, (8) indicates that the slope of the lower
branch of the hysteresis curve is mainly determined by
u: the relative heating of plasma in the upper portions
of the loops.

This suggests the following scenario. A pulse of a
certain power opens the coronal loops and, according
to the Kopp–Pneuman model, results in energy re-
lease in the vertical current sheet that is formed. The
total energy of the process is related to the power of
this pulse, which, in turn, is related to the maximum
temperature in the soft X-ray source at the end of
the impulsive phase. In strong events with apprecia-
ble Tmax values, this current sheet is large and well
defined, and u approaches unity. For weak changes
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in the characteristic time, tan α becomes small, in
accordance with (8). On the other hand, a weak pulse
will usually give rise to a weak ejection, and recon-
nection in the vertical current sheet becomes ineffi-
cient. The increase in tan α for this case is apparently
related directly to the small value of u. It is most
likely that this simple reasoning is applicable to a
series of flares with various powers but of similar types
occurring within a single magnetic configuration.

In this scenario, the difference between the slopes
of the lines in Figs. 7a and 7b could be associated
with different u approaching unity, which should be
accompanied by a weakening of the dependence of
tan α on Tmax for the powerful flares of October–
November 2003.

5. DISCUSSION AND CONCLUSIONS

The T–EM diagram technique proposed by
Jakimiec et al. [1] proves to be successful since these
diagrams do indeed describe the thermodynamics of
the plasma contained in the post-eruptive flare loops.
A new element in our work is that we apply this
method not to arbitrary events, but to similar events
occurring in a single active region; in other words,
to homological flares. This enables us to eliminate
some factors that affect changes in log T and logEM
similarly in the decay phase (in particular, those as-
sociated with the magnetic field configuration). This
results in a new relationship, in which the changes
depend on the maximum temperature in the soft
X-ray source. Figure 7 shows that this dependence
differs somewhat, at least for the compact flares of
the end of November 2000 and the powerful events of
October–November 2003. Adding several more flare
series to these data (the very short event of July 2002,
the sigmoid events and typical large flares of the end
of April and beginning ofMay 1998) indicates that the
approximately linear relation between tan α and Tmax
remains valid for these series as well, but the slope
gradually changes from the shortest to powerful,
prolonged events.

Despite the large number of works on the Jakimiec
model applied to solar and stellar flares, no relations
between post-eruptive phenomena and high-energy
processes in the initial impulsive stages of flares have
been considered earlier. There is certainly a correla-
tion between the maximum fluxes of hard and soft
X-rays in a single event. Just this implies a possible
relation between the corresponding stages of the flare.
Our study provides evidence that the post-eruptive
loops depend on the energy of impulsive episodes
occurring throughout the event. Some general sce-
narios for powerful solar flares have been proposed
recently. These include several energy releases at var-
ious points of the center of activity and subsequent
radiation by the gigant loops. The ejection of material
in the form of either a low-temperature surge or a
CME is a connecting link between these phases of
the flare. Although the real timing of the CME (be-
fore, during, or after the flare) remains unknown, the
Kopp–Pneuman model seems to be quite applicable.
Under favorable conditions, a halo CME succeed-
ing a rather powerful pulse could open the magnetic
configuration in an extended region above the neutral
line of the large-scale field. Subsequent reconnection
in the vertical current sheet supports the prolonged
heating and, consequently, the existence of gigant
flare arches. In contrast, under unfavorable condi-
tions, ejection can disrupt the processes supporting
the coronal loops in two-ribbon flares, causing the
gradual phase to become very short.

Note that the impulsive and post-eruptive phases
become connected due to the large amount of plasma
evaporated into the coronal portions of the flare loops.
In the case of high energies, both the total amount of
material and its temperature increase synchronously.
In addition, the conditions for post-eruptive heat-
ing become more favorable. However, this relation
may manifest itself differently at centers with different
magnetic configurations. In certain cases, the ejec-
tions result in prolonged events, and in others, in
series of very short flares. This makes the peculiar-
ities of dimmings occurring during flares of various
types of special interest. There can be both channelled
dimmings (along the neutral line) and dimmings lo-
calized inside the activity center. These features have
been brought into consideration in some the works of
Chertok and Grechnev [11, 14], in particular, for the
flares of November 2000 and of October–November
2003.

Some previous studies, such as the numerical
simulations of Reale [4] and his colleagues, have
indicated that the quasi-stationary regime is asso-
ciated with plasma cooling due to radiative losses.
This conclusion is supported by both the numerical
simulations of [7] and our own analysis. The simple
interpretation of our effect presented above shows
that there is another important reason for the relation
between T and EM in the flare decay, which is more
important for the temporal behavior of the emission
measure and is related to the loop geometry, which is
first determined by the magnetic field. The net force of
the pressure gradient, gravitation, and magnetic field
frequently results in the loops maintaining a constant
height for a long time, although the loops sometimes
rise continuously, escaping into interplanetary space,
or, on the contrary, become compressed. This second
“geometric” reason helps us to understand the origin
of the relationships observed for the lower branch of
the hysteresis diagram.
ASTRONOMY REPORTS Vol. 48 No. 12 2004
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If our proposed interpretation is correct, the power
of the impulse exerts an indirect effect on the total
duration of the X-ray flare, although this is mainly
determined by the post-eruptive phase. The formation
of post-eruptive arcades is sensitive to the specific
properties of both the magnetic configuration and the
impulse. Therefore, flares with similar energies can
have significantly different durations.We can find very
short X-ray flares, with durations of less than 10–
20 min, when the ejection either destroys high flare
loops or, in most cases, disrupts the processes nec-
essary for the realization of two-ribbon flares. Typical
compact (or two-ribbon) flares with durations of one
to two hours occur within a single active region and
support heating of the upper portions of the loops.
Finally, flares displaying well defined post-eruptive
phenomena involve the formation of gigant arches
above large regions of the neutral line of the large-
scale magnetic field. In this case, the reconnection
of magnetic lines of force in the vertical magnetic
field is most characteristic, and continues at higher
and higher altitudes over many hours. As a rule, the
height of the post-eruptive arches remains limited,
even for rather powerful and long-duration flares; the
escape of the loops into interplanetary space is rather
rare. The relationship between the impulsive and pro-
longed phases of a flare that we have found, as well
as the dependence of the duration on the properties
of the magnetic configuration and ejection, should be
taken into account in analyses of some space weather
phenomena.

Examining the plasma thermodynamics in the
flare loops, we must take into account the fact that
the temperature used here is related to the sources
of soft X-rays. This limits the temperature to the
range relevant for the observed radiation. Moreover,
we use here the approximation of a single temperature
for simplicity. For the most powerful phenomena, for
which the high-temperature contribution is signif-
icant, our approach underestimates the calculated
quantities compared to the real plasma temperatures
averaged over the source.
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Abstract—A catalog of λ = 1.35 cm water-vapor maser spectra in Sgr B2 obtained in 1992–2003 is
presented; this supplements our results for earlier observations in 1982–1992. Sgr B2 was monitored using
the 22 m radio telescope of the Pushchino Radio Astronomy Observatory. The whole monitoring dataset
for 1982–2003 has been analyzed. The emission received is a superposition of radiation from various parts
of the entire Sgr B2 region, but the main contribution is made by two sources: Sgr B2(M) and Sgr B2(N).
The monitoring did not reveal any long-term component of the integrated maser flux variations with a
period shorter than 20 years. The flare component of the flux variability and a short-period component with
amean period of two years have been found. The latter are correlated with variations of the velocity centroid,
supporting the reality of the short-period variations. It is likely that all the various types of variations are
inherent to both Sgr B2(M) and Sgr B2(N), and represent a superposition of the variations occurring in
each of these sources. There is an alternation of maxima of the emission from Sgr B2(M) and Sgr B2(N).
c© 2004 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

The source Sagittarius B2 forms a composite re-
gion near the center of the Galaxy. All phenomena
characteristic of active star-forming regions are ob-
served there: very dense molecular material [1], com-
plex molecules, ultracompact HII regions [2], hot
cores [3], and H2O, OH, H2CO, CH3OH, and SiO
maser emission. There are two large centers of star
formation (molecular-cloud cores): Sgr B2(M) and
Sgr B2(N). Massive outflows are associated with
these regions, which have been observed in lines of
the NH3 [4, 5], HC3N [6], C18O [7], and CS [8]
molecules.

The H2O maser emission in Sgr B2 comes
from four separate areas. Three are associated with
Sgr B2(N), Sgr B2(M), and Sgr B2(S), while the
fourth is between Sgr B2(N) and Sgr B2(M). Ac-
cording to Kobayashi et al. [9], these regions contain
at least 39 maser spots. The strongest emission
comes from two groups of maser spots: N and M.
Lekht et al. [10] showed that, in 1984–1986, the
emission from group N was more intense at radial
velocities of 40–80 km/s. The source N is associated
with a rotating accretion disk of molecular gas [11] in
which three ultracompact HII regions are embedded
[2]. The bipolar molecular outflow is aligned with the
1063-7729/04/4812-0965$26.00 c©
disk rotation axis [4]. This outflow could be a source of
maser excitation. A bipolar outflow was also observed
in some molecular lines emitted in the main source
Sgr B2(M), and SiO line emission is observed only in
this source and not in Sgr B2(N) [12]. This suggests
that a detectable amount of SiO has not yet formed in
region N, indicating that this region is younger than
region M [12].

We present here an analysis of our entire set of
monitoring data for the H2O maser source in Sgr B2
carried out in 1982–2003.

2. OBSERVATIONS AND DATA ANALYSIS
We have monitored the H2O maser source in

Sgr B2 (α1950 = 17h44m10s, δ1950 = −28◦22′00′′)
using the 22-m radio telescope of the Pushchino
Radio Astronomy Observatory from 1982 until the
present. The results of our first decade of observations
(1982–1992) were published in [10]. We present here
our analysis for the entire interval of our monitoring
of Sgr B2.

We used a cooled FET 22-GHz amplifier for the
1992–2003 observations. Symmetrical beam switch-
ing was applied to lessen the effect of atmospheric
radiation. The system noise temperature at low ele-
vations was 150–250 K. The antenna beamwidth at
2004 MAIK “Nauka/Interperiodica”
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Fig. 1. Spectra of the H2O maser emission of Sgr B2 obtained in 1992–2003. The vertical arrows show the scale in Jy; the
horizontal axis plots the LSR velocity in km/s.
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Fig. 3. Same as Fig. 2 for the velocity centroid (see text).
1.35 cm is 2.6′. For a pointlike source of unpolarized
emission, an antenna temperature of 1 K corresponds
to a flux density of 25 Jy. The signal analysis was
performed using a 96-channel (128-channel since
1997) filter-bank spectrum analyzer with a resolution
of 7.5 kHz (0.101 km/s at 1.35-cm).

Figure 1 shows the H2O spectra of Sgr B2 cor-
rected for absorption in the Earth’s atmosphere. The
ASTRONOMY REPORTS Vol. 48 No. 12 2004
horizontal axis plots the radial velocity with respect to
the Local Standard of Rest and the vertical axis the
flux density in Jy. In view of the large range covered
by the signal, the figures are given on different scales.
The vertical arrows show the scale intervals in Jy, and
the horizontal lines trace the zero levels of the spectra.

We have obtained most of the H2O spectra at
velocities of ≈40–80 km/s. Since the beginning of
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with velocity-centroid extrema are observed.
2002, the studied range was extended toward lower
velocities, to 20–25 km/s. We have observed a num-
ber of flares of individual components at velocities of
20–40 km/s. The activity of the maser spots respon-
sible for this emission decreased in 2003. According
to the VLBI observations of Kobayashi et al. [9],
the emission at VLSR < 40 km/s comes primarily not
from source N, but from other groups of maser spots.
For this reason, we calculated the integrated flux and
velocity centroid for velocities of≈40–80 km/s.

Figure 2a shows the variations of the integrated
H2O maser emission for the entire monitoring inter-
val at velocities of ≈40–80 km/s. The dashed curve
is a fitted smooth curve describing the slow flux vari-
ations (the “base curve”). The curve obtained af-
ter subtracting the base curve is shown in Fig. 2b.
Strong, short-lived flares of emission are observed.
However, we were able to fit a component exhibiting
quasiperiodic changes in the integrated flux with a
mean separation between consecutive maxima (pe-
riod) of two years. The maximum period is 2.45 years,
and the minimum period 1.6 years. Each cycle of
activity includes several (from one to three) bursts.
The insert in Fig. 2b presents the time variations
of the period (the horizontal axis shows the running
number of the “wave” corresponding to the quasiperi-
odic variations). The dashed curve is a fitted fourth-
power polynomial. It is obvious that the variability of
the periods is not random and displays a more or less
regular character.

Figure 3a presents the variations of the velocity
centroid, also for the entire monitoring interval. The
dashed curve is a fitted second-power polynomial.
The result of subtracting this polynomial from the
velocity centroid curve is given in Fig. 3b. The thick
curve is a fitted composite curve reflecting the fast
variations of the centroid. As noted earlier in [10],
we found no correlation between the long-term varia-
tions of the integrated flux and the velocity centroid
in the monitoring data for 1982–1992. The entire
monitoring data set (1982–2003) shows that the base
curve of the integrated flux and the slow variations of
the centroid have similar characters, displaying slow
changes with a time scale considerably longer than
our monitoring interval, i.e., >22 years.

To search for correlations between the fast flux
variations with a mean period of two years and the
velocity centroid, we normalized the flux and cen-
troid variations. The variability of these parameters
ASTRONOMY REPORTS Vol. 48 No. 12 2004
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of the H2O maser emission after this normalization
is shown in the top panel of Fig. 4. The vertical
segments at the bottom of the figure show (from top
to bottom): (1) the position of the flux maxima (solid)
and minima (dotted), (2) the same for the velocity
centroid, (3) a superposition of the flux maxima and
centroid extrema (maxima and minima), and (4) the
same for the flux minima. The arrows mark flux max-
ima and minima for which good correlations with
extrema of the velocity centroid are observed. The
differences in their positions do not exceed 0.2 periods
of the short-period variations.

3. DISCUSSION

The second stage of the monitoring shows strong
variability of the spectra, which always contain a large
number of components (more than 30). The emission
of the components virtually always overlaps at veloci-
ties of 45–75 km/s, forming a jagged total spectrum.
However, emission features with high fluxes appeared
quite frequently, whose fluxes, radial velocities, and
linewidths we could estimate. Studies of the variabil-
ity of the integrated flux and velocity centroid are of
interest for such composite spectra.

Our results can be understood as a consequence
of the fact that there are two main clusters of maser
spots in Sgr B2: N and M, separated by only 45′′.
With the beamwidth of the 22 m antenna (2.6′),
we receive emission from N and M essentially as a
single source. As we showed earlier [10], the very
strong flare of 1986–1988 was probably associated
with Sgr B2(N). This conclusion was based on the
VLBI observations of Kobayashi et al. [9] in Decem-
ber 1985.

Another difficulty is that there were no interfero-
metric observations of Sgr B2 in 1992–2003. In ad-
dition, our 1982–1992 observations revealed a strong
radial-velocity drift for some emission features. This
complicates an unambiguous identification of spec-
tral components with the N and M sources based
purely on the 1985 VLBI observations.

3.1. Main Results of the Monitoring

In spite of the difficulties noted above, we were
able to derive some results on the variability of the
emission as a whole, reflecting the total activity of the
regions of maser emission; i.e., the two main groups
of maser spots.

(1) We detected no slowly varying component of
the integrated flux (at radial velocities of 40–80 km/s)
with a period less than the duration of our monitoring
interval, 22 years. There is only one fairly pronounced
minimum in 1992–1994. If such long-term variability
exists, its characteristic period will be considerably
ASTRONOMY REPORTS Vol. 48 No. 12 2004
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longer than 22 years (dashed curve in Fig. 2a, which is
likely only a section of the complete variability curve).

(2) There are faster variations of the integrated flux
with a mean period of approximately two years (thick
curve in Fig. 2b). In turn, the period varies along the
curve, which is fairly well approximated by a fourth-
power polynomial (see the insert in Fig. 2b).

(3) As a rule, each two-year cycle consists of one
to three short bursts of emission.

(4) The velocity-centroid variations have a com-
posite character; like the integrated flux, these varia-
tions can be represented as a superposition of compo-
nents with different variability time scales (Fig. 3).

(5) The variations of the integrated flux and ve-
locity centroid are correlated (Fig. 4), supporting the
reality of the detected two-year variations. This cor-
relation is associated with both the appearance and
disappearance of the emission of individual strong
features or a group of features.

(6) The mean spectra for 1981–1992 and 1993–
2003 are fairly similar.
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3.2. Structure of the Sources Sgr B2(N)
and Sgr B2(M)

Both of the main sources—M and N—are com-
posite, in terms both of their structure and the most
probable interpretation of the observed maser emis-
sion. The extent of the Sgr B2(N) region is 4′′ × 4′′,
within which there are individual maser spots and
groups of spots [9]. Some of these form an elongated
structure 4′′ × 2′′ in size (0.2 pc× 0.1 pc for a distance
to Sgr B2 of 10 kpc). This configuration is associated
with a bipolar gaseous outflow from the accretion disk
[4], which hosts the three ultracompact HII regions
K1, K2, and K3 [2].

The most intense H2O maser emission in
Sgr B2(M) is associated with a compact group of
maser spots, which are projected against the ultra-
compact HII region F. According to Kobayashi et al.
[9], the maser spots occupy an area 0.04 pc× 0.04 pc
in size (the distance to Sgr B2 adopted in [9] is
8.5 kpc). It is supposed that the HII region F is the
center of activity of the OH, H2CO, and H2Omasers.
Later, Gaume et al. [2] showed that this region
contains four subsources (F1–F4). The diameters of
each are close to 0.01 pc, and their brightness tem-
peratures are no lower than 23 400 K [13], whereas the
standard temperatures of HII regions in the Galaxy
are 6000–9000 K. The radial velocity found from the
H66α hydrogen radio recombination line emitted by
the source F as a whole is≈70 km/s [13].

The strongest emission in the H2O spectrum of
Sgr B2(M) appeared at velocities of 60–70 km/s.
This group of maser spots is located between the
subsources F1–F4 [7]. Another difficulty with the
model is that the Sgr B2(M) region contains a molec-
ular outflow [6, 14], which is also associated with
ultracompact HII regions and maser sources [9]. It
cannot be excluded that the water vapor maser is
not located at the edge of any part of the region
F, but instead in the molecular outflow. Thus, the
most intense H2O sources in Sgr B2(N) and (M)
are probably associated with molecular outflows. The
difference between them consists in the sizes of the
regions hosting the main groups of H2O maser spots
and in the temperatures of the HII regions K and F.

3.3. Identification of Spectral Components

To identify the strongest spectral components with
the sources M and N, we carried out special ob-
servations at several points along the line connect-
ing these sources on October 27, 29, and 30, 2003.
This line is exactly aligned with the declination ax-
is. The spacing between the points was equal to
the projected distance between the sources M and
N, 45′′. For 13 components at radial velocities of
52.6–78.4 km/s, we obtained flux curves for the var-
ious antenna pointings in declination relative to the
main source Sgr B2(M) (Fig. 5). The numbers indi-
cate the strongest emission components. The arrows
on the lower graphs show the positions of the sources
M and N.

The H2O spectra of each of the sources are fairly
complex, and contain emission features overlapping
in velocity. For this reason, the maxima of the curves
usually do not coincide with the directions toward M
or N, but are instead somewhere between them. The
position of the maximum is determined by the ratio
of the emission from the two sources. We estimated
qualitatively the contribution of each of the sources to
the total spectrum. Some intense emission features in
1992–1998 fall in gaps in the spectrum for October
27, 2003. We were able to identify these in the spectra
obtained by Kobayashi et al. [9].

We took the H2O spectra for 1992–2003, which
correspond to the maxima of the bursts, for identi-
fication. We then estimated the contribution of each
of the sources to the integrated flux. The letters M
and N in Fig. 2b denote bursts in which the emission
of the corresponding source dominated. When the
emission of both regions is comparable, both M and
N are indicated (May 2003). We can see that the
emission maxima for these sources alternate; this is
important for our understanding of the integrated-flux
and velocity-centroid variations and, especially, the
component with the two-year period.

On December 4, 2003, we performed observations
similar to Fig. 5 at velocities of 39.9–52.6 km/s.
These observations show that this emission is as-
sociated with the northern source. According to
Kobayashi et al. [9], most of the emission features
belong to the group of maser spots “j,” which is
located to the southwest of Sgr B2(N).

3.4. Variability of the Emission Flux
and Velocity Centroid

As we noted above, using the complete set of
monitoring results (1981–2003), we can distinguish
three variability components in the integrated flux.
The fastest variations—bursts of emission—were
observed throughout the monitoring interval, with
the duration of a burst being approximately two to
six months. The structure of the whole spectrum
changed or was dominated by the emission of one
or two features. The bursts of groups of maser spots
associated with the sources M and N alternated. No
correlation in the periodicity of this alternation was
observed.

We believe the variations with amean period of two
years are real, since they are correlated with variations
of the velocity centroid (Fig. 4). The spectra changed
ASTRONOMY REPORTS Vol. 48 No. 12 2004
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strongly from period to period, resulting in variations
of the velocity centroid. The periods of fast variabil-
ity of the integrated flux are not constant, but these
variations display a more or less regular character
that is fairly well approximated by a fourth-power
polynomial. It is difficult to explain this, since the
observed emission is a superposition of the radiation
from two comparable groups of maser spots.

We can also note a correlation between the flux and
the velocity centroid associated with slow variations
of the emission.

3.5. Mean Spectra

Since there was a minimum of the maser emission
in 1992–1994, we plotted mean H2O spectra for the
time intervals before and after this minimum. The
thick solid curve in Fig. 6 shows the mean spectrum
for 1981–1992. The dashed curve shows segments
of this spectrum from which two components of the
strong flare of 1986–1987 (at 55.4 and 65.7 km/s) are
eliminated. The thin curve represents the spectrum
for 1993–2003.

We note the following facts.
—The H2O spectra are superpositions of the

emission from two more or less comparable sources
(M and N).

—The structure of the spectrum undergoes strong
time variations.

—Spatial displacements of the maser spots in
source N have been detected [14].

—A radial-velocity drift of individual emission fea-
tures has been observed [10].

In spite of the noted variations of the emission,
the two mean spectra are quite similar in both ampli-
tude and structure, which is especially important. The
emission is present throughout the velocity range 45–
73 km/s, but there is a large gap at 60.5 km/s during
1982–1992. Individual peaks present in both spectra
were due to emission that was faint (for the Sgr B2
maser) but continuously present in the spectra for
many years. Some peaks were associated with strong
single or repeated bursts of emission. Flares occurred
during the entire monitoring interval.

The observed drift of the components in space and
in the H2O spectrum could indicate the presence of a
radial-velocity gradient in themasing region. A shock
wave from a stellar wind or molecular outflow prop-
agating in such a medium will consecutively excite
regions with different radial velocities, giving rise to
spatial and spectral drifts of maser spots.

Such structures have been detected, for example,
as chains or filaments. The stellar wind from a central
star or molecular outflow can also result in apprecia-
ble motion of a maser spot with some acceleration.
ASTRONOMY REPORTS Vol. 48 No. 12 2004
 

45 50 55 60 65 70 75
Radial velocity, km/s

1981–1992
1992–2003

Fl
ux

 d
en

si
ty

, J
y

500

400

300

200

100

0

Fig. 6. Mean H2O spectra of Sgr B2 calculated for the
two time intervals 1981–1992 (thick curve) and 1993–
2003 (thin curve).

As the effect of these factors subsides, the spot may
be decelerated in the interstellar medium.

The recurrence of the mean H2O spectra for vari-
ous epochs suggests that the former effect is relevant
for the two main groups of maser spots associated
with Sgr B2(M) and Sgr B2(N), although the possi-
ble influence of the latter effect on the character of the
spectral variability cannot be ruled out. The masing
medium is strongly fragmented, and such fragments
must be fairly stable.

Analysis of the variations of individual emission
features for the entire interval of 1982–2003 could
be important for refining models for the source. The
results of such an analysis will be given in a separate
paper. Approximately two–three times per year, we
also included in our monitoring program observations
at several points similar to those observed on October
29 and 30, 2003. This will enable us to derive spec-
tra separately for Sgr B2(M) and Sgr B2(N), which
is very important for interpreting the integrated flux
variations.

4. CONCLUSION

To conclude, we summarize our results.
(1)We have presented a catalog of H2O spectra for

Sgr B2 obtained in 1992–2003.
(2) The results of our monitoring in 1982–2003

reveal slow changes of the integrated flux, which has a
minimum in 1992–1994, and of the velocity centroid
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(at radial velocities of 40–80 km/s). The 22-year
observation interval proved to be too short to reveal
any periodic character of this long-term variability.

(3) There is an alternation of the emission maxima
for Sgr B2(M) and Sgr B2(N). No periodicities were
found.

(4) We detected short-term variations of the in-
tegrated flux with a mean period of two years, which
correlate with the velocity-centroid variations.

(5) All the detected types of variability are su-
perpositions of variations in the emission from the
two main groups of maser spots associated with
Sgr B2(M) and Sgr B2(N).
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Abstract—Wehave derived the fine structure of the region of the H2Osupermaser flare in the OrionNebula
at epoch 1985.8. This structure includes a chain of compact components that extends to 25 AU and has
a width of 0.4 AU. The velocities of the components vary along the chain. The structure corresponds to
an accretion disk separated into protoplanetary rings, viewed edge-on. The velocities of the components
correspond to Keplerian motion around an object with a mass of M = 0.3 ± 0.2M�. The velocity of the
central object relative to the Local Standard of Rest is VLSR = 4.0 ± 0.7 km/s. The radius of the inner
part of the disk is 9 ± 4 AU, while the radius of the outer disk is 35 ± 6 AU. The rotational velocities of
the inner and outer rings are 5 ± 1 km/s and 2.5 ± 0.5 km/s, respectively. The emission of the structure
is amplified in the ambient medium—an envelope with velocities of 7.6 ± 0.3 km/s. The rate at which the
envelope is accreting onto the central object is 3.6± 0.7 km/s. The gradient of the infall velocity is 1.1 km/s.
c© 2004 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

Galactic gas-dust complexes are unique cosmic
laboratories where a a broad spectrum of physical
conditions are realized. As a result of gravitational
instability, active zones containing protostars are
formed. Star formation is accompanied by power-
ful water maser emission at λ = 1.35 cm, which
corresponds to the 616–523 (fo = 22235.08 MHz)
rotational transition. This emission is a sensitive
tracer of processes accompanying star formation,
and provides opportunities for detailed structural
studies using Very Long Baseline Interferometry
(VLBI).
In the dense molecular cloud Orion KL, H2O

maser sources are concentrated in eight active zones
with sizes reaching 2000 AU [1]. Occasionally,
powerful flares of maser emission occur, whose na-
ture and triggering mechanism are not completely
clear. High activity in the Orion nebula was first
observed in 1979–1987. The flux density of the
maser emission at a velocity of ∼8 km/s reached
9 MJy [2] and was highly (∼60%) linearly polar-
ized [3].
The maser flare was detected in its initial phase

in September 1979 by the Simeiz–Pushchino inter-
ferometer [4]. The flux density of the flare reached
0.5 MJy, with most of the emission determined by
a compact (0.25 AU) core located at the edge of
an elongated (2.5 AU) component. Subsequent ob-
servations involving an increasing number of tele-
scopes showed that the flare region has a more com-
1063-7729/04/4812-0979$26.00 c©
plex multi-component structure [5]. Therefore, ob-
servations are performed with an increasingly large
number of radio telescops. In November 1985, ob-
servations were carried out by a global array, yielding
very high angular resolution [6–8]. Four groups of
components were discovered. Flare emission of F =
2.6 MJy was detected for two of these with V ≈
8 km/s. The processing of radio interferometric data
requires powerful computers, which were not avail-
able in Russia in 1985. The currently available com-
puters are sufficient for this task, and have enabled
us to detect low-brightness structures and establish
their connection with compact components. Below,
we present the results of our study of the fine structure
of the H2O supermaser region in Orion KL at epoch
1985.8.

2. OBSERVATIONS OF THE H2O FLARE
IN Orion KL

Observations were carried out on November 2
and 3, 1985. The emission profile had a Gaussian
shape with a low-velocity “tail.” The maximum
radio flux density reached 2.6 MJy at a velocity of
7.7 km/s, with a linewidth of∆V = 0.6 km/s (Fig. 1).
Seven telescopes of the global array participated in
the observations: Simeiz (22-m), Onsala (20-m),
Effelsberg (100-m), Haystack (37-m), Green Bank
(43-m), Socorro (VLA-14.25-m), and Owens Valley
(40-m). The telescopes formed an array containing
21 baselines. The baseline (u–v) coverage is shown
2004 MAIK “Nauka/Interperiodica”
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Fig. 1. Spectral profile of the H2O supermaser emission
in Orion KL at epoch 1985.8.

in Fig. 2. Themaximum andminimum sizes of the in-
terferometric fringes were ϕmax = 7 mas and ϕmin =
0.3 mas, enabling us to determine both the large-
scale and small-scale structure of the object. The
signals were recorded using the MK-II VLBI system,
with a bandwidth of 500 kHz in the first experiment
and 250 kHz in the second experiment. Hydrogen
frequency standards were used to synchronize the
local-oscillator frequencies. The observations were
correlated at the Max Planck Institute for Radio As-
tronomy in Bonn (Germany) and the National Radio
Astronomy Observatory in Socorro (New Mexico,
USA). The frequency resolution was 5.2 and 2.6 kHz
(or 0.07 and 0.035 km/s). The high signal-to-noise
ratio made it possible to achieve very high angular
resolution. In practice, the measurement errors were
determined by the accuracy of the calibration. The
amplitudes and phases of the correlated signals were
calibrated using the continuum source 3C 84, and the
self-calibration was done relative to the signal in the
channel 51 (V = 7.22 km/s).

3. IMAGING WITH THE VLBI DATA

The response of a radio interferometer to a source
with brightness distribution Tb(x, y) is

R(u, v) ∼
∫∫

Tb(x, y) exp[−j2π(ux + vy)]dxdy,

where x, y are the relative coordinates of the source
on the celestial sphere and u, v is the projected inter-
ferometer baseline in wavelengths.
The measured responses correspond to correlated

fluxes and phases of spatial harmonics of the bright-
ness distribution Tb(x, y); i.e., to its Fourier trans-
form. We restored the image using a version of the
CLEAN algorithm developed byHögbom [9]. This al-
gorithm represents a numerical inversion of the con-
volution of the true source brightness distribution
with the synthesized beam:

Tbc(x, y) = Tb(x, y)∗∗D(x, y).
Here, Tb(x, y) is the source brightness distribution
and Tbc(x, y) the computed brightness distribution
obtained by taking the inverse Fourier transform of
the interferometer responses R(u, v) for each point of
the map xi, yi:

Tbc(xi, yi) =
∫∫

R(u, v) exp[j2π(uxi + vyi)]dudv.

The synthesized beam is

D(xi, yi) =
∫∫

exp[j2π(ux + vy)]dudv.

The radio-brightness distribution is represented by
a set of point sources. Their responses are replaced
later by the response of a “clean” beam, which has no
sidelobes.
Thus, the processing can be reduced to the follow-

ing steps.
(1) The map Tbc(x, y) is computed by taking the

inverse Fourier transforms of the response R(u, v)
and the synthesized beam D(x, y) (the response to a
point source).
(2) The peak intensity in the map is found and the

response to a point source is subtracted from that
position. The maximum amplitude of the subtracted
response is equal to the product of a coefficient γ (the
loop gain) and the corresponding amplitude of that
point in the map, A = γTbc(xpeak, ypeak). The result-
ing values of A(xpeak, ypeak) are stored as δ functions,
and are used further to construct the clean map.
(3) This procedure is repeated until all significant

elements of the source structure are removed from the
map.
(4) The set of δ functions making up the model is

convolved with the clean beam; i.e., each δ function
is replaced by the clean-beam function with the ap-
propriate amplitude. AGaussian whosewidth is equal
to the initial width of the synthesized (dirty) beam is
usually adopted as the clean beam.
(5) The cleaning yields an intensity distribution

made up of a set of δ functions whose amplitudes and
positions correspond to the subtracted components.
Subtracting a δ function is equivalent to subtracting
a complex harmonic with maximum amplitude R(δ).
The model response, R(mod), approaches the mea-
sured response, R(u, v), as the number of compo-
nents increases.
We separated the region under study into pixels

with step 0.1 mas in x and 0.2 mas in y. We used
a Gaussian with a full width at half-maximum of
0.5 mas as the “clean” beam. In this way, we ob-
tained maps of the supermaser-emission brightness
distribution in all channels with a velocity resolution
of 0.07 km/s. As an example, we present in Fig. 3
the measured and model interferometer responses for
ASTRONOMY REPORTS Vol. 48 No. 12 2004
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Fig. 2. Coverage of the u–v plane for the global VLBI observations of Orion KL at 1.35 cm. The antennas involved were
(1) Effelsberg, (2) Onsala, (3) Simeiz, (4) Green Bank, (5) Haystack, (6) VLA-14, and (7) Owens Valley Radio Observatory.
channel 57 (V = 6.8 km/s). The difference between
the model curves and observational data does not
exceed 10% in amplitude and 6◦ in phase. The high
relative accuracy of measurements allowed us to dis-
tinguish components in the channels down to the 1%
level over a wide range of brightness temperatures
from 1011 to 1015 K.

4. STRUCTURE OF THE FLARE REGION

The supermaser emission is determined by a
structure that consists of a chain of components
with velocities that smoothly change with the relative
positions of the components. Figure 4 presents radio
maps of the supermaser emission at velocities of
5.79 to 9.15 km/s, averaged over pairs of channels.
The velocity resolution is 0.14 km/s and the an-
gular resolution 0.5 mas. With increasing velocity,
the eastern emission (positive x) becomes more
prominent. We combined all the maps in order to
obtain a more complete representation of the struc-
ture (Fig. 5a). Figure 5a shows that the structure
consists of an elongated bent chain of components
with a length of 50 mas (∼25 AU) and a half-power
thickness of about 0.4 AU. The angular resolution is
0.5 mas. Two bright components separated by 5 mas,
marked in the upper part of Fig. 5, can be distin-
guished in the structure. Their intensities are I1 ≈
350 kJy/beam or Tb1 ≈ 4 × 1015 K (V1 = 7.5 km/s)
and I2 ≈ 260 kJy/beam or Tb2 ≈ 3 × 1015 K (V2 =
7.8 km/s). The brightnesses of the remaining compo-
nents do not exceed I ≈ 1 kJy/beam or Tb ≈ 1013 K.
This significant brightness excess at a velocity of
∼7.7 km/s is typical for the entire period of activity,
and can be explained by amplification of the emission
ASTRONOMY REPORTS Vol. 48 No. 12 2004
to the supermaser level in the ambient medium—
an envelope with a radial velocity of V ≈ 7.6 km/s.
Evidence for this is also provided by the preservation
of the velocity of the supermaser emission during the
second period of activity in 1998–1999 [10].
We analyzed the fine structure of the components

using the data obtained from the intercontinen-
tal baselines, in particular, Effelsberg–Haystack,
Effelsberg–Green Bank, and Effelsberg–Owens Val-
ley. We distinguish compact nuclei ≤0.1 mas in size
at the centers of the brightest components (Fig. 5).
The flux density of the two nuclei are 2600 and 750
in relative units or 12 and 3.4 kJy, see Fig. 6. Their
brightness temperatures correspond to Tb ≈ 1016 K.
The emission linewidths are ∼0.6 and ∼0.5 km/s.
Similar nuclei are present in low- and high-velocity
components located ∼±25mas from the center, with
fluxes of ∼2 kJy and brightness temperatures of
Tb ∼ 1015 K.

5. AMPLIFICATION IN THE ENVELOPE
Amplification in the envelope changes the bright-

ness of components and influences their effective po-
sitions and velocities. In the unsaturated amplifica-
tion regime, the visible brightness temperature of the
source is

T = Tb exp[−τ(V )] + Tenv{1 − exp[−τ(V )]},
where Tb ≈ 1012 K is the brightness temperature of
the structure, Tenv ≈ 100K is the kinetic temperature,
and τ(V ) < 0 is the optical depth of the maser ampli-
fier; i.e., the envelope:

τ(V ) ≈ e
−(V −V0)2

∆V 2 ,

where V0 is the velocity of the amplifying medium
and ∆V is the amplification bandwidth (linewidth).
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The amplification is determined by the line profile
and, to the first approximation, is Gaussian-like. The
Doppler half-power linewidth is determined by the
thermal-velocity dispersion of the molecules of mass
M and the rms microturbulence velocity 〈V 〉:

∆fD = 2fmn/c[ln 2(2kTk/M + 〈V 〉2)]0.5,
ASTRONOMY REPORTS Vol. 48 No. 12 2004
where fmn is the frequency of the molecular line
(22 GHz), c is the speed of light, and Tk is the kinetic
temperature of the medium.

For a kinetic temperature of the water vapor
molecules Tk ∼ 100 K, the linewidth is ∆fD =
37.6 kHz or ∼0.5 km/s. In the unsaturated maser
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pumping regime, the linewidth would be a factor
of τ0.5 narrower, however, microturbulence in the
medium broadens the linewidth.

If we assume that the intensity of the compact
components is approximately equal at all velocities,
the observed amplified emission of the two compo-
nents shown in Fig. 5a is determined by their amplifi-
cation by a factor ofGo ≈ 200 in the envelope with ve-
locity V = 7.6 km/s and with a profile width of∆V =
0.7 km/s. Figure 5c shows the brightness distribution
corrected for amplification in the envelope. The com-
ponent velocities vary along the structure from 6.73
to 9.16 km/s, and their brightness temperatures are
in the range Tb = 1012–1013 K. The effect of the finite
angular resolution will be to reduce the brightness
temperatures of components that are smaller than
0.5 mas. In this case, the actual amplification will be
larger than the factor given above (Go ≈ 200).
6. MODEL OF THE FLARE REGION

The structure of the active region of maser flare
emission shown in Fig. 5c corresponds to an accre-
tion disk viewed edge-on. The disk is in the phase of
separating into protoplanetary rings containing dirty
ice particles. Water vapor forms during the sublima-
tion of ice and produces a maser halo around the
rings; the maximum optical depth of the rings is τ ≥
25 in the tangential direction, and this direction cor-
responds to the bright compact sources. The maser
emission is strongly directed and concentrated in the
plane of the rings. This structure is surrounded by
an envelope. The supermaser emission is produced by
the amplification of the emission of components with
velocities close to the velocity of the envelope (V =
7.6 km/s). Only the right-hand part of the disk is
observed. The velocity of the opposite segment of the
disk differs substantially from the observed velocity,
and is beyond the range of our measurements.
The dependence of the relative velocities of the

components ∆V on the distance∆R (Fig. 7) implies
ASTRONOMY REPORTS Vol. 48 No. 12 2004
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Keplerian motion. We do not know the velocity of
the central body relative to the Local Standard of
Rest. The asymptote of the dependence ∆V –∆R
for increasing ∆R gives an upper limit of VLSR ≤
6 km/s (Fig. 7). The position of the rotational ax-
is is defined by the vertical asymptote, which ap-
proaches ∆R ≥ 28 mas (or 14 AU). The mass of
the central body is in the range M = 0.1–0.5M�.
For M = 0.1M�, the velocity of the central body
is VLSR = 4.7 km/s, whereas VLSR = 3.3 km/s for
M = 0.5M�. The zero-point∆R = 0 in Fig. 7 corre-
sponds to R = 28 mas and R = 52 mas, respectively.
The calculated curves shown in Fig. 7 correspond to
these two cases. For M = 0.1M�, the radius of the
inner ring is Rmin ≈ 5 AU and the rotational velocity
is Vrot = 4 km/s, the radius of the maser disk (outer
ring) is Rmax ≈ 29 AU and the rotational velocity
is Vrot = 2 km/s. For M = 0.5M�, Rmin ≈ 13 AU,
Vrot = 5.7 km/s, and Rmax ≈ 41 AU, Vrot = 3 km/s.
The planes of the distant rings deviate from the planes
of the rings in the central part of the disk by ∼7◦,
probably due to disturbance of the disk by accreting
matter.
The observed deviations of the points from Kep-
lerian motion may be due to the expansion velocities
of water molecules that are blown off by the stellar
wind and radiation pressure, forming an expanding
halo around the ring (an expanding maser ring). The
radial component of the velocity could also originate
due to nonstationarity in the initial phase of formation
of the system.

The emission is amplified in the envelope (the
ambient medium) by a factor of G ≈ 200; this cor-
responds to an optical depth of τ ≈ 5.3 in the un-
saturated regime. The amplification profile width is
a factor of 2.3 narrower than the thermal linewidth
(∼0.5 km/s), and is equal to 0.2 km/s. However, the
observed amplification profile width is 0.7 km/s. This
broadening may be due to saturation of the maser
pumping. However, it is more likely determined by
either microturbulence in the ambient medium or the
velocity gradient in the maser amplifier (envelope),
which is equal to ∼1.1 km/s. The velocity of the en-
velope relative to the central object is Venv = 2.9 km/s
(for M = 0.1M�), and is directed toward the central
ASTRONOMY REPORTS Vol. 48 No. 12 2004
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object. For M = 0.5M�, the rate at which the enve-
lope is accreted is Venv = 4.3 km/s.

7. CONCLUSION

We have carried out observations of an H2O su-
permaser flare in Orion KL at epoch 1985.8 using
a global VLBI array. We resolved the fine spatial
structure of the flare region with an angular resolution
of 0.5 mas at a wide range of velocities from 5.79 to
9.15 km/s (in steps of 0.07 km/s).
The region of maser emission is a bent extended

structure 25 AU long and 0.4 AUwide, with compact
components distributed inside this structure. The
maximum brightness temperatures of two of these
approach Tb ≈ 4 × 1015 K and Tb ≈ 3 × 1015 K. The
brightnesses of the remaining components do not
exceed Tb ≤ 1013 K. Compact nuclei smaller than
0.1 mas are present at the centers of these compo-
nents. The brightness temperatures of the nuclei of
the two brightest components approach Tb ∼ 1016 K.
This structure corresponds to an accretion disk

viewed edge-on. The disk is in the stage of separat-
ing into protoplanetary rings. The inclination of the
distant rings differs from the inclination of the rings
in the central part of the structure, probably due to an
asymmetric external disturbance. The compact bright
components correspond to the tangential directions
of the rings. The ring emission is concentrated in the
azimuthal plane, so that their visibility is restricted.
This implies periodicity of the high maser activity,
which is determined by the precession rate.
The velocities of components depend on their rel-

ative positions, and correspond to Keplerian motion
around an object with mass M = 0.3 ± 0.2M�. Its
velocity relative to the Local Standard of Rest is
VLSR = 4 ± 0.7 km/s. The radius of the inner ring
is Rmin = 9 ± 4 AU, and its rotational velocity is
Vrot = 5 ± 1 km/s. The radius of the disk is Rmax =
35 ± 6 AU, with Vrot = 2.5 ± 0.5 km/s.
The H2O supermaser emission is associated with

additional amplification of the emission of the pro-
toplanetary rings at a velocity of V = 7.6 km/s by
more than two orders of magnitude. This amplifica-
tion occurs in the external medium, in an envelope
ASTRONOMY REPORTS Vol. 48 No. 12 2004
with a profile width of 0.7 km/s. The envelope is being
accreted onto the central body at a rate of V ≈ 3.6 ±
0.7 km/s. The velocity gradient within this envelope
is∆V ≈ 1.1 km/s.
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Abstract—We have studied the compact star-forming group RNO 129 in the cloud L1228. New images
and both slit and integrated spectroscopy for several nebulas and HH objects are presented. We have
detected several new HH objects, including two blobs embedded in a bright reflection nebula. The central
star of this nebula is binary and is ejecting at least one collimated jet. Some peculiarities in the spectrum of
the nebula indicate its similarity with NGC 2261. c© 2004 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

It is considered proven that directed flows ofmatter
are observed in very young stars (so-called “young
stellar objects”—YSOs) [1]. The presence of Herbig–
Haro (HH) objects in stellar aggregates and molecu-
lar clouds formed in the course of these outflows pro-
vides evidence for active star formation. YSOs tend
to be concentrated in compact regions, sometimes
forming sets of collimated outflows and ejections.
Searches for and studies of various manifestations of
YSOs are essential if we wish to uncover a consis-
tent pattern for the origin and evolution of low- and
medium-luminosity stars.
The nebulous object RNO 129 [2] is the most

northern (according to its declination) of all known
compact star-formation regions (α = 20h59m13.6s,
δ = +78◦23′04′′, J2000). The nebula is located in
the dark cloud L1228 in Cepheus, at a distance of
∼300 pc [5]. RNO 129 is also known as Be 48 [3] and
GN 21.00.4.01 [4].
Slit spectra of the central star of RNO 129 have

revealed emission typical of HH objects, as well as
some peculiarities in the reflected spectrum of the
nebula [6]. On this basis, it was suggested in 1988
that the object is associated with a directed outflow.
Subsequent observations confirmed the presence of a
jet and anHHobject located in the vicinity of themain
nebula [7]. Later, RNO 129 was detected in searches
for emission-line stars [8], IR sources [9], and HH
objects [10, 11]. The latest of these studies confirmed
the presence of HH objects in the region (denoted
HH 198) and again investigated the anomalous spec-
trum of the compact reflection nebula in RNO 129.
Other HH flows were also found in L1228, indicating
a high star-formation rate.
Detailed studies of RNO 129 are complicated by

the small size and complex structure of the object.
New observations were needed to elucidate the nature
1063-7729/04/4812-0988$26.00 c©
of the nebula. Two-dimensional spectroscopic data
are most valuable in this regard.

2. OBSERVATIONS

RNO 129 was observed with the 6-m telescope of
the Special Astrophysical Observatory of the Russian
Academy of Sciences and the 2.6-m telescope of the
Byurakan Observatory.
The direct images of the object presented here

were obtained on October 15, 1998 with the
ByuFOSC camera [12] installed at the prime focus
of the 2.6 telescope, using a narrow-band filter cor-
responding to the [SII] emission line (λc = 6730 Å,
∆λ = 75 Å) and a broad-band I filter (λc = 8500 Å,
∆λ = 1200 Å). The field of view was 5.5′ × 11′, with
a scale of 0.65′′/pixel. The total exposure in the [SII]
filter was 3600 s and in the I filter was 300 s; the
images were recorded with a Thomson 1060 × 514
CCD.
We carried out slit spectroscopy of RNO 129 sev-

eral times in 1984–1995 with the 6-m telescope us-
ing various equipment, including a photon-counting
1024-channel scanner (1984–1986), echelle spec-
trograph (1991), and long-slit spectrograph (1986
and 1995). The light was recorded using a 512 × 512
photon-counting system; a 530× 580CCDwas used
in 1995. The data were processed in the MIDAS
system developed at the European Southern Obser-
vatory.
Integrated spectroscopy was carried out on

July 25, 2000 using the VAGR multipupil spectro-
graph [13] mounted at the prime focus of the 2.6-m
telescope, together with the same Thomson CCD
detector. The total exposure was 3600 s. The field
of the multipupil spectrograph was 20′′ × 40′′, with
a scale of 1.2′′ by the pupil. To avoid overlapping of
2004 MAIK “Nauka/Interperiodica”
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Fig. 1. RNO 129 in the I-band continuum (left) and the [SII] emission line (right). The main components of the group and
blobs in the object HH 198 are marked.
the spectra, a narrow-band filter transparent to the
red [SII] λ6716 + λ6731 Å doublet was used.
The integrated spectroscopic data were pro-

cessed with the ADHOCw package, developed at
the Marseille Observatory (http://www-obs.cnrs-
mrs.fr/ADHOC/adhoc.html). The individual spectra
were automatically extracted and subjected to wave-
length calibration. These data were used to construct
[SII] line and continuum maps of the object, as well
as to determine the radial velocities of lines.

3. THE MORPHOLOGY OF RNO 129

In the studied region, we can see a moderate-size
group of bright and dark dust nebulas with signs of
filamentary structure. The entire group is embedded
in a faint conelike nebulous envelope directed towards
the northwest, with the dominant central object (es-
sentially, RNO 129) at the tip. The central object is
a star of about 16m closely surrounded by a compact
nebula with high surface brightness and sharp edges,
which extends to the north about 15′′. Another dis-
tinct reflection nebula (object A of [6]) can be seen
∼30′′ to the east of the central object. It appears to be
a separate formation illuminated by a faint star at its
center. This nebula displays signs of bipolar structure,
and its central star stands out clearly in I images, be-
ing even more prominent in near-IR 2MASS frames.
Note also that the nebula is adjacent to a region of
particularly strong absorption in the south. Another
reflection nebula that is not related directly to any star
(object C) lies to the north of object A. The bright
object HH 198 is located further from and to the
west of the central star (it was tentatively denoted
the RNO 129B nebula in [6]). All these components
ASTRONOMY REPORTS Vol. 48 No. 12 2004
of the RNO 129 group are clearly visible in Fig. 1,
which presents I continuum and [SII] line images of
the region. Neither the shape of the nebula nor the
mutual positions of the objects in it indicate directly
which of the stars is the source of HH 198. At the
same time, it is clear that HH 198 consists of at least
three individual condensations, which we denote in
Fig. 1 blobsA, B, andC; in addition, another blob that
also displays signs of internal structure (HH 198D)
lies to the south. Another probable blob (HH 198E)
lies directly to the east.

Because the continuum surface brightness of the
main object is so high (especially in its southern part),
it is difficult to distinguish the star against the bright
background of the nebula. This makes RNO 129
similar to the star R Mon, which lies at the vertex of
a bright nebulous triangle, against which it is barely
discernable. An image with a short integration time
enabled us to see the core of the object directly, which
is elongated, suggesting that the central star is bi-
nary. It consists of two components with comparable
brightnesses separated by 2–2.5′′ in position angle
60◦. Note also the curious variations in the shape
of the nebula: while it is generally directed roughly
toward the north from the star (the position angle
is about 343◦), its bright inner part bends towards
the east. All these features are clearly visible in the
continuum map of the object presented in Fig. 2.
Apart from the group HH 198, several small emit-
ting HH blobs are detected inside the bright nebula
RNO 129 after subtraction of the continuum image
from the [SII] image. Although these are very hard
to analyze due to the bright continuum background,
their existence is beyond doubt, as is shown by the
integrated spectroscopic data (see Section 5).
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Fig. 2. Isophotes of the central star of RNO 129 and its reflection nebula in the I continuum. The binarity of the star is clearly
visible.
4. SLIT SPECTROSCOPY

We have carried out spectroscopic observations
of the central star and adjacent nebula on several
occasions. Our first observations were described in
detail in [6]. We selected several of the most typical
spectrograms from the data we obtained later to use
as illustrations (Figs. 3 and 4).

The general appearance of the continuum emis-
sion indicates that the spectral type of the RNO 129
star is rather late. More accurate classification is
complicated by the faintness of the photospheric ab-
sorption lines of the star. TheMgI triplet is the easiest
to recognize, primarily via its strongest λ5184 Å line.
This suggests that the spectrum of the star displays
so-called veiling, which is typical of active T Tauri
stars. The veiling sometimes becomes weaker: for
example, observations obtained in 1985 display dis-
tinct gaps in the continuum, which can be identified
with TiO bands and whose strength corresponds to a
spectral type of approximately K8, which we adopted
as a preliminary classification.
This late-type spectrum is superimposed with
emission lines typical of T Tauri stars. The num-
ber and equivalent width of these lines are basi-
cally consistent with the previous data of [6], since
the spectral variability of the emission spectrum is
expressed via small oscillations of the intensities
of the FeII and FeI lines. The CaII emission-line
intensities may also vary, but we cannot be sure
of this, given the weakness of the UV continuum.
Based on measurements covering several years, the
average radial velocity of the Hα and Hβ emission
lines in the spectrum of the star are +61 ± 12 km/s
and +53 ± 32 km/s, respectively (from now on, all
quoted velocities will be heliocentric). The forbidden
emission lines display appreciable blue shifts; the
average velocities are −75 ± 11 km/s for the [OI]
λ6300 Å line, −89 ± 23 km/s for the [SII] λ6716 Å
line, and −70 ± 26 km/s for the [SII] λ6731 Å line.
The radiation in the stellar envelope may be stratified,
since the negative velocity is even larger for the
[SII] λ4068 Å line (−191 ± 20 km/s), while it is
only −23 km/s for the [NII] λ6548 Å line. Note
ASTRONOMY REPORTS Vol. 48 No. 12 2004
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Fig. 3. The spectra of the RNO 129 (a) star and (b) nebula in relative intensities at red wavelengths obtained on December 17,
1984 with the 6-m telescope equipped with the 1024-channel scanner.
also that these lines are substantially weaker, so
these measurements may be less reliable. The general
development of the the T Tauri spectrum is fairly
moderate, and is not comparable to that for such
objects as RMon or V350 Cep [14]. This is confirmed
by the echelle spectrum of the star, which has high
resolution and covers a large wavelength interval, and
also displays a very steep Balmer decrement and a
two-peaked structure for the Hα and Hβ lines. It is
also obvious that the [SII] emission lines are broad
and consist of several components. Note also that
the intensity ratio for the [SII] lines is essentially
constant, and often corresponds to the upper limit;
ASTRONOMY REPORTS Vol. 48 No. 12 2004
i.e., the electron density is very high and reaches at
least 5000–6000 cm−3. In addition to the forbidden
lines, the absorption components of the Balmer lines
and the NaD absorption lines display negative radial
velocities.
The new data have fully confirmed the anomalous

nature of the reflection spectrum of the nebula, which
differs radically from a stellar spectrum in the sharp
increase in the intensities of the absorption compo-
nents of several lines, primarily those in the Balmer
series. At the same time, the intensities of essentially
all emission lines generally decrease. It is particularly
noticeable that not only the Balmer lines, but also
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several of the most intense FeII lines, are transformed
from emission to absorption, as can clearly be seen in
the pairs of spectra obtained on December 17, 1984
(Fig. 4). All these absorption lines display strong blue
shifts (from −200 to −300 km/s, appreciably larger
than the shifts for the forbidden emission lines). The
conclusion of [6] that the intensity and negative radial
velocity of the NaD absorption lines remain essen-
tially constant in the transition from the stellar to the
nebular spectrum is also confirmed.

The echelle spectrograms confirm the scanning
observations, and suggest that, like [SII], the shifted
absorption lines consist of several components. The
continuum energy distributions of the nebula and star
are roughly the same, but the equivalent widths of the
absorption components are rather different.

We also obtained several long-slit spectra of the
object in different position angles. These revealed a
faint and appreciably blue-shifted Hα emission that
extends 5–6′′ to the north of the continuum emission
of the star [7] and is probably formed by a colli-
mated flow. The K8 spectral type for the star was also
confirmed, as well as the decrease of the emission-
line equivalent widths in the spectrum of the neb-
ula. In addition, our observations clearly demonstrate
that the spectrum of the nebula varies from point
to point. This can be elucidated only via integrated
spectroscopy using multipupil systems.
ASTRONOMY REPORTS Vol. 48 No. 12 2004
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Apart from the main star and nebula, we also ob-
served the object HH 198 with the long slit. Its inte-
grated spectrum indicates that the basic object (blobs
A, B, and C) possesses a fairly high excitation (judg-
ing from the [NII]/Hα line ratio) and amoderate elec-
tron density (500–700 cm−3 based on the [SII] lines).
The [OI] lines in the spectrum are so faint that they
are essentially indistinguishable against the back-
ground emission of the night sky. Despite the complex
structure of the object, the internal dispersion of the
radial velocities was insignificant, although the radial
velocity varies across the object: from−29± 13 km/s
in thewestern part, to−51± 8 km/s in the center, and
−98 ± 15 km/s in the eastern part. Note that these
data are in good consistency with the earlier estimates
of [7].

5. INTEGRATED SPECTROSCOPY

Multipupil spectroscopy makes it possible to ob-
tain spectra for individual sections of an extended
object, and thereby construct maps of the intensity
distributions of spectral lines or other physical pa-
rameters. Figure 5 presents images of the object in
the [SII] line and in the continuum derived from the
observations with the VAGR system.
Two emission condensations denoted a and b are

clearly visible against the background of the reflection
nebula. Blob a is located ∼2.5′′ to the north of the
central star. The intensity of its lines even exceeds
those of the central star, whose spectrum also dis-
plays [SII] line emission; however, the blob is nearly
indistinguishable in the direct images due to the high
surface brightness of the reflection nebula. It probably
corresponds to the shifted emission lines seen in the
long-slit spectra described above. Since the inte-
grated spectroscopic data enable us to derive pseudo-
long-slit spectra for arbitrary slit orientations, we
constructed a position–velocity diagram for a north–
south orientation of the pseudoslit, for comparison
with the spectrum of [7] (Fig. 6). These data, which
were obtained using completely different methods, are
perfectly consistent.
Blob b is located ∼8′′ to the northwest of the

star, and is substantially weaker. Curiously, it lies
along essentially the same line as blob a and the sec-
ondary component of the central star (whose position
is marked with the cross in Fig. 5). In contrast to its
appearance in the I images, this component is barely
visible in the reconstructed continuum image, which
may indicate that it is very red; however, it is also
possible that it is variable.
The radial velocities of both blobs were determined

from two S lines, and were found to be−103 km/s for
blob a and −140 km/s for blob b, with a dispersion
ASTRONOMY REPORTS Vol. 48 No. 12 2004
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Fig. 5. Images of the RNO 129 nebula in the [SII]
λ6716 + λ6731 Å lines (contours) and in the continuum
(grey scale) reconstructed from the integrated spectro-
scopic data. Two HH blobs are denoted a and b. The
cross indicates the approximate position of the secondary
component of the central star.

of ±20 km/s. Systematic errors may also be present
here. The electron density of blob a derived from the
[SII] line ratio is fairly high—almost the same as in
the vicinity of the star (see Section 4), ∼5000 cm−3.
The density in blob b is appreciably lower, about
500 cm−3.

6. CONCLUSION

Our results clearly indicate that RNO 129 is a
compact star-formation group containing at least
three young stars. Its spectral properties and the
presence of HH objects indicate collimated outflows.
The central object in the front portion of the general
nebular structure, in which the stars are embedded,
is particularly active, and illuminates its own bright
cometlike nebula. Our observations have shown that
the central star is binary.
Long-term spectral studies of the object identify it

with reasonable certainty as a T Tauri star with a pro-
nounced emission spectrum containing clearly visible
forbidden lines. The emission lines probably originate
in both components. The presence of shifted forbidden
emission lines indicates that the main component
produces a collimated flow. Other indirect evidence for
a directed outflow is provided by the cometlike neb-
ula, whose spectral peculiarities are similar to those
of NGC 2261 [15, 16]. Thus, the RNO 129 nebula
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Fig. 6. Position–velocity diagram for the region of the [SII] λ6716 + λ6731 Å lines derived from the integrated spectroscopic
data. The coordinate axis is directed from north to south and contains the central star (located in the lower part of the figure).
The dashed lines mark the wavelengths corresponding to zero radial velocity.
presents a second well defined example of “spectral
asymmetry,” and as such is worthy of further study.
In addition, two small emission blobs with HH

spectra were detected inside the reflection nebula in
RNO 129. They lie on a straight line far from the axis
of symmetry of the nebula (the position angles are
305◦ and 343◦, respectively). This pattern is unusual
for cometlike nebulas, since collimated outflows are
usually directed along the axis of the nebula, per-
pendicular to the circumstellar disk. The flow may
be ejected by the secondary component, closer to its
own axis. Since few examples of young multiple stars
producing multiple jets oriented in sharply differing
directions are known, further studies of this system
are of particular interest.
It is clear that the very red faint star at the center

of the nebula RNO 129A displaying Hα emission is
also a post-main-sequence object. The extent of its
activity—in particular, whether it is a source of col-
limated outflows—is yet to be determined. The origin
of the bright HH object HH 198 also remains unclear,
and neither its location within the group nor its radial
velocity provide conclusive evidence about its nature.
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Abstract—The radial profile of the star-formation rate (SFR) in the galaxy NGC 628 is shown to be
modulated by a spiral-density wave. The radial profile of the velocity of gas inflow into the spiral arm is
similar to the radial distribution of the surface density of the SFR. The position of the corotation resonance
is determined along with other parameters of the spiral-density wave via a Fourier analysis of the azimuthal
distribution of the observed radial velocities in annular zones of the disk of NGC 628. The radial profile of the
surface density of the SFR is determined using the empirical SFR–linear size relation for star-formation
complexes (giant HII regions) andmeasurements of the coordinates, Hα fluxes, and the sizes of HII regions
in NGC 628. c© 2004 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

The emergence of density-wave theory has shed
new light on the problem of star formation in galaxy
disks. A density wave traveling through the disk of a
galaxy produces a shock in the gas, which should fa-
vor the formation of stars in the spiral arms. This can
easily explain the observed concentration of young
stars in spiral arms. Many studies of spiral struc-
ture in galaxies compare various observational data
in order to try to link star formation with spiral-
density waves in disks. These comparisons are mostly
qualitative. In this respect, the diagram of Roberts
et al. [1], which relates the expected velocity of gas
inflow into the spiral arm and the magnitude of the
spiral-arm shock with the morphological character-
istics of the spiral structure and van den Bergh lu-
minosity classes is very illustrative. The earlier the
luminosity class of the galaxy (i.e., the higher its
luminosity), the brighter and more conspicuous the
spiral pattern it possesses. In this case, the galactic
gas meets the spiral arm at a higher velocity. The
higher this velocity, the higher the degree of com-
pression of gas and the higher the luminosity of the
galaxy. To directly compare the velocity of gas inflow
into the spiral arm, the amplitude of the gravitational
potential of spirals, the density jump in the gas, or the
position of the corotation resonance with the distri-
bution of the star-formation rate (SFR) in the disk,
we must know the field of the spiral-density pertur-
bations produced by the density wave. This requires
high-quality and sufficiently dense observations of the
two-dimensional velocity field of the gas in the disk,
1063-7729/04/4812-0995$26.00 c©
as well as complete catalogs of HII regions with mea-
sured positions and Hα fluxes (or sizes). The two-
dimensional radial-velocity field contains information
about the characteristics of the spiral-density wave
that is distorting the circular rotation of matter in the
disk. The radial distribution of the surface density of
the SFR in the disk is then computed from the known
fluxes (or linear sizes) and coordinates of HII regions.

The aim of the present paper is to compare the
radial behavior of the SFR with the radial dependence
of the velocity of gas inflow into the spiral arm and
the positions of the corotation and Lindblad reso-
nances in the disk of a spiral galaxy. Observations
of the velocity field in the disk are available for only
a few galaxies for which complete catalogs of HII
regions are available, which can be used to analyze
the relation between the SFR and the parameters of
the density wave. One such well studied object is the
spiral galaxy NGC 628.

The outline of this paper is as follows. Section 2
discusses the perturbations of the velocity field in a
galactic disk produced by a spiral-density wave. Sec-
tion 3 describes the method we use to allow for non-
circular motions and to determine the position of the
corotation resonance and other characteristics of the
spiral-density wave from the observed radial-velocity
field in the galaxy. Section 4 presents the results of our
analysis of the velocity field in the galaxy NGC 628.
Section 5 describes the distribution of the SFR in
an individual star-forming complex (giant HII region)
and the construction of the radial distribution of the
SFR in the galactic disk, which we compare to the
radial profile of the velocity of gas inflow into the spiral
2004 MAIK “Nauka/Interperiodica”
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arm and the positions of resonances in NGC 628.
Section 6 presents our discussion and conclusions.

2. CONTRIBUTION
OF SPIRAL-DENSITY-WAVE

PERTURBATIONS
TO THE RADIAL-VELOCITY FIELD

The radial-velocity field of the gas in galactic disks
exhibits systematic effects that consist of deviations
from purely circular motion, and which coincide with
the observable spiral pattern of the galaxy [2]. These
deviations could be due to the effect of the spiral-
density wave on the purely circular rotation of the gas
in the disk [3]. The perturbed velocities due to the
spiral wave depend on the amplitude of the wave, the
position of the corotation and Lindblad resonances,
and the mass distribution in the galaxy (the shape of
the rotation curve). The same parameters affect the
radial behavior of the velocity of gas inflow into the
spiral arm, and thereby probably also the radial profile
of the SFR in the disk. Consider the spiral-density
wave’s contribution to the observed radial velocity
V obs

r (R, θ), where R is the galactocentric distance
and θ is the polar angle, measured from the major
axis of the galaxy. The spiral coordinates (η, ξ), where
η and ξ are directed across and along the spiral,
respectively, are related to the polar coordinates (R, θ)
as:

η = mθ + mh cotµ ln
(

R

R0

)

, (1)

ξ = mhθ cot µ− ln
(

R

R0

)

,

where h = +1 and h = −1 for an S- and Z-spiral,
respectively, µ is the pitch angle, and m is the num-
ber of arms. The components (uη, uξ) of the velocity
perturbation produced by the spiral-density wave in
the plane of the disk can, to the first approximation,
be written

uη = Aν cos η, (2)

uξ = A
κ

2Ω
sin η,

where A is a scale factor and Ω is the angular
rotational velocity of the matter in the disk, which
is a function of the galactocentric distance R. The
epicyclic frequency κ is related to the angular rota-
tional velocity as

κ2 = (2Ω)2
(

1 +
R

2Ω
dΩ
dR

)

.

The rotational frequency ν in (2) can be written in
terms of the rigid-rotation velocity of the spiral pat-
tern Ωp as:

ν =
m(Ωp − Ω)

κ
.

The radial and tangential components of the ve-
locity of the spiral perturbations in polar coordinates
(δVR, δVθ) depend on the pitch angle µ:

δVR = uη cosµ− uξ sinµ, (3)

δVθ = h (uη sinµ− uξ cosµ) .

The contribution to the observed radial velocity pro-
duced by the radial and tangential components of the
velocity of the spiral perturbations (i.e., the line-of-
sight projection of the noncircular motions due to the
spiral perturbations) is equal to:

Vsp = (δVR sin θ + δVθ cos θ) sin i, (4)

where i is the inclination of the plane of the galaxy to
the plane of the sky.

The observed radial velocity at a given point of
the disk can be comprised of the systematic velocity
of the bulk motion of the galaxy Vsys, the line-of-
sight projection of the rotational velocity of the gas
in the disk Vθ cos θ sin i, the line-of-sight projection
of the radially symmetrical velocity of gas in the disk
VR sin θ sin i, and the velocity of noncircular motions
due to spiral perturbations:

V obs
r (R, θ) = Vsys + Vθ(R) cos θ sin i (5)

+ VR(R) sin θ sin i + Vsp.

We now designate in (2) that part of the spiral phase
that is constant at a given galactocentric distance R

as: θsp = mh cot µ ln
(

R

R0

)

, then substitute (1)–(3)

into (4) to obtain

Vsp

sin i
= Aν cos(mθ + θsp) cos µ sin θ (6)

−A
κ

2Ω
sin(mθ + θsp) sinµ sin θ

+ hAν cos(mθ + θsp) sinµ cos θ

+ hA
κ

2Ω
sin(mθ + θsp) cosµ cos θ.

Rearranging the terms in (6), we obtain

Vsp

sin i
= Aν cos(mθ + θsp)(cos µ sin θ (7)

+ h sinµ cos θ)−A
κ

2Ω
sin(mθ + θsp)

× (sinµ sin θ − h cosµ cos θ).

We then use the trigonometric formula

sin(x± y) = sinx cos y ± cos x sin y, (8)

to rewrite (7) in the form

Vsp

sin i
= Aν cos(mθ + θsp) sin(θ + hµ) (9)

+ A
κ

2Ω
sin(mθ + θsp) cos(θ − hµ).
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Using the trigonometric formula

sinx cos y =
1
2

[sin(x− y) + sin(x + y)] , (10)

we rewrite (9) in the form

Vsp

sin i
= −A

ν

2
sin[(m− 1)θ + (θsp − hµ)] (11)

+ A
κ

4Ω
sin[(m− 1)θ + (θsp + hµ)]

+ A
ν

2
sin[(m + 1)θ + (θsp + hµ)]

+ A
κ

4Ω
sin[(m + 1)θ + (θsp − hµ)].

Using (8) to rewrite (11) yields

Vsp

sin i
= −A

ν

2
{sin[(m− 1)θ] cos(θsp − hµ) (12)

+ cos[(m− 1)θ] sin(θsp − hµ)

+ A
κ

4Ω
{sin[(m− 1)θ] cos(θsp + hµ)

+ cos[(m− 1)θ] sin(θsp + hµ)

+ A
ν

2
{sin[(m + 1)θ] cos(θsp + hµ)

+ cos[(m + 1)θ] sin(θsp + hµ)

+ A
κ

4Ω
{sin[(m + 1)θ] cos(θsp − hµ)

+ cos[(m + 1)θ] sin(θsp − hµ)}.
We now group the sine and cosine terms of identical
quantities containing θ to rewrite (12) in the form

Vsp

sin i
= A(

κ

4Ω
− ν

2
) cos(θsp − hµ) (13)

× cos(θsp + hµ) sin[(m− 1)θ]

+ A(
κ

4Ω
− ν

2
) sin(θsp − hµ)

× sin(θsp + hµ) cos[(m− 1)θ]

+ A(
κ

4Ω
+

ν

2
) cos(θsp − hµ)

× cos(θsp + hµ) sin[(m + 1)θ]

+ A(
κ

4Ω
+

ν

2
) sin(θsp − hµ)

× sin(θsp + hµ) cos[(m + 1)θ].

The coefficients of the sines and cosines of the
polar angles (m− 1)θ and (m + 1)θ determine the
contribution of the spiral-density wave to the ob-
served radial velocity. It is obvious from (13) that the
second mode of the spiral-density wave (m = 2)—
a two-armed spiral—contributes to quantities mul-
tiplied by the sines and cosines of the polar angles
θ and 3θ; i.e., to the first and third Fourier harmon-
ics of the azimuthal distribution of the radial veloc-
ities at galactocentric distance R. The first mode of
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the spiral wave (m = 1)—a one-armed asymmet-
ric structure—contributes to the zeroth and second
Fourier harmonics of the azimuthal distribution of the
radial velocities. Determining the parameters of the
density wave from the observed radial-velocity field in
the galactic disk thus reduces to a Fourier analysis
of the azimuthal radial-velocity distribution at various
galactocentric distances.

In [4–6], we carried out a Fourier analysis of
the azimuthal radial-velocity distribution in annular
zones at various galactocentric distances for the
galaxies NGC 3031, NGC 925, NGC 2903, and
NGC 6946. Canzian and Allen [7] and Fridman
et al. [8, 9] used a similar approach to analyze
perturbed velocities in NGC 4321, NGC 157, and
NGC 3631. The amplitudes of the various derived
Fourier harmonics can be used to estimate the pa-
rameters of the density wave in the galactic disk.

3. ALLOWING FOR NONCIRCULAR
MOTIONS IN THE GALACTIC DISK

In [5], we approximated the observed radial veloc-
ity V obs

r (R, θ) by the two-dimensional function of the
polar coordinates (R, θ)

V obs
r (R, θ) = sin i (14)

×
3∑

n=0

[an(R) cos(nθ) + bn(R) sin(nθ)].

An explanation of the physical meaning of the coeffi-
cients an(R) and bn(R) can be found in Table 1 in [5]
and in formula (13). Different modes of the spiral wave
(m = 1, 2, 3 . . . ) should contribute to the coefficients
of different Fourier harmonics (n = 0, 1, 2, 3, 4 . . . ).

The coefficient a0(R) of the zeroth harmonic (n =
0) is comprised of the systematic velocity of the galaxy
as a whole, Vsys, and a contribution from the first-
order mode of the spiral wave:

a0(R) = Vsys + A
( κ

4Ω
− ν

2

)
(15)

× cos(θsp − hµ) cos(θsp + hµ),

where θsp = h cot µ ln
(

R

R0

)

is the phase of the one-

armed spiral. Therefore, when approximated using
(14), the dependence of the systematic velocity on the
galactocentric radius R of a given annular zone may
appear in the azimuthal distribution of the observed
radial velocities in selected zones in the galactic disk.
The first-order mode (m = 1) also contributes to the
second harmonic (n = 2), as was found earlier for the
galaxies NGC 3031 and NGC 2903 [5].

The coefficient a1(R) of the cosine of the polar
angle θ in the first harmonic (n = 1) is comprised of
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the circular rotational velocity of the gas in the disk,
Vθ(R), and the tangential component of the contribu-
tion of the second-order mode of the spiral wave, δVθ:

a1(R) = Vθ(R) + A
( κ

4Ω
− ν

2

)
(16)

× sin(θsp − hµ) sin(θsp + hµ).

Here, in (16), and in (17) and (18) below, the phase of

the two-armed spiral is θsp = 2h cot µ ln
(

R

R0

)

.

The coefficient b1(R) of the sine of the polar angle
θ of the first harmonic (n = 1) is comprised of the
velocity of the radially symmetrical motion of the gas
in the disk, VR(R), and the radial component of the
contribution of the second-order mode of the spiral
wave, δVR:

b1(R) = VR(R) + A
( κ

4Ω
− ν

2

)
(17)

× cos(θsp − hµ) cos(θsp + hµ).

It is obvious from (13) that the second-order mode
also shows up in the coefficients a3(R) and b3(R) of
the third Fourier harmonic:

a3(R) = A
( κ

4Ω
+

ν

2

)
sin(θsp − hµ) sin(θsp + hµ),

(18)

b3(R) = A
( κ

4Ω
+

ν

2

)
cos(θsp − hµ) cos(θsp + hµ).

Neglecting in a first approximation the velocity of
the radially symmetrical motion in (17), we can derive
from (16)–(18) a formula for the circular rotational
velocity of the disk

Vθ(R) = a1 − b1
a3

b3
, (19)

which coincides with (27) in [10]. We can also derive
from these same equations formulas for the frequency

ν and ratio
κ

2Ω
:

ν =
b3 − b1

A cos(θsp − hµ) cos(θsp + hµ)
, (20)

κ

4Ω
=

b3 + b1
A cos(θsp − hµ) cos(θsp + hµ)

. (21)

Recalling that ν = m(Ωp − Ω)/κ, and multiplying
(20) and (21), we obtain

ν =
m(Ωp − Ω)

κ
(22)

=
b23 + b21

A2 cos2(θsp − hµ) cos2(θsp + hµ)
.

Relation (22) implies the condition

Ωp < Ω when b23 < b21, (23)
Ωp > Ω when b23 > b21.

The condition (23) agrees with the condition (34)
from [8], as well as with the condition for determining
the corotation radius Rc introduced by Canzian [10]:

ν < 0 when R < Rc, (24)

ν > 0 when R > Rc.

Both conditions are fulfilled in [8] and [10] under the
assumption that the velocity of radially symmetrical
motion is zero: VR(R) = 0.

In addition to the first-order mode (m = 1), the
second Fourier harmonic may also include a substan-
tial contribution from the third-order mode (m = 3),
which is manifested most clearly in the outer part of
the disk. In their analysis of the central regions of the
galaxies NGC 157 and NGC 3631, Fridman et al. [8,
9] interpret the radial behavior of the coefficients at the
cosine and sine of 2θ as the line-of-sight projections
of vertical motions (i.e., motions perpendicular to the
plane of the disk) in the spiral wave.

4. RADIAL-VELOCITY FIELD OF THE GAS
IN NGC 628 AND THE PARAMETERS
OF THE SPIRAL-DENSITY WAVE

The ScI spiral galaxy NGC 628 is one of only a
few galaxies whose kinematics have been studied in
detail. Shostak and van der Kruit [11] constructed the
two-dimensional field of the HI radial velocities for
the inner, optically visible, part of the galaxy using
the aperture-synthesis method, and Kamphuis and
Briggs [12] extended this field to the outer part of
the galaxy that is detectable in the radio. These ob-
servations showed that the kinematics of the gas in
the main, optical part of the galaxy correspond to a
flat, differentially rotating disk. The velocity field in
the outer, optically dark parts of the disk deviates
from the behavior for a flat, differentially rotating disk
and exhibits a complex, irregular structure. A discus-
sion of possible origins of the peculiar motions in the
outer parts of the galaxy is given by Kamphuis and
Briggs [12]. To identify noncircular motions associ-
ated with the spiral pattern in the inner, optical part
of the disk, we performed a Fourier analysis of the
two-dimensional HI-velocity field presented in [11],
which has spatial and velocity resolutions of 13.8′′ ×
48.5′′ (α× δ) and 5 km/s, respectively. A detailed dis-
cussion of the corresponding Westerbork Synthesis
Radio Telescope (WSRT) observations can be found
in [11]. Table 1 lists the main optical parameters of
NGC 628.

We obtained a least-squares fit of the two-dimen-
sional radial-velocity field using (14) for annular
zones with width ∆R = 1 kpc in steps of 1 kpc
for galactocentric distances from 2 to 10 kpc. We
ASTRONOMY REPORTS Vol. 48 No. 12 2004
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Table 1.Optical parameters of NGC 628

Type SAS5 de Vaucoulers et al. (1976) [13]

Sc(s)I Sandage and Tammann (1974) [14]

α (1950) 1h34m00.5s Gallouet and Heidmann (1971) [15]

δ (1950) 15◦31′38′′

1h34m00.7s Dressel and Condon (1976) [16]

15◦31′55′′

1h34m01s de Vaucouleurs et al. (1976) [13]

15◦31′36′′

Distance 19.6 Mpc Sandage and Tammann (1974) [14]

10.4 Mpc H = 75 km s−1 Mpc−1

7.2 Mpc McCall (1982) [18]

7.2 Mpc Adopted in this paper

D25 10.4′ Vaucoulers et al. (1976) [13]

(21.84 kpc)

Holmberg radius 6′ Holmberg (1958) [19]
determined the geometrical parameters (the center
of rotation (xc, yc) and position angle of the line
of nodes PA) by minimizing the dispersions of the
desired Fourier coefficients an(R), bn(R) in (14) by
varying (xc, yc) and PA. The dispersions of the desired
coefficients in (14) increase as (xc, yc) and PA move
away from the adopted values. The center of rotation
derived in this way deviates by −3.1′′ in declination
and −2.5′′ in right ascension from the optical center
reported by de Vaucouleurs [13], which, in turn, is
shifted by −19′′ in δ and +4.5′′ in α relative to the
optical center reported by Dressel and Condon [16].
The distance between our optical center and that of
de Vaucouleurs [13] is 3.92′′, which corresponds to a
linear distance of about 140 pc. Table 1 shows that
the center coordinates derived by Gallouet and Heid-
mann [15] are closer to those of de Vaucouleurs [13],
with a shift of about 7.5′′, which corresponds to a
linear distance of 260 pc. The offset between the
center positions of de Vaucouleurs et al. [13] and
Dressel and Condon [16] does not exceed 600 pc.
Forcing the dynamical center to coincide with the
center coordinates of Dressel and Condon [16] results
in a nonsystematic pattern for the noncircular velocity
field that has no relation to the spiral pattern, as was
found by Shostak and van der Kruit [11].

Since the inner disk in NGC 628 has a very small
inclination to the plane of the sky, the procedure we
have used here is not very sensitive to this incli-
nation, i. We chose the value i ≈ 6◦ based on the
ASTRONOMY REPORTS Vol. 48 No. 12 2004
fact that the rotation curve flattens into a plateau
with a velocity of about 200 km/s for this inclina-
tion, which corresponds to the observed luminosity
of MB = −20.23m [20] for the galaxy. Higher incli-
nations imply unrealistically low rotational velocities,
with the rotation-curve plateau having the velocity
70–90 km/s. The adopted inclination and position
angle of the major axis are listed in Table 2.

NGC 628 is a bright Sc spiral. In his classic atlas,
Danver [21] points out two arms with a mean pitch
angle of µ = 17◦ ± 2◦ . In their analysis of computer-
enhanced images of galaxies, Elmegreen et al. [22]
showed that NGC 628 contains two main symmetri-
cal arms extending to a distance of 0.9R25 (10 kpc)
from the galactic center. We showed above that a
two-armed spiral-density wave contributes to the first
and third Fourier harmonics. The first-order mode
contributes to the zeroth and second Fourier harmon-
ics while the third-order mode contributes to the sec-
ond and fourth harmonics. The second-order mode
contributes to the first and third harmonics, which are
independent of the zeroth and second harmonics in
Fourier space, so that the first- and third-order modes
should not distort the coefficients of the first and third
harmonics in the Fourier expansion. We therefore
restricted our analysis of the azimuthal distribution
of the velocities in annular zones to the first three
Fourier harmonics (n = 1, 2, 3).

Figure 1c shows the radial behavior of the coeffi-
cient a1(R) of the first Fourier harmonic (squares) in
(14), which consists of the circular rotational velocity
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Table 2.Geometrical parameters and the systematic velocity of NGC 628

Reference Position angle
PA, deg Inclination i, deg

Systemic velocity
Vsys, km/s

Shostak and van der Kruit [11] 25 5–7 654

Kamphuis and Briggs [12] 25 6.5 657

This paper 25 6 652 ± 1
of the disk and a contribution from the second-order
mode of the spiral wave [see (16)]. The open circles
show the rotation curve Vθ(R) calculated using (19),
which includes noncircular motions due to the spiral-
density wave. Allowing for noncircular motions of the
gas in the disk increases the maximum rotational
velocity and produces a characteristic hump on the
rotation curve.

Figure 1b shows the radial behavior of the differ-
ence of the squared coefficients of the sine of 3θ and
the sine of θ, b23 − b21. It is evident from Fig. 1b that
condition (23) is satisfied at a distance of R ≈ 7 kpc,
which determines the position of the corotation ra-
dius, Rc. The corresponding velocity of rigid rotation
of the spiral pattern at this corotation radius is Ωp =
32 ± 2 km s−1 kpc−1.

Given the angular rotational velocity of the galaxy,
Ω(R) = Vθ(R)/R, and the angular velocity of the
spiral pattern, Ωp, we can compute the radial de-
pendences of the epicyclic frequency κ(R) and the
frequency of the spiral pattern, ν(R), and thereby
the contribution to (radial modulation of) the Fourier
coefficients an(R) and bn(R) in (14) due to the spiral-
density wave.

Figure 1a shows the radial behavior of the co-
efficient a0(R) of the zeroth Fourier harmonic in
(14) (squares), which is comprised of the system-
atic velocity of the galaxy as a whole, Vsys, and a
contribution from the first-order mode of the spiral
wave [see (15)]. The open circles show the approxi-
mation of a0(R) obtained using a first-order (m = 1)
model for the spiral wave. We computed the first-
order mode (open circles) based on the rotation
curve, pattern speed, and epicyclic frequency obtained
above. We determined the systematic velocity of the
galaxy, Vsys = 652 ± 1 km/s, and the scale factor,
A = 10 ± 3 km/s, by obtaining a least-squares fit
using the set of equations for the coefficient a0(R)
[formula (15)] for various galactocentric distances R.
Figure 1a shows that the assumption a0(R) = Vsys

implies that the systematic velocity of each annular
zone should depend on the radius of the annulus. If
the coefficient of the zeroth Fourier harmonic is held
fixed, a0(R) = const, the inclination i of the plane of
the galaxy depends on the radius of the annulus R.
This effect was demonstrated by Carignan et al. [32].

Figure 1d shows the radial behavior of the coeffi-
cient b1(R) of the sine of the polar angle θ (squares),
which can include contributions from both the radially
symmetrical motion of the gas, VR(R), and the radial
component of the velocity of the perturbed motion
due to the second-order mode (m = 2) of the spiral-
density wave, δVR [formula (17)]. A comparison of
b1(R) with the velocity δVR of the perturbed motion
due to the spiral wave (circles) shows that the differ-
ence, which corresponds to the velocity of the radially
symmetrical motion, remains mostly within 3σ of the
errors in the coefficient b1(R). The triangles show
the radial component of the velocity perturbation due
to the second-order mode of the density wave, δVR,
computed in a second approximation, with the per-
turbed velocity δVR of the second-order mode of the
density wave substituted for the observed coefficient
b1(R) in condition (23). The similarity of the model
curves computed in the first and second approxima-
tions (circles and triangles) indicates that we can
adopt the results of the second approximation without
further iteration.

Figures 1e and 1f show the radial behavior of the
coefficients a2(R) and b2(R) of the second Fourier
harmonic (n = 2) of the cosine and sine of the polar
angle 2θ (squares), which can include contributions
from the velocities of the vertical perturbations in the
z coordinate [8, 9] and velocity perturbations from the
first- (m = 1) and third-order (m = 3) modes of the
spiral-density wave. We can see in Figs. 1e and 1f
that the observed coefficient a2(R) near the corotation
radius (R ≈ 7 kpc) cannot be fully described by the
contributions of the first- and third-order modes of
the spiral-density wave (circles, triangles)—the dis-
crepancy exceeds 3σ. The velocities of the vertical
perturbations reach 10–15 km/s in this case. There
may be other sources of noncircular motion beyond
the corotation radius.

Figures 1g and 1h show the radial behavior of
the coefficients a3(R) and b3(R) of the third Fourier
harmonics (n = 3) of the cosine and sine of the polar
angle 3θ (squares). Figures 1g and 1h show that
the radial profiles of the observed coefficients a3(R)
ASTRONOMY REPORTS Vol. 48 No. 12 2004
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Fig. 1. Fourier spectrum of the velocity field of NGC 628 (n = 0, 1, 2, 3; filled squares). See text for details.
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Fig. 2. (a) Corotation resonance (Ωp = Ω(R)) in NGC 628, located at about R = 7 kpc, and the outer Lindblad resonance
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κ

2
), located at R ≈ 10−11 kpc, near R25 = 11 kpc. (b) Velocity of gas inflow into the spiral arm, V⊥(R), as a

function of galactocentric distance in NGC 628 (filled squares) and the radial distribution of the surface density of the SFR,
σSFR(R) (circles).
and b3(R) are best described by a superposition of
the second- and fourth-order modes of the density
wave (the (m = 2) + (m = 4) model is shown by the
inverted triangles).

Figure 2a elucidates the position of the corota-
tion resonance (Ωp = Ω(R)) in NGC 628. The outer

Lindblad resonance (Ωp = Ω(R) +
κ

2
) is located at

a distance of R ≈ 10−11 kpc, near R25 = 11 kpc.
Whether the galaxy has an inner Lindblad resonance

(Ωp = Ω(R) − κ

2
) depends on the form of Ω(R) near

the center of the galaxy. Rigid-rotation models with a
low mass concentration toward the center possess no

inner Linblad resonance, since Ωp = Ω(R) − κ

2
≡ 0.

NGC 628 appears to have a low mass concentration
toward the center.

Having cleaned the galactic rotation curve of per-
turbations due to the spiral-density wave and deter-
mined the pattern speed, Ωp = 32 km s−1 kpc−1, we
can determine the velocity of gas inflow into the spiral
wave, V⊥(R) (Fig. 2b, filled squares):

V⊥ = R[Ω(R) − Ωp] sinµ. (25)

Figure 2b shows that V⊥(R) first increases with
galactocentric distance, reaches a maximum, and
then monotonically decreases to zero near the coro-
tation radius. The velocity of gas inflow into the arm
determines the degree of compression of gas and the
formation of shock fronts in the arm, which, in turn,
affects star formation in the arms. We will analyze the
relationship between the velocity of gas inflow into the
arm and the position of the corotation and Lindblad
resonances, on the one hand, and star formation in
the disk, on the other hand, in Section 5 below.
5. STAR-FORMATION RATE
IN THE DISK OF NGC 628

The radial distribution of the surface density of the
star-formation rate in the disk is indirectly character-
ized by the distribution of the surface number density
of HII regions, and can be calculated from the total
Hα flux from HII regions. It is important to account
for losses due to extinction and the fraction of Lyman-
continuum photons that are absorbed by interstellar
dust and so do not participate in ionization processes.
Descriptions of the method used to estimate the to-
tal SFR and its average surface density from Hα
emission-line flux measurements in galactic disks are
given in [26, 27] and references therein.

In [28] we obtained a dependence (with a corre-
lation coefficient of r = 0.8) between the SFR and
the linear size of star-forming complexes (giant HII
regions) in spiral and irregular galaxies:

log(SFR[M�/yr]) (26)

= −(10.15 ± 0.80) + (3.82 ± 0.44) log(S [pc]).

Figure 3a compares the calibration of the SFR
based on the SFR–size dependence (26) with the
calibration of Kennicutt et al. [26], based on Hα
fluxes. Figure 2b also shows the radial distribution of
the surface density of the SFR, σSFR(M�/yr kpc

2)
and the quantity σSFR normalized to the mass of
gas in NGC 628 (circles and triangles, respectively).
The surface density of the SFR was calculated by
subdividing the disk of the galaxy into annular zones
with width ∆R = 1 kpc in radial steps of 1 kpc. We
calculated the surface density of the SFR in each
annulus by dividing the sum of the SFRs for all star-
forming complexes located within an annulus by the
area of the annulus. We used (26) to compute the
ASTRONOMY REPORTS Vol. 48 No. 12 2004
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Kennicutt et al. [26], based on Hα flux measurements. (b) Radial distribution of the U − J color index (according to [11]),
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SFR of each individual star-forming complex. The
sizes and coordinates of a complete sample of star-
forming complexes (giant HII regions) in NGC 628
have been measured by Belley and Roy [29]. We
adopted the radial distribution of neutral hydrogen,
which we used to normalize the SFR to the total gas
mass, from Shostak and van der Kruit [11].

The annular shape of the radial distribution of the
surface density of the SFR shown in Fig. 2b is typical
of the pattern seen in the case of ongoing star forma-
tion in other galaxies, including theMilkyWay. Start-
ing from a distance of R = 1 kpc, σSFR increases,
reaching its maximum at Rm = 3−4 kpc, and then
decreases until it becomes zero near the corotation
resonance at 7−8 kpc. Star formation in NGC 628
is unimportant beyond the corotation radius.

The fact that the radial dependence of the SFR and
this dependence normalized by the gas mass (circles
and triangles, respectively, in Fig. 2b) match the ve-
locity of gas inflow into the arms (squares in Fig. 2b)
shows that the late Sc galaxy NGC 628 contains
large quantities of gas that have not been depleted
by star formation, and that the radial distribution of
the gas still matches that of the SFR. In early-type
(Sa-S0) galaxies, which have already exhausted their
gas, the radial distribution of the velocity of gas inflow
into the arms can be expected not to match that of the
SFR in star-forming complexes.

6. DISCUSSION

The relationship between the SFR and the spiral-
density wave in the disk is illustrated by the curve
representing the velocity of gas inflow into the arms
(Fig. 2b, squares), whose form is similar to that of the
radial distribution of σSFR (Fig. 2b, circles). It follows
that the higher the velocity V⊥(R) of gas inflow into
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the spiral arm, the higher the intensity of star forma-
tion at a given galactocentric radius in the galaxy. Of
course, the radial distribution of the gas in the disk
also plays some role. The velocity component V⊥(R)
undergoes a jump when it crosses the boundary of the
spiral arm, so that the gas is decelerated and com-
pressed, making a transition from an intercloud to a
cloud phase [30]. If the gas contains clouds in a state
close to gravitational instability, abrupt compression
may trigger the gravitational condensation of clouds,
resulting in the formation of stars, HII regions, and
star-forming complexes.

Near the corotation resonance (7–7.5 kpc), where
the velocity of gas inflow is V⊥(Rc) = 0, the gas is not
compressed when it crosses the arm, so this cross-
ing should not result in the condensation of clouds
or trigger star formation. This is illustrated by the
radial dependence of the surface density of the SFR
σSFR(R) in Fig. 2b (circles).

The radial distribution of the U − J color in-
dex [11], which characterizes the ratio of young stars
to older-generation stars, is similar to the radial
dependence of the velocity of gas inflow into the
spiral arm (Fig. 3b). The radial UBV RI photometric
profiles also extend not far beyond the corotation
resonance, out to the vicinity of the outer Lindblad
resonance, R = 10−11 kpc [31].

The velocity field beyond the outer Lindblad res-
onance is not consistent with a flat, differentially ro-
tating disk. A warped-disk model is likewise unable
to fully explain the structure of the velocity field in the
outer, optically dark parts of NGC 628 [12].

Above, we obtained a qualitative description of the
relationship between the kinematics of the gas and
star formation in the disk of NGC 628. The param-
eters of the spiral-density wave that we inferred by
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analyzing the observed radial-velocity field for neutral
hydrogen can be used to compute the shock wave
in a model of the spiral front propagating through a
multiphase gaseous medium, and to develop a model
for cloud formation, and ultimately for star formation.
However, this lies beyond the scope of this paper.

7. CONCLUSIONS

In conclusion, we list the results we have obtained
in this paper.

Fourier analysis of the observed polar-angle dis-
tribution for the projections of radial velocities in the
plane of NGC 628 reveal the coexistence of several
modes of a spiral-density wave that rotate at the same
angular velocity. The radial behavior of the velocity of
gas inflow into the spiral arm is similar to that of the
surface density of the SFR in the galactic disk.

The region of star formation in the disk has the
form of an annulus located at galactocentric distances
from 2 to 7.5 kpc, with a maximum at 3.5–4 kpc.

The absence of an inner Lindblad resonance is
indicative of a low concentration of mass toward the
center of the galaxy, and of the absence of a bulge.
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