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Abstract. This paper summarizes and analyzes the results of radio optical, infrared, and X-ray observations
of a large sector of the sky in the constellation Cygnus (o~ 19"20™-22P, § = 30-50°; /' = 65-90°,
|b™| < 10°). This region is associated with an extended X-ray source referred to as the Cygnus superbubble.
About a quarter of the superbubble region is occupied by the extensively investigated multicomponent
thermal radio source Cyg X. The region contains eight OB-associations which, when projected on the sky,
duplicate the outline of the X-ray superbubble. These associations contains 110 stars of high luminosity
(about 40 Wolf-Rayet and Of stars). The observations suggest that the X-ray superbubble is not a single
object. Between 50 and 759, of its X-ray emission can be ascribed to discrete sources, the rest being probably
due to regions of coronal gas about 100 pc in diameter, created by stellar winds and, possibly, supernova
explosions in individual associations. The objects that produce the X-ray and optical radiation of the
presumed superbubble are located at distances from 0.5 to 2.5 kpc from the Sun in the Carina-Cygnus spiral
arm. The eastern portion of the region presumed superbubble contains the associations Cyg OB7 and
Cyg OB4 and is generally less than 1kpc distant, while the western portion contains the associations
Cyg OB, 2, 3, 8, and 9 and is 1 to 2 kpc distant.

1. Introduction

In recent years, a great deal of attention has been given to studies of the large-scale
structure of the interstellar medium. The major impetus to these studies was given by
three observations: (1) The discovery of the coronal gas from the UV lines of high-
charge nitrogen and oxygen ion absorption in the interstellar medium (Jenkins and
Meloy, 1974; York, 1974, 1977). (2) The realization that long-lived large caverns filled
with hot rarefied coronal gas may arise from supernova explosions (Cox and Smith,
1974 ; McKee and Ostriker, 1977). (3) The existence of strong stellar winds around stars
with the highest luminosity (Pikel'ner and Shcheglov, 1968; Avedisova, 1971, 1977,
Dyson and deVries, 1972; Castor et al., 1975; Weaver et al., 1977; and others).

This is precisely what has prompted investigations of large-scale bubble structures in
our and other galaxies. Numerous H 11 shells about 100 pc in size and several H1 shells
up to about 1kpc in size have been found in the Magellanic clouds (Goudis and
Meaburn, 1978; Meaburn, 1980). Some spiral galaxies have been found to contain H 1
bubble regions up to about 300 pc in diameter (see Sharov’s (1982) summary of data
on M31 and M33).

Heiles (1979, 1984) discovered about 50 supershells of neutral hydrogen in the
Galaxy, while Georgelin et al. (1979) observed 13 giant H11 shells. Also described were
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two large bubbles, one in the oscillations Orion and Eridanus, associated with the star
formation complex in Orion (Reynolds and Ogden, 1980; Goudis, 1982), and the other,
associated with Sco-Cen association and the North Polar Spur (Weaver, 1979). They
are close to 300 pc in size. Both bubbles are sources of soft X-ray emission.

Cashet al. (1980) observed a large (13 x 18°) horseshoe-shaped region in the Cygnus
constellation emitting soft X-rays. It has become known as the Cygnus superbubble.
According to Cash et al. (1980), its size is about 450 pc, which makes it the largest
bubble in the Galaxy.

Our work was focused on structural analysis of the interstellar medium in a
large sector of the sky (65° </M<90°, -10°<pM<ge, 19M20™ < o <22
30° < 9 < 50°) in the constellation Cygnus which covers the superbubble observed by
Cash et al. (1980). The main purpose of the analysis was to find out whether the
superbubble is a single structure and to discover the source of its X-ray emission.

The region that contains the X-ray superbubble is a gigantic cluster of gas, dust, and
high-luminosity stars. Within the region at distances of up to 2.5 kpc from the Sun are
eight young stellar associations including about 110 stars of high luminosity and a
variety of nebulae of different characteristics. The region is characterized by a high
density of radio sources, both thermal and nonthermal. The western portion of the
superbubble is superimposed on the Cyg X region extensively investigated in the radio,
IR, and optical ranges. Thus, the region of the sky of interest contains a great variety
of objects forming a projected picture of high complexity. None the less, all interpreta-
tions of the X-rays emitted by the superbubble have been based on the assumption that
it is a single structural unit (Higdon, 1981; Abbott et al., 1981; Blinnikov et al., 1982).
Notably, the discoverers of the superbubble ascribe its existence to sequential explosions
of 30 to 100 supernovae over a period of three to ten million years in the dense Cyg OB2
association. Blinnikov er al. (1982) attribute its origin to the supernova-like explosion
of a supermassive star (2000M). According to Abbott et al. (1981), the Cyg OB2
association surrounded by highly rarefied gas and, therefore, Cyg OB2 bubble can be
very large.

Analysis of observational data has led us to the conclusion that the observed giant
ring of X-ray emission is essentially a projection on the celestial sphere of several
physically separated discrete sources at different distances from the Sun
(r = 0.5-2.5 kpc).

The basic data on the Cygnus superbubble are summarized in Section 2. Section 3
deals with the position of the superbubble in the Galaxy. The sections that follow
describe at length the emission from the region of interest in different ranges of the
electromagnetic spectrum: radio (Section 4), optical (Section 5), infrared (Section 6),
and X-ray (Section 7). The discussion (Section 8) is concerned with the origin of the
diffuse component of the superbubble’s X-ray emission. Section 9 summarizes data on
the spatial location of the objects making up the Cygnus superbubble. Section 10 delves
briefly into the possible origin of the stellar associations responsible for the diffuse
component of the X-rays emitted by the superbubble. Finally, Section 11 sets forth the
main conclusions of this paper.
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2. Basic Observational Data on Cygnus Superbubble

2.1. X-RAY OBSERVATIONS

The gigantic region emitting soft X-rays and having a horseshoe shape 13 x 18° in size
(Figure 1) was discovered by Cash ez al. (1980), with the aid of a system of proportional
counters on board the X-ray satellite HEAO-1, operating in the range of 0.1 to 3 keV.
The angular resolution was 1955 X 2295. The resulting emission spectrum was narrow
(with steep slopes on both low- and high-energy sides). The bulk of the energy is emitted
in the range of 0.5 to 1 keV.

40,0

Ll

Fig. 1. X-ray picture of the Cygnus superbubble (Cash et al., 1980) from satellite HEAO-1 data. The

density of the hatching on the picture is proportional to the logarithm of the number of the accumulated

photons. Equatorial coordinates are shown. The right ascension is given in degrees. The four darkest spots

correspond to the intense sources of soft X-rays, subtracted by Cash eral. (1980) from the emission

produced by the superbubble. The sources are CygX-2 (325, +38), CygLoop (313, +31), Cyg X-1

(299, +35),and G 65.2 + 5.7 (293, + 32). Visible on the north-eastern edge of the ring is Cyg X-6. The spot
with its center at (302, +41) is Cyg X-7. The picture was kindly supplied by Webster Cash.
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The X-ray emission region extends along the galactic plane and has the following
coordinates: /™ =70-88°, pM = -8 - +5° (o= 19"30m-21P50™, & = 30-47°).
Portions of this large ring: namely, extended courses Cyg X-6 and Cyg X-7, were
detected earlier (Coleman et al., 1971; Davidsen et al., 1977).

Cash (1980) compared the observed X-ray spectrum with that of optically thin hot
plasma and found the temperature of the emitting gas to be T = (1.6-2.5) x 10° K.
He observed a column density Ny = (5.6-9) x 10! cm 2. (The indicated ranges
correspond to a 909 level of significance.) The X-ray flux is F,
(0.5-1keV) = 1.3 x 10~° erg cm ™~ 2 s~ !, which, when corrected for interstellar absorp-
tion, becomes 108 erg cm =2 s~ '. The correction for interstellar absorption is highly
uncertain (see Section 8.1).

The distance to the superbubble was rather arbitrarily assumed to be 2 kpc on the
basis of:

(a) the high value of Ny, which implies that the distance to the X-ray source cannot
be less than 0.5 to 0.8 kpc; and

(b) the possible linkage of the superbubble with the highly compact Cyg OB2 associa-
tion which includes several stars of very high luminosity.
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Fig. 2. System of elongated emission gas filaments 15 x 13° in size around radio source CygX and
associations Cyg OB2, pointed out by Ikhsanov (1960b) and Dickel ef al. (1969).
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The following parameters were determined for an object at this assumed distance:
X-ray luminosity of the superbubble, L, ~ 5 x 103 erg s ~!; size of the emitting region,
D = 450 pc; volume emission measure MV = | NZ2dV = 1.5 x 10> cm ~?; gas concen-
tration in the emitting region =~ 0.02 cm ™2 (Cash et al., 1980).

The horseshoe shape of the superbubble X-ray emission is attributed by Cash et al.
(1980) to the X-ray absorption by the Great Rift — a large dust cloud responsible for
the visible bifurcation of the Milky Way. Further discussion of the X-ray observational
data of the superbubble is deferred to Section 7.1.

2.2. SYSTEM OF OPTICAL FILAMENTS

The optical emission from the region of interest has a complex structure. Ikshanov
(1960b) and Dickel et al. (1969) distinguished a giant system of gas filaments (for more
detail, see Section 5.2) around the Cyg OB2 association, which form an oval 13 x 15°
in size, stretching along the galactic plane (Figure 2).

Cash et al. (1980) emphasized the coincidence of the system of filaments around
Cyg X and the observed X-ray superbubble. The approximate conformity of the positron
of the filaments to the X-ray structure prompted Cash et al. (1980), Abbott ez al. (1981),
Higdon (1981), and Blinnikov efal. (1982) to regard the superbubble as a single
structure.

3. Position in the Galaxy

3.1. LOCAL SPIRAL ARM

Toward the constellation Cygnus (/™ ~ 70-85°) against which the superbubble is
projected, is a local spiral arm referred to as the Orion or Carina-Cygnus arm. The Sun
is located on the inner edge of this arm, hence, the position of the X-ray superbubble
on the sky coincides with the arm cross-section.

The arm is discernible by the position of hot stars and diffuse nebulae (Bok, 1959),
by the distribution of the obscuring matter (a review of earlier studies was made by
Kaftan-Kassim (1961) by radio observations of natural hydrogen (McCutcheon and
Shuter, 1970), by young star clusters (Humphreys, 1976), by examination of CO mole-
cules, and by the position of the H1I regions (Scoville and Solomon, 1975; Burton et al.,
1975).

According to McCutcheon and Shuter (1970), the line-of-sight remains within the
local spiral arm in direction /™ = 70-85°, at least over the first 4 kpc from the Sun.
Since evaluations of the distance to both the Cygnus superbubble (Cash ez al., 1980) and
the stars and nebulae that may be associated with it (see Section 5) yield values ranging
from 0.5 to 2.5 kpc (at any rate not exceeding 4 kpc), the superbubble region must be
entirely located in the spiral arm.

Figure 3 presents a map derived by McCutcheon and Shuter (1970), showing the
distribution of interstellar atomic hydrogen in the direction of Cygnus. The local spiral
arm and two Perseus arms can be seen.
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Fig. 3. Position of the local (Orion) spiral arm derived from observations of the 21 cm hydrogen line
(McCutcheon and Shuter, 1970). GC s the galactic center. Also shown are the Perseus arm and the variation
of radial velocities as a function of distance toward the region of interest.

The nature and properties of the local spiral arm seem to differ widely from those of
other spiral arms. The many attempts made in recent years to construct a system of
spiral arms for the Galaxy as a whole suggest that the Sun falls almost exactly in the
middle between the major spiral arms so that the local arm does not fit into the grand
design of the Galaxy. Such a conclusion was drawn by Georgelin and Georgelin (1976)
from radio observations of the most prominent H 11 region in the Galaxy. The Orion arm
which includes the Orion nebula and the numerous nebulae in the constellation Cygnus
(which are of interest here) is far behind the other in terms of parameters of the brightest
H 11 regions. Proceeding from studies into the kinematics of stars in the galactic disk,
Byl and Ovenden (1978), Mishurov et al. (1979), Pavlovskaya and Suchkov (1980)
reconstructed the position of spiral density waves and demonstrated that the entire local
arm lies between the spiral density waves. Uranova (1985a) found that the distribution
of obscuring matter in the local arm changes abruptly on the outer side and changes
smoothly toward the inner one, which is hard to reconcile with the density-wave theory
for a spiral arm.

Thus, the combination of young objects stretched toward Carina-Cygnus does not
seem to define a ‘usual’ spiral arm resulting from a typical spiral shock wave. There is

© Kluwer Academic Publishers ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1985Ap%26SS.108..237B

S5 108, “Z37B.

P&

(19854

STRUCTURE AND ORIGIN OF THE CYGNUS SUPERBUBBLE 243

a possibility of its being a side branch or a bar between main arms. This problem was
treated at greater length by Bochkarev (1984a, ¢). In Section 10.1 we shall consider the
possible relationship between some structural features of the region of interest in the
constellation Cygnus and other large-scale formations in the local arm, on the one hand,
and the absence of a spiral density wave in it, on the other.

Although it is likely that the local arm does not contain a spiral shock wave, it certainly
does contain a group of young objects extending along the line-of-sight. The effects of
projection may create an illusion of a single object whereas, in fact, we are dealing with
a group of spatially separated and physically unrelated features. A similar crowding of
gaseous nebulae and young objects is also observed in the constellation Carina (Walborn,
1973). The reason for high density of young objects in Carina may be the same — the
line-of-sight is tangential to the local spiral arm.

3.2. DETERMINATION OF DISTANCES TOWARD CYGNUS

The galactic longitudes of the superbubble region in Cygnus are in the neighbourhood
of 90° (65° <I™<90°). In these directions, at a distance of up to 3—4 kpc, the
differential galactic rotation results (see Figure 3), only in low radial velocities
lv] £ 10km s~ !, a value similar to the dispersion of interstellar cloud velocities in the
Galaxy. This creates difficulties in interpreting velocity data in the superbubble region;
kinematic distances are unreliable and cannot be used to construct the spatial structure
of the region.

Much more reliable are the distances derived from stellar photometric data, although
they may contain serious errors because of the pronounced inhomogeneities in the
distribution of interstellar light extinction in this region. It is quite possible that many
young stars of this region (bright members of the Cyg OB2 association, for example),
are still inside the gas-dust cocoons in which these stars were born (Reddish, 1968). The
complex structure of the distribution of obscuring matter in the region of Cygnus (see
Section 5.5), makes it very difficult to make accurate determinations of the distances
of the involved stars.

4. Radio Emission from the Region of Interest

The region of the constellation Cygnus is characterized by strong radio emission of a
complex structure. Bolton and Westford (1950) demonstrated that near the strongest
extragalactic source Cyg A there is an extended radio-emitting region named Cyg X by
Piddington and Minnett (1952). At present, the name Cyg X is normally applied to a
region of the sky defined by coordinates 20" < o < 21%,38° < § < 45°. Cyg X occupies
about a quarter of the region under investigation. In addition to Cyg X, many other
strong radio sources can be seen in the above direction. This can be inferred, for
example, from Figure 4 which shows the survey made by Berkhuijzen (1971) at
820 MHz with an angular resolution of 1°2. Analysis indicates that the radio sources
of this region include both thermal and nonthermal ones.
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4.1. SUPERNOVA REMNANTS

Eight sources produce nonthermal spectra and are remnants of supernovae (Milne,
1979). The best known and strongest among them is the Cyg Loop located in the
southern part of the region. Of all the SN remnants in the area of interest, the Cyg Loop
and the recently discovered G 65.2 + 5.7 (Gull et al., 1977; Shyder et al., 1978) are
closest to the Sun and have the largest angular dimensions. Three other objects (HB21,
W63, and DR4) are less than 2 kpc distant from the Sun, while the others are farther.

Table I lists the equatorial coordinates, angular dimensions, distances, designations
of supernova remnants, and references to information sources.

TABLE 1

Supernova remnants in Cygnus region

Source %1950 d1950 Angular dimension § Distance Designation Reference
(min of arc) R (kpc)
G652+57 19"31™  31°10° 240 x 200 0.9-1.2 Gull et al. (1977),

Lozinskaya and
Sitnik (1978)

G657+ 12 19"5™  30°00 18.6 5.8 DA495 Milne (1979)
G740-8.6 20%50™  30°53" 180 0.8 Cyg Loop Milne (1979)
G749+12 19745™  40°00 6.5 7.3 CTB&7 Milne (1979)
G78.1+18 20%21™ 40°04" 62 1.6 DR4 Milne (1979)
G822+54 20°17™  45°30° 77 1.3 W63 Milne (1979)
G842-0.8 20"0™ 45°00 18 6.2 Milne (1979)
G89.0+4.7 20"3™ 50°30° 105 1.1 HB21 Milne (1979)

The optical emission of these supernova remnants will be discussed in Section 5.1,
and the X-ray emission in Section 7.3.

4.2. CONTINUOUS THERMAL RADIO EMISSION. CYG-X REGION

The western part of the superbubble, marked by the most intense radio emission, is
associated with the composite radio source Cyg X. The region under consideration also
include several extended thermal radio sources such as the S119 nebulae, for example.
(Some of these will be treated at greater length in the next section, in the context of their
optical emission.)

Since the Cyg-X region coincides with a large part of the superbubble, it is necessary
to consider the results of radio observations of this region.

A comprehensive summary of the Cyg-X region observations made before 1976 can
be found in Goudis’ (1976) work. The continuously emitting radio source Cyg X was
investigated at frequencies of 408 MHz (Mathewson et al., 1960), 610.5 MHz (Yang
and West, 1964; Wendker, 1967), 1414 MHz (Pike and Drake, 1964), 2965 MHz
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(Wendker, 1970), 3200 MHz (Higgs et al., 1964), 5000 MHz (Downes and Rinehart,
1966), and 6600 MHz (Higgs, 1966). These observations, made in most cases with a
resolution of 10’ to 20’ have shown that Cyg X has a complex structure. It includes the
well-known star formation region W75 as well as sources W66, W67, and W80. Downes
and Rinehart (1966) distinguished 27 objects in it (Figure 5). Only one of them (DR4)
is known for sure to be a supernova remnant. Twenty-three objects are H1I regions.
Most of them are also far IR sources (see Section 6). Wendker (1970), in turn, identified
78 radio sources in the Cyg-X region.

The emission measures of the H 11 regions are EM = 3000-50000 pc cm ~ ¢ (Goudis,
1976) with individual condensations characterized by EM of up to 5 x 10° in
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Fig. 5. Contour map of the radio continuum at 5000 MHz in the Cyg-X region (Downes and Rinehart,
1966).

DR5 = W67 = IC 1318b, ¢ (Dickel etal., 1974) and a plurality of extremely bright
condensation with EM = (1-9) x 107 pc cm ~ ¢ (Goudis, 1976) in DR21 which forms
part of the W75 complex. The typical densities of the extended components of the H11
regions are { N2> V2 = 15-100 cm 3, and their masses are My ; = 100-5000 MM .

Such a complex might be regarded as a single entity if all of its components were
spatially close to one another. Should this have been so, the Cyg-X region could have
been interpreted within the framework of the interstellar ‘blister’ model (Icke, 1979,
1981). However, the Cyg-X region is most likely to be extended along the line-of-sight,
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covering a distance much longer than its transverse dimension. Such an assumption
seems to be quite natural in view of the fact that the line-of-sight toward Cyg X is tangent
to the local spiral arm (Bolton and Westford, 1950; Scheuer and Ryle, 1953 ; Westerhout,
1958). To throw light on the subject, one must know the spatial distribution of the
objects in Cyg X. The kinematic distances toward Cyg X are not ideal distance indicators
(see Section 3.2). Distribution of Cyg X objects may be determined from the obscuring
matter distribution in the Galaxy and the interstellar extinction for each nebula.
Shklovskii (1960) noticed that the interstellar absorption up to the H 11 regions emitting
in both optical and radio ranges can be determined by comparing surface brightnesses
in these two ranges (see Section 5.5). The first attempts to determine the distance in this
manner has been made by Ikshanov (1960a). The more detailed investigations carried
out by Dickel et al. (1969) and Dickel and Wendker (1978) (see Section 5.5) suggest that
the nebulae in Cyg X are distributed in the local spiral arm at distances ranging from
at least 1 to 2.4 kpc. The same conclusion follows from Cyg X observations in radio-
absorption lines (see Section 4.3).

At the same time, after having excluded the radio emission from all discrete sources,
Wendker (1970) detected in the Cyg-X region an extended object about 6° in size (the
center coordinates are o~ 20"25™, § ~ 40°30’), which is possibly connected with a
single large-scale object. Its brightness temperature at 2695 MHz is about 1 K. The
position of this object correlates well with the Cyg OB2 association. Its nature will be
discussed in Section 10.3.

4.3. OBSERVATIONS IN RECOMBINATION, MOLECULAR RADIO, AND 21 cm ATOMIC
HYDROGEN LINES

The region of interest is characterized by intense emission in the 21 cm line (Kaftan-
Kassim, 1961; McCutcheon and Shuter, 1970), in the 2.6 mm CO line (Scoville and
Solomon, 1975; Burton et al., 1975), and in recombination radio lines. The Cyg-X
region was investigated in hydrogen lines H 109« (Schraml and Mezger, 1969; Reifens-
tein et al., 1970; Terzian and Parrish, 1973), H 158« (Dieter, 1967), H 166, H 1920,
H2200 (Pedlar and Davies, 1972), and helium line He 850 (Churchwell et al., 1974),
while its individual components were also studied in other recombination radio lines.
These observations corroborate that most of the 29 sources examined in this region are
thermal ones. Their radial velocities with respect to the local standard of rest fall into
therange — 15km s~ ' < ¥V, ox < 14 km s~ !, except for those in line H 109« emitted by
the source DR7, where ¥} gg is about —40 km s~ ' (Reifenstein et al., 1970; Terzian
and Parrish, 1973). The DR7 source is likely to be more distant than others and simply
projected on the region under consideration. The kinematic distance to this source is
8 kpc, which is suggestive of its position in the Perseus arm.

In the Cyg-X region, OH absorption (1 = 6 cm) was detected at velocities of
—6kms "<V gg < 12km s~ ! from 17 sources (Goss, 1968; Pashchenko, 1973).
For 15 sources, V;qgx = —3 km s~ !, For the sources DR7 and DR23, absorption
components with V;qg = —5.7kms ™! were observed. These correspond to the
greatest kinematic distances among the 17 sources. In the case of DR7, three line
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components with ¥ gg = —5.7, +5.0, and +12.2km s~ ' were observed at once
(Pashchenko, 1973), which indicates that it ‘shines’ through three dark clouds and is
indeed a distant object.

Observations of the radial velocities of the OH absorption line in the North
America-Pelican complex located in the Cygnus superbubble region also give
Visr = +1km s~ ! (Jefferts e al., 1970; Turner, 1973). Corresponding to these are the
velocities observed in the recombination radio lines of these nebulae (Pedlar and
Matthews, 1973; Pedlar and Davies, 1972). This indicates that one of the absorbing
molecular clouds is associated with these nebulae and the Great Rift. Besides, there is
a possibility of another absorbing cloud being in front of them (see also Section 5.5).

Observations (Wilson et al., 1974) of the CO emission line (A = 2.6 mm) give velocities
coinciding with those determined from OH absorption to within 1-4 km s~ !, except for
source DR22. In the direction of the latter, an additional component is seen in the CO
line with ¥} gr of about —11km s~!, which does not correspond to the velocity
determined from OH absorption, and there is no CO emission with
Visg = +5.0km s~ ! corresponding to OH absorption. The additional CO emission
must be due to farther cloud. Besides, emission in some other molecular radio lines was
observed in several cases.

Thus, radio observations in CO emission, OH absorption, and CH emission lines
(A = 9 cm, resolution 15’, Rydbeck et al., 1976) indicate that there are three molecular
clouds present in the direction to the Cyg X radio source. The nearest cloud has
Vi sg ~ 12 km s~ !, which corresponds to a distance less than 1.5 kpc, whereas the
V; sr Of the others are + 5km s~ ! and (-2 to — 3) km s~ '. In some instances, similar
velocities are also observed in recombination radio lines, which seems to indicate that
the various components of Cyg X are associated with these clouds. The sources
constituting Cyg X may be formed by the thermal emission from the ionized edges of
these clouds (Icke, 1979, 1981).

In five cases, neutral atomic hydrogen absorption lines at 4 = 21 cm were seen against
the background of Cyg-X radio-emission (Davies and Matthews, 1962; Sato, 1968).
The absorption lines cover a wide range of velocities ; the components of highest velocity
are associated with the emission sources of greatest intensity. The large spread of
velocities in DR21 (—20 < V; gg < + 18 km s~ 1), probably indicate expansion of this
H i1 region. The velocities of other sources were found to be within the same range.
Positive velocities are predominant, indicating small distances to the absorbing H1
clouds. The 21 cm absorption and emission data suggest that Cyg X is associated with
the local arm (Kaftan-Kassim, 1961; McCutcheon and Shuter, 1970).

Heiles (1979) found 14 giant shells of neutral hydrogen in the constellation Cygnus.
Three shells GS087 + 03+ 19 (angular dimensions: 895X 3°6) and
GS 088 + 04 + 17 (angular dimensions: 3 x 3°) in the eastern part and
CS 075 = 01 + 39(5.5 x 3°)in the western part are at distances ranging from about 0.5
to 2.6 kpc. Heiles (1979) estimated the distance to the first two shells to be around
0.5 kpc, as suggested by the radial velocities of +19 and + 17 km s~ .

The remaining shells are more than 4 kpc distant from the Sun, and if the estimated
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distances are correct, are not likely to be associated with the superbubble observed in
X-ray emission. It is, therefore, difficult to accept the suggestion made by Cash et al.
(1980) that the GS 081 — 05 — 37 shell (with a radial velocity of —37 km s ~!)is linked
with the stellar association Cyg OB2 which has the distance ~ 2 kpc from the Sun (see
Figure 3).

4.4. SUMMARY

The radio-emission from the region of interest arises from a great variety of objects
primarily within 1 to 2.5 kpc of the Sun. These include 8 supernova remnants, 3 neutral
hydrogen supershells, and many H 11 regions scattered at different distances from the
Sun within the local spiral arm. Radio observations reveal three molecular clouds in the
same region. In addition, there seems to be an extended (about 6° in diameter) source
of continuous radio-emission, most probably of thermal nature, in the neighborhood of
the stellar association Cyg OB2. No continuous large-scale structures of nonthermal
radio-emission have been detected in this region. This is a strong argument against the
supposed connection of the X-ray superbubble in Cygnus with a remnant of one or
several supernovae, since the principal feature which allows supernova remnants to be
distinguished from other shell structures is their non-thermal radio-emission.

5. Optical Emission

The Cygnus region is essentially a giant gas-dust complex which contains a large number
of high luminosity stars. It is shown in Figure 6 which is a photomosaic of red-Palomar
maps.

5.1. BRIGHT EMISSION NEBULAE IN CYGNUS

In the western part of Figure 6, the interstellar gas forms a sizeable filamentary structure
of sinuous shape, extending along the galactic plane over about 18°. In addition to the
main, brightest structure clearly visible in Figure 6, the Palomar maps show, above and
under this structure, similar but weaker, mostly diffuse formations with the same crests
and valleys (barely visible in Figure 6). Typical crest dimensions vary from 3 to 5°. The
most prominent crest is observed in the region 20"00™ < o < 20"20™ and
35° < 0 < 40° (Figure 6).

In the considered sky sector, there are also several bright extensively studied emission
nebulae. Their coordinates are given in Table II. Prominent in the north-eastern part
are the North America (NGC 7000 = S117 = Sh234) and Pelican (IC 5067) nebulae
representing a single bright H 11 region divided by a less distant filament of obscuring
matter. Seen farther east is filamentary nebula S119 = Sh240 blown out by the stellar
wind from 68 Cyg (for further details, see Section 7.5).

The southern portion of the region features wisps of the Veil nebula which is identical
with the well-known supernova remnant Cyg Loop which has an angular diameter of
3°.

In the western portion of the region prominent against a sinuous background are
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oo™ 20k

Fig. 6. Photomosaic of Red-Palomar sky survey showing the Cygnus region. The dashed diagonal from the

left upper to the right lower corner indicates the galactic equator. At the top are the North-America and

Pelican nebulae. Nebula S119 appears further to the left. Visible at the bottom are bright filaments of the
Cyg Loop. Some bright stars of the constellation Cygnus are marked.

blisters of the H 11 region IC 1318a, b, ¢, divided into three parts by filaments of obscuring
matter which are projected on it, as well as a nebula near y Cyg. In the latter object the
H 11 region and the less distant star y Cyg are projected on the supernova remnant DR4
which is about 2 kpc away. The south-western part contains the bright dense nebula
NGC 6888 (see Section 7.5) formed by the stellar wind from the WN6 star HD 192 163.
The region of interest also features faint optical filaments of the supernova remnants
HD 21, W63, and G 65.2 + 5.7 (see Table I). The filaments of W63 are projected on
a complicated structure and defy any identification (Lozinskaya et al., 1975). The
filaments associated with G 65.2 + 5.7 must have been discovered by Struve (1957).
They were described as supernova remnants by Gull ez al. (1977).

5.1.1. The Results of Interferometer and Spectral Observations of the Nebulae

Some nebulae in this region were observed by the interference method in the Ho
emission line. For the supernova remnants Cyg Loop and G 65.2 + 5.7, the velocities
of both gas filaments (from the maximum Ho-profile) and the diffuse gas (from the
Ha-line wings, Bychkov and Lebedev, 1979) were determined. For the other objects
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TABLE III

Radial velocities of some nebulae in Cygnus region

Object o 5 V (kms™1) AV?(kms~') Reference

G652+ 57 19h31m™ 31°10° 16 100-150 Lozinskaya and Sitnik (1978)

W63 20017™  45°30’ 4 45 Lozinskaya et al. (1975)
Near W63 4 Lozinskaya et al. (1975)

IC 1318a 20M17™  43°00° ~ -4 Courtés et al. (1966)

DR4 20021™ 40°04’ 9 40 Lozinskaya et al. (1975)
Near DR4 -2 Lozinskaya et al. (1975)

IC 1318b 20m24™  41°30° ~=2 Courteés et al. (1966)

IC 1318¢ 20836™  41°45° 0 Courtés et al. (1966)

HB21 20M43™  50°30° 22 20-110 Lozinskaya (1972)

Cyg Loop 20050™ 30°53’ 16 20-115 Doroshenko et al. (1982)

S117 20B58™  44°00’ ~1 Courtés et al. (1966)

S119 21h45m  43°43' 6 45 Esipov et al. (1982)

2 AV is the width of the profile Ha line produced by the gas of the nebula, at half peak intensity.

listed in the first column of Table III, only the velocities of the filaments usually
associated with the low-shift gas components were measured. The equatorial coordinates
of the objects are given in the second and thirs columns of Table III, the fourth column
represents the mean radial velocity with respect to the LSR. The last column gives the
sources of velocity data. As can be seen from Table I1I, the radial velocities range from
—2to 16 km s~ . This velocity range coincides with that determined by radio methods
and mentioned in Section 4.3. Such a coincidence attests to the fact that the optical
nebulae lie in the same region as the radio ones. Sometime, values of expansion velocities
(the fifth column of Table III) seem to stay within the range of 10 to 15km s~ ' and
cannot be measured by the instruments used for obtaining the data of Table III.

Reynolds (1980) scanned the galactic plane in the Ha-line (0° < /™ < 240°) with a
Fabry-Pérot interferometer sensitive to emission with EM ~ 2 cm ~ © pc. The Ha profiles
observed in the region 68° < /™ < 90° have broad wings which correspond to high
velocities. They cannot be explained in terms of a spiral structure or differential galactic
rotation. According to Reynolds (1980), this region is characterized by peculiar motions
of about 50 km s~ '. This velocity is typical for diffuse gas. Filaments have a velocity
of 2to 3kms~ .

Spectral observations of filaments in the Cyg-X region had prompted Sabbadin
(1976) to regard it as an old supernova remnant of the S147 and Cyg Loop types. This
conclusion was drawn as a result of comparison of the relative intensities of 12 filaments
of this region in the He, [N11], and [S11] lines. According to their intensity ratios,
filaments in the Cyg-X region occupy an intermediate position between H 11 regions and
supernova remnants. The results of their observations in the region having coordinates
20"08™ < o < 20M36™36° < & < 45° (to the right of a Cyg) are as follows:

1.55 < I(Ho)/I(N11] < 4, 0.65 < I([Su))/I([N11]) < 1.32,
1.26 < I(Ho)/I([S1]) < 4.2.

© Kluwer Academic Publishers ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1985Ap%26SS.108..237B

S5 108, “Z37B.

&

a1
K1
Lo
0,
[=h

STRUCTURE AND ORIGIN OF THE CYGNUS SUPERBUBBLE 253

However, as was mentioned in Section 4.1, no extended sources of nonthermal
radio-emission have been found in the region. Furthermore, the regions of line intensity
ratios, in the case of H11 regions and supernova remnants, overlap to such an extent
that we find it impossible to give preference to any one of these possibilities, proceeding
from the above ratios.

5.2. EXTENDED RING-EMISSION FORMATIONS

The Cygnus region contains many long narrow emission filaments that have received
attention from many investigators. Morgan (1955) joined patches of filaments in the
region with coordinates o~ 21" and 6 ~ 38° into an arcuate with dimensions ~ 5°.
Struve (1957) identified a number of ring and arcuate structures, including Morgan’s arc,
and filaments that later turned out to be supernova remnant G 65.2 + 5.7. He found
also the arc oriented almost at a right angle to the galactic plane in the region /™ ~ 90°,
b™ = —2 to 8° and confining the X-ray emission region from the outside. If, as was
pointed out by Struve (1957), this arc could have been extended, it would have encircled
the entire constellation Cygnus.

5.2.1. Ring Nebulae Around Associations

Brand and Zealey (1975) distinguished in the constellation Cygnus a whole series of
large-scale ring formations of gaseous nature, which they named Cyg 1, 2, 3, and 4.
Numerical data for these objects are listed in Table IV. Their position correlates well
with that of the stellar associations in the eastern part of the region of interest (see
Section 5.3), and it may be assumed that each association is surrounded by its own
system of filaments. The most prominent of them is Cyg 1 around association Cyg OB1,
having an elliptical shape (Figure 7). Its dimensions are 3 X 4°, which corresponds, at
the association’s distance of 1.8 kpc, to 95 x 125 pc. (Its extended shape with respect
to the galactic plane can be explained if it has been formed by the stellar wind from the
stars of association Cyg OB1. The stars probably were born one after another as the
star-formation wave traversed the molecular cloud from which these stars originated.
The result is that the association and the nebula are extended along the galactic plane.)

TABLE IV

Loop structures around stellar associations in Cygnus region

Proper name 1 plt Angular diameter Stellar association

Emission structure

Cyg3 73°, +2° 2° Cyg OB3
Cyg 1 76°, +1° 3° Cyg OB1
Cyg2 78°, +1°5 2° Cyg OB9
Cyg4 80°, +1° 15° Cyg OB2

Dust structure

Cyg 5 80°, +1° 8° Cyg OB2
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Fig. 7. Emission ring nebula Cyg I around association Cyg OB1, described by Brand and Zealey (1975)
(inside of the dash line).

The emission loop structure Cyg 2 (Brand and Zealey, 1975) with dimensions of
about 2° surrounds stellar association Cyg OB9. Emission structure Cyg3 (~2°) is
connected with association Cyg OB3. Brand and Zealey link to association Cyg OB2,
the emission structure Cyg 4 about 15° in size (obviously coinciding with the ring of
optical filaments mentioned in Section 2.2, see also below) and dust structure Cyg 5
(~8°). The nature of these ring structures will be discussed in brief in Section 10.2.

5.2.2. The Ring of Emission Filaments Around the Cyg-X Region

This giant system of filaments, slightly stretched in the galactic plane and having
dimensions of 13 x 15°, was regarded by Ikhsanov (1960b) and Dickel et al. (1969),
as a single structure (see Figure 2). As we have already mentioned, some workers tie
the X-ray superbubble with the ring of optical filaments (Section 2.2).

This system of filaments was investigated by Kapp-herr and Wendker (1972), who
compared the surface radio brightness of the filaments (observed with the angular
resolution of 11") with the calibrated values of the surface brightness of optical filaments
in an Ho filter. For that purpose, the data published by Dickel and Wendker (1977) on
absolute Ha-photometry data were being used whenever it was possible. In other cases,
the surfaces emission brightness were estimated roughly from red Palomar photographs.
The results of narrow-band surface photometry were averaged over the 11’ region, and
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the derived values were compared with the radio data. This is a good way to determine
the interstellar extinction toward the nebula (for more detail, see Section 5.5). The ring
of filaments, identified by Dickel et al. (1969), was shown to be not a single structure;
its various parts differ so widely in distance that they are located on either side of the
Great Rift.

We believe that the elongation of the filamentary system along the galactic plane is
another strong argument against speculations that these filaments owe their origin to
a process initiated by a single centre. Since the assumed dimensions of the system of
filaments (~ 450 pc according to Cash et al., 1980) are comparable with or greater than
the thickness of the gaseous galactic disk (200-300 pc, Kaplan and Pikel’ner, 1979), one
would expect stretching of the filamentary system across the galactic plane. Meanwhile,
the observed orientation of the filament system is a natural consequence of the projection
on the celestial sphere of many objects located in different place along the galactic plane
(the arm is about 0.5 to 1 kpc wide along the plane and about 300 pc thick across the
plane). Moreover, because the arm is convoluted, its projection on the sky will also be
stretched along the galactic plane.

The same arguments seem to apply to the orientation along the galactic plane of the
X-ray superbubble (Figure 1) which was connected by Cash eral. (1980) with the
above-described ring of optical filaments.

It should also be noted that the ring of optical filaments was selected by Dickel et al.
(1969) in a rather arbitrary manner. They included in the ring filaments of the nebula
S119, which is a well-known separate source (Figures 2 and 6). It is also likely that some
filaments from the south-western part of the ring are connected with the bubble around
association Cyg OB1 (emission structure Cyg 1, see Table IV).

In the region under investigation one can also distinguish a filamentary system
extending across the galactic plane. It includes filaments to the west of stars 7 Cyg and
« Cyg with coordinates o = 20"10™-20"30™, 9 = 42-46°, and « = 20"50™-21"10™,
0 = 37-41°. The latter region corresponds to Morgan’s arc of filaments. It can be easily
imagined that these filaments are patches of an elliptical shell extending across the
galactic plane over about 10°. The shell includes, although far from the geometric center,
the dense association Cyg OB2 which may have created such a system of filaments by
its unusually strong (Abbott et al., 1981) stellar wind. It is also possible that physically
associated with the same region is the extended radio source discovered by Wendker
(1970) and mentioned in Section 4.2 (see also Section 10.3). However, the hypothesis
about the physical connection of the above-mentioned system of filaments certainly calls
for observational verification based on analysis of both radio and optical data. Preli-
minary examination of Cyg X radio maps does not contradict that hypothesis, but of
course is not sufficient to prove it.

5.3. STELLAR ASSOCIATIONS

The Cygnus region contains eight young stellar associations Cyg OB1, OB2, OB3, OB4,
OB7, OB8, OB9, and NGC 6991. Together, these associations contain about 50 high-
luminosity stars of class O. Some characteristics of these associations (galactic and
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TABLE V

Stellar associations in Cygnus region

Association M opt o, & Distance  Dimensions O B A Age
(kpc) (pc) (X 10° yr)
Cyg OB3 71°3-73°8  20"05™ 2.29 90 9 15 8.3
1°2-3°4 35°
Cyg OB1 74°0-77°0  20P15™ 1.82 100 12 28 7.5
-0°6-2°8 37°
Cyg OBS 76°3-79°2  20"10™ 2.29 130 4 10 3.0
2°1-5°4 40°30
Cyg OB9 77°0-79°0  20P20™ 1.2 40 7 7 8.0
0°8-2°2 40°
Cyg OB2 80° 20b30™ 1.82 13 2 5.0
0° 41°
Cyg OB4 81°0-84°0 21h15™ 1.00 50 1
—893--6°3 38°
Cyg OB7 84°0-96° 21002™ 0.83 170 3 6 1 13.0
—4°9-9°¢ 49°

NGC 6991 872
I 9¢

Listed in columns 6, 7, and 8 is the number of high-luminosity stars (Humphreys, 1978).

equatorial coordinates, photometric distances from the Sun, dimensions, number of
high-luminosity stars of classes O, B, and A) are listed in Table V. The ninth column
gives our estimates of ages of the associations made by the methods proposed by Lucke
(1978) — that is, based on the number of stars in the top of the Main Sequence of the
Hertzsprung—Russell diagram, having the highest absolute magnitude (M, ) for a given
association.

Associations Cyg OB3, OB1, OB8, OB9, and OB2 are located in the western part
of the region, in the ‘crests’ and ‘valleys’ of the above-described sinuous filamentary
structure (see Figure 8 and Table V). The solid lines in Figure 8 indicate emission
filaments, while the dashed circles mark the approximate boundaries of the associations
(but not the surrounding ring nebulae).

The parameters of the major associations are considered in brief in what follows.

Cyg OB2 is the most prominent association in this region and, probably, the Galaxy
as a whole. It was studied in detail by Reddish eral. (1966). The distance to this
association is about 2 kpc (Humphreys, 1978; Reddish et al., 1966). It is a compact
(29 x 7 pc) cluster of at least 3000 stars of which no less than 300 are Main-Sequence
OB stars surrounded by gas-dust cocoons with a typical obscuration of about 3™
(Table V gives only the brightest stars, primarily supergiants, listed by Humphreys,
1978). There are several superluminous OB supergiants. Six of them are among the
15 brightest stars of the Galaxy (Humphreys, 1978). Five stars of this association have
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21"o00™ 20"00‘"

Fig. 8. Distribution of stellar associations against the background of bright filaments in the Cygnus region.
The approximate boundaries of the associations (but not the ring nebulae around them) are indicated by
dash circles. The dash-dot line marks the galactic equator.

been found to emit soft X-rays (see Section 7.4). In Cyg OB2, three Wolf—Rayet stars
have been found (Reddish, 1968). The total mass of the stars has been estimated by
Reddish et al. (1966) to be (0.58-2.7) x 10* M, while the mass of the circumstellar
shells is (1.0-3.6) x 10*M, - that is, the total mass of the association is
(1.6-6.3) x 10* M. According to its parameters, the association is similar to the young
globular clusters of the Magellanic clouds. The interstellar light extinction in its direction
is 4 to 6 (Dickel and Wendker, 1978).

Brand and Zealey (1975) ascribe the emission loop structure Cyg 4 with dimensions
of 15° to association Cyg OB2 (see Section 5.2 and Table IV). The association is also
surrounded by dust structure Cyg 5 having dimensions of 8°. The traces of the dust ring
according to Brand and Zealey (1975) are visible against the North-America nebula.
Also possibly connected with the association is the filamentary system which has
dimensions of 8—10° and extends across the galactic plane (Section 5b) as well as the
extended radio source described by Wendker (1970) (Sections 4.2 and 10.3).
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Cyg OBI. This association comprises several bright stars characterized by strong
stellar winds, including five Wolf—Rayet stars, three Of stars, and P Cyg. Cyg OB1 is
surrounded by emission ring nebula Cyg 1 (Figure 7).

Cyg OB7. The eastern part of the region of interest contains stellar associations
Cyg OB7 which is the nearest to the Sun and has dimensions of about 12°. It includes
the O6f star 68 Cyg surrounded by the bright nebula S119 (see Sections 5.1 and 7.5).
This is the oldest stellar association in the constellation Cygnus (see Table V).

The combination of the above stellar associations in the Cygnus region is projected
on the sky in the form of a ring with the Great Rift in the middle. As can be seen from
Table V, most of the associations are spatially close to one another (r ~ 1.5-2 kpc).

5.4. HIGH-LUMINOSITY STARS WITH STRONG STELLAR WIND

The number of OB2 stars in Cygnus is high: 110 high-luminosity stars are concentrated
there (Humphreys, 1978). All of them seem to be sources of soft X-ray emission. X-ray
emission must be the most intense from 55 supergiants of early spectral classes.

The density of Wolf—Rayet stars with strong stellar winds in this region is two to three
times greater than the average density of these stars in the Galaxy: the region, with extent
about 18° along the galactic equator, contains 20 W-R stars of the 158 galactic W-R
stars listed by Hucht ez al. (1981). Most of the W—R stars lie within 72° < /™ < 81° and
belong to stellar associations Cyg OB1 and Cyg OB2. Some of these stars are projected
on the region where association Cyg OB3 is located.

The Cygnus region contains 16 out of about 90 galactic Of stars also characterized
by a strong stellar wind (Lozinskaya and Lomovskij, 1982; Lozinskaya, 1982).

5.5. INTERSTELLAR EXTINCTION

For a better understanding of the complex picture of gaseous nebulae observed in optical
emission, one must know well the distribution of obscuring matter in space. The region
of interest is characterized by large amounts of interstellar extinction (Lynds, 1962).
Investigation of the optical obscuration in the Cygnus region was started in the twenties
(Wolf, 1923, 1925). The basic studies of the distribution of obscuring matter in the region
are listed in Table VI.

According to Ikhsanov (1959), the dust in the direction toward Cygnus shows the
usual ratio between color excess Eg_, and the interstellar extinction A, :
R=A4,/E;_,=3.0+0.2.

5.5.1. Distribution of Obscuring Matter Along the Galactic Plane

The region of interest gives rise to the Great Rift dissecting the Milky Way near the
galactic plane from the constellation Cygnus to the galactic center and beyond. The
Great Rift is a giant gas-dust complex associated with the North-America and Pelican
nebulae. The edge of obscuring matter of the Great Rift, closest to the Sun, is at
distances ranging from 500 to 800 pc (Miller, 1937; Vanis, 1941). With the galactic
longitude /", decreasing from 85-90° to 60°, the edge gradually recedes (Uranova,
1968; Lucke, 1978; see Figure 9). The far edge of the Great Rift is at a distance of 1600
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180 180

270

(a) (b)

Fig. 9. Distribution of obscuring matter in the galactic plane (Lucke, 1978): (b)in the region 500 pc

distance from the Sun (smoothed over 100 pc in a layer 50 pc thick); (a) in the region 2 kpc distance from

the Sun (smoothed over 200 pc in a layer 200 pc thick). The contours stand for lines of equal values of
dEg_,/dr = 0.5, 1.0, 2.0, and 4.0 mag. kpc ™.

to 2000 pc (Miller, 1937; Uranova, 1968 ; Kalandadze and Kolesnik, 1977). The matter
inside the Great Rift seems to be concentrated in several large clouds (Kalandadze and
Kolesnik, 1977; Lucke, 1978). Behind the Great Rift, up to 4 kpc, space is almost free
of obscruring matter, after which line-of-sight enters the Persus I arm and obscuration
increases (Pucinskas, 1982) (see Figure 3). The immediate vicinity of the Sun
(R < 100 pc) is free of obscuring matter, as was pointed out in early studies (Miiller and
Hufnagel, 1935; Miller, 1937) and examined extensively by Lucke (1978) and Perry and
Johnson (1982). More evidence to this effect is provided by the O v1 ion lines observed
in the spectra of the nearby stars 59 Cyg (250 pc) and 60 Cyg (380 pc) (Jenkins, 1978).

According to Perry and Johnson (1982), in the direction / = 65-90° there are several
clouds of obscuring matter at distances of 50 to 100 pc from the Sun on either side of
the galactic plane (galactic latitudes b'! ~ +30° and b ~ —45°). The interstellar extinc-
tion is small near the galactic plane in the direction to Cygnus. It reaches a maximum
value at 300 pc from the Sun in theregion /"' = 75°, ™ x~ —7.5-0° withE, _,, = 0707.
Only at /~ 85-90°, in the galactic plane at a distance of about 200 to 300 pc, there is
a cloud with 4, ~ 076-1"72 (Miiller and Hufnagel, 1935; Metik, 1961; Lucke, 1978).

The distribution of obscuring matter in the Great Rift is rather inhomogeneous, which
has been pointed out by all those who investigated this region (see reference in Table VI).
Consequently, the region of interest has to be broken down into rather small portions
for a more complete examination of the obscuration. Pucinskas (1982) had to divide a
region as small as 0.8 deg? into three portions. Obviously, in larger sky sectors one can
use only averaged values of extinction.

Generally, at distances r < 2 kpc from the Sun toward the Cygnus superbubble, the
obscuration near the galactic plane varies from about 2™ in the direction toward cluster
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TABLE VI
Major studies into the spatial distribution of interstellar extinction in Cygnus region
Authors Region under investigation
Area (deg®?)  Location
1. Wolf (1923) Cyg Loop region (NGC 6960)
2. Wolf (1925) 1.51 North-America nebula
3. Miiller and Hufnagel (1935) 14.3 Circle 4°5 in diameter with its center at
"M~ 84°, b~ 0° (around NGC 7000)
4. Miller (1937) 700 50° <M< 87°, —10° sbhM < 15°
5. Ikhsanov (1959) 30 Circle 6° in diameter with its center at
M~ 80°, b™ ~ 4° (Cyg-X region)
6. Metik (1961) 42 Square with center at /! = 52°, b = +0°5,

80° < /M <5 87°

7. Uranova (1968) 65° <IN < 77°
8. Kalandadze and Kolesnik (1977) 18 Circle with its center at /™ = 7629, b™ + 026
(in the direction to the stellar cluster
NGC 6913)
9. Lucke (1978) ~ 42000 All over the sky
10. Pucinskas (1982) 0.8 Circle with its center at /™ = 75%4,
b™ = + 123 (in the direction to stellar
cluster IC 4996)
11. Perry and Johnson (1982) ~ 20000 Northern hemisphere
12. Uranova (1985a, b) 350 70 SIM87°, —20° b 10°
Range of Number Remarks

distances (kpc)  of stars

1.

=IO XX N W

_—

12.

2826
10185
. %12 8000
<1.5-2 952
$44 3403
<40
<25-4 3213
<2 4187
<7 888
<03 3450
<15-3

Stars counted up to 1775 in selected sectors with a total area of

0.03 deg?

Stars counted up to 16 in a region divided into three sectors according
to the amount of obscuration

Two-color photographic measurements of stars up to 15”; the region is
divided into 6 sectors according to the amount of obscuration

88 selected sectors examined; photographic observations of stars in
three colors

Cyg X region divided into 8 sectors; measurements in two colors

Photographic measurements of OB2 stars in two colors

Two-color measurements; the region is divided into 9 sectors

According to UBV magnitudes and spectral types

Multicolor measurements; the region is divided into 3 sectors

According to data on bright A and F stars; resolution of about 25 pc in
all three coordinates

Stars of known spectral classes and luminosities up to 12-14";
distribution along the z-coordinate in 8 sectors / at different distances
from the Sun
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IC 5996 (Pucinskas, 1982) and in some other directions to at least 3*5-5" (Miiller and
Hufnagel, 1935; Miller, 1937; Ikhsanov, 1959; Kalandadze and Kolesnik, 1977). The
highest density of obscuring matter is observed at distances of 700 to 1200 pc from the
Sun, where in many directions d4,./dr > 5" kpc~! and, in some cases, it can reach
15-34" kpc ~ ' (Kalandadze and Kolesnik, 1977; Uranova, 1985a).

In some places, dense dark nebulae with extinction 5—6" are observed (Lynds, 1962).
Regions with pronounced obscuration (4, = 3) extended along the galactic plane in
the form of waves with bl < 0 at /™ ~ 85° and /" = 67-72° and b > 0 at /"' ~ 78°.
This wavy picture generally follows the z-variations of interstellar hydrogen distribution
in the local arm, as discussed by Quiroga and Schlosser (1977), and seems to correspond
to the departures of the interstellar matter distribution from the galactic plane in the local
arm.

5.5.2. Distribution of Obscuring Matter Along the z-Coordinate
The density of the obscuring matter decreases with increasing galactic latitude. In the

Cyg-X direction, as was pointed out by Ikhsanov (1959), the distance to the obscuring
matter layer increases with the z-coordinate in the northern hemisphere of the Galaxy.

Fig. 10. Distribution of obscuring matter in cross sections normal to the galactic plane along galactic
longitudes /™ = 60° (a) and I™ = 90° (b) (Lucke, 1978). Lines of equal values of color excesses E,_, at
distances of up to 1 kpc from the Sun are shown.
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A more detailed examination by Lucke (1978) has shown that the leading edge of the
Great Rift is almost vertical in the region / = 90° (with the obscuring matter maximum
being shifted into the northern hemisphere of the Galaxy by several tens of parsecs) and
becomes oblique at /™ = 60°. Thus, obscuration begins at smaller distances from the
Sun in the southern hemisphere and at larger ones in the northern hemisphere, but
reaches maximum again in the northern hemisphere (Figure 10).

Careful analysis of the obscuring matter distribution along the z-coordinate in different
longitudinal sectors and at different distances form the Sun (Uranova, 1985b) indicates
that the obscuring matter is highly concentrated in the galactic plane, mainly in a layer
20 to 30 pc thick. In the center of the layer, the amount of obscuration along the tangent
to the arm (/'' = 78-80°, r < 1.5 kpc) may be as high as tens of magnitudes at 1 kpc,
but already at distances of 15 to 20 pc from the plane it is very much lower. This is why
such large amounts of obscuration are not seen in Figure 9 which shows the average
obscuration values in a layer 50 pc (Figure 9a) and 200 pc (Figure 9b) thick. Nor can
it be seen in Figure 10 because of the low star density per unit sky area, taken from
Lucke’s work (1978).

At distances ranging from 1.5 to 3 kpc, the axis of the local arm is in direction
[™ = 77°.Inlongitudinal sectors just a few degrees away from the arm axis, obscuration,
even in the galactic plane, does not exceed 3 to 57 kpc ~ !. As was already mentioned
in Section 3.1, according to Uranova (1985a), the obscuring matter has a cut-off with
an almost vertical front on the outside of the local arm and with a distribution toward
the inner edge.

5.5.3. Optical Obscuration Along the Path to the Emission Nebulae

Shklovskii (1960) notices that the interstellar absorption up to Hil regions can be
determined by comparing surface brightness in radio and optical ranges. Such first
comparison for the Cyg-X region was made by Ikhsanov (1960a, b).

Dickel and Wendker (1978) made a more detailed investigation of the interstellar
extinction in Cyg-X region by such a method. They constructed a map of the obscuration
in the region a = 20"08™-20"38™, = 3895-44°3 with angular resolution 11’. The
obscuration distribution turned out to be highly irregular, varying from 1™ to 4™ and
reaching 5-6™ at some points. Comparison of these data with the spatial extinction
distribution gives information about the spatial position of nebulae (although the
extremely irregular obscuration makes such analysis difficult). According to Dickel and
Wendker (1978), nebulae in Cyg X are most probably distributed along the line-of-sight
in the local spiral arm and even beyond. This corroborates the conclusion, following
directly from radio data (Section 4.3), that the Cyg-X region is a projection on the sky
of objects located in the local arm at different distances from the Sun. As was pointed
out in Section 5.2.2., Kapp-herr and Wendker (1972) used the same method to show
that the filaments illustrated in Figure 2 do not form a continuous single spatial structure
but are located on opposite sides from the system of obscuring clouds which form the
Great Rift.
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5.6. INTERSTELLAR POLARIZATION AND ORIENTATION OF MAGNETIC FIELDS

For magnetic field studies we selected stars belonging to the stellar associations in the
Cygnus region — that is, groups of stars of the same origin spaced 1 to 2 kpc from the
Sun. The distribution of stellar light polarization vectors indicating the direction of the
magnetic field is presented in Figure 11. The polarization data were taken from Hall
(1958) and Hiltner (1956).

Although in some cases, the polarization vectors are oriented along optical gas
filaments, their distribution with respect to the filaments is chaotic. The only object in
this region for which it can be said that its filaments extend along the magnetic field is
the nebula S119. The polarization vector of 68 Cyg (which excites this nebula) indicates
that the magnetic field is oriented in the same direction as the gas filaments of the nebula
- that is, roughly along the galactic plane. Determination of the magnetic field strength

A4

[

(P,
20 20* 4™

200007

£1%n ~

Fig. 11. Interstellar polarization of the light from stars located in the Cygnus superbubble region. Lengths
and orientations of dashes show strength and direction of the E-vector of the interstellar polarization.
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from Faraday rotation for nebula S119 gives a value of 20 uG (Heiles et al., 1981). The
magnetic field strength for the North-America nebula was also determined and found
equal to 1-3 pG. In the molecular cloud, associated with this nebula, the magnetic field
strength may reach 50 uG (Heiles et al., 1981).

The available data are so poor that they cannot indicate a connection between the
magnetic field direction, the orientation of filaments, and the stellar light polarization
vector. Nevertheless, it seems likely that the giant gaseous structure of sinuous shape,
described above in Section 5.1, may be a visible manifestation of the systematic galactic
magnetic field (the interstellar matter is stretched along lines of force). The distribution
of the polarization vectors of stars of young associations has not provided direct proof
of this effect.

5.7. SUMMARY

The optical emission from the region of interest includes the radiation of gaseous nebulae
often super-impos=d on one another. It includes a number of known bright H 11 regions,
supernova remnants, and nebulae creates by stellar winds (Section 5.1, Table II). The
expansion velocities of most objects are | V| < (14-20) km s~ !. The western part of the
region (to the north of the galactic equator, Figures 6 and 8) is notable for the bright
sinuous gaseous structure extending along the galactic plane over 18°.

In the region under consideration, there are many elongated emission filaments. The
ring of filaments, shown in Figure 2, is not a structural unit, as can be inferred from
comparison of radio and optical measurements (Kapp-herr and Wendker, 1972) and,
therefore, cannot be ascribed to the association Cyg OB2. Another argument against a
relationship between Cyg OB2 and the ring is the longer dimension of the ring along the
galactic plane, as compared to that across the plane (Section 5.2). We think that
associated with Cyg OB2 may be a system of filaments with coordinates
a = 20"10™-20"30™, § = 42-46° and « = 20750™-21"10™, o = 37-41°, extending
across the galactic plane over about 10°.

Eight OB associations are located in the superbubble region, at distances of up to
2.5 kpc from the Sun. Brand and Zealey (1975) distinguished ring nebulae (giant loop
structures, Section 5.2, Table IV) around some of them with a typical diameter of
100 pc. Five associations occupy crests and valleys of the sinuous system of gas
filaments in the western part of the region (Figure 8) and are within 1.3 to 2 kpc of the
Zun. The eastern part contains two less distant associations of large angular dimensions.
These associations, taken together, form a horseshoe shaped-figure similar to the
superbubble (Table V, Section 5.3).

The associations contain 100 high-luminosity stars, including 55 supergiants of early
spectral classes, about 20 Wolf-Rayet stars, and 16 Of stars characterized by a strong
stellar wind (Section 5.4).

The interstellar extinction (Section 5.5) in the region of interest is highly irregular and
is determined primarily by the Great Rift from 800 to 1200 pc distance from the Sun
and consisting of several obscuring clouds (Figure 9). Up to 500-800 pc, the extinction
amounts to about 1” only in a few directions. On more distances near the galactic plane,
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along the arm axis, the extinction exceeds 4-5" kpc~! (and even 10-30" kpc ! at
some points) but then decreases sharply as the distance from the galactic plane increases.
The decrease is slightly asymmetrical in the northern and southern hemispheres
(Figure 10). Analysis of the interstellar absorption that lies in front of the nebulae in the
Cyg-X region (Dickel and Wendker, 1978) suggests that the nebulae are spread along
the line-of-sight at distances ranging from 1 to 2.5 kpc. Comparison of the distribution
of interstellar polarization of the stellar light with the position of gas filaments does not
reveal a clear correlation of the magnetic field and gas filaments except in the case of
the nebula S119.

6. Infrared Emission

The region of interest (primarily Cyg X) was also investigated in near (Ackermann,
1970) and far (Hoffmann ez al., 1971) IR emission. Examination of the region of galactic
latitudes 55° to 90° has shown that IR sources are concentrated in the region
I = 76-86°; that is, where the maxima of the radio-emission of both the local CO and
the H11 regions occur (Scoville and Solomon, 1975; Burton et al., 1975).

In the photographic IR range (~ 0.8—1 u), about 400 discrete IR sources have been
detected. They are concentrated in the galactic plane and associated with dark clouds
and prominent H1I regions. Some of them seem to be highly obscured O stars.

Analysis of the early observations made in the far IR range (100 x) had prompted
Emerson (1976) to conclude that the seven far IR sources in the Cyg-X region are the
brightest H 11 regions and can be identified with radio sources DRS5, 6, 17, 21, 22, and
23.

Closer observations made by Campbell ez al. (1980) have revealed in the Cyg-X region
49 emission sources in the range of 60 to 100 u, concentrated primarily in the Great Rift
and stellar associations Cyg OB2 and Cyg OB9. The relationship between these IR
sources and the objects emitting in the mid IR range (1 ~ 20 p), the radio continuum,
and the CO radio line (4 ~ 2.6 mm) was studied. The results of this study indicate that
nearly 20 sources emit in all of the above-mentioned ranges. About one half of the
detected sources correlate well with the radio-emission peaks at 2.7 GHz, observed by
Wendker (1970). Others are probably associated with very young stars that have not
yet created H1I1 regins, or with stars of a luminosity not high enough to create a
prominent H 11 region. At any case, the typical IR luminosity (~ 10* L) of such sources
corresponds to B1 stars which ionize hydrogen weakly but heat the dust well. Some of
these sources correlate with the position of CO peaks. Their position is probably, on
the boundary of the molecular cloud and the star-formation region indicates a young
age of these objects.

IR observations indicate that the process of star formation is in progress in the region
and that the Cygnus region contains other sites of star formation along with such
well-known ones as DR21 (W75) (cf. Avedisova, 1981).
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7. The Superbubble and Discrete X-Ray Sources

As was shown in the preceding sections, the optical, radio, and IR emissions from the
Cyg region are due to a combination of various objects. Here we should like to consider
the contribution of different known discrete sources of soft X-rays in the Cyg region to
superbubble studies.

The constellation Cygnus abounds in soft X-ray sources, including three known
strong binaries, eight supernova remnants, and so on. About 20 discrete sources in this
region can be found in the catalogue compiled by Amnuel ef al. (1982). Besides, this
region is expected to contain more than a hundred weak sources of soft X-rays,
associated with high-luminosity OB stars.

Before estimating the contribution of these sources to the X-ray emission from the
superbubble let us have a look at the emission itself.

7.1. IRREGULARITY OF X-RAY EMISSION PARAMETERS OVER THE SUPERBUBBLE
SURFACE

The extended X-ray source was treated briefly in Section 2.1. Here we should like to
touch upon several more factors important in the analysis of the X-ray emission from
the region of interest.

According to Cash eral. (1980), the sky sector occupied by the extended
source has an area of about 250 square degrees. At the superbubble flux
F.~ 13 x 10 % ergecm ™2 s~ ! (after excluding four bright discrete soft X-ray sources:
the Cyg Loop, G 65.2 + 5.7, Cyg X-1, and Cyg X-2), the sky brightness in soft X-ray
emission, averaged over the entire region, is about 5 x 10~ "2 ergecm 2 s~ ! deg™?, or,
within the instrumental resolution 1955 x 2995, about 2 x 10~ ergcm ~ 2 s~ !, which
corresponds, at a typical spectral width of 0.5 keV, to 15 uJy.

The intensity of X-ray emission within the ring is inherently irregular. High-brightness
regions, even without four discrete sources excluded by Cash et al. (1980), occupy about
one third of the entire superbubble. The emission maximum coincides with the Cyg X-7
region. The sensitivity of the measurements carried out by Cash et al. (1980) is evidently
somewhat higher than that determined from the mean emission intensity. An X-ray
source producing a flux with a flux density as low as several uJy must already make a
significant contribution to the observed picture (see Section 7.3, 4, 5).

Consider now the degree of irregularity of the superbubble emission spectrum. Two
ring parts, Cyg X-6 and Cyg X-7, observed earlier can be taken for comparison.

One part of the superbubble, namely Cyg X-6, was first seen in a rocket experiment
conducted by Coleman et al. (1971). It was later observed by Davidsen et al. (1977) in
a rocket experiment and during the Apollo-Soyuz mission, when another ring part
named Cyg X-7 was also examined.

Figure 12 shows the allowed values of column density Ny; and gas temperature 7, at
a 909, coincidence limits derived from measurements with three different detectors in
the case of Cyg X-6 and two detectors in the case of Cyg X-7 (Davidsen et al., 1977).
The range of permissible values of Ny; and T, determined for the entire superbubble by
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Fig. 12. Contour indicating allowed values of temperature 7 and column density Ny for portions
of the superbubble known as Cyg X-6 (a) and Cyg X-7 (b) (Davidsen ef al., 1977). At the lower left portion
of each diagram is shown the allowable T, Ny; values for the superbubble as a whole derived by

Cash et al. (1980).
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Cash eral. (1980) also presented at the same level of significance. The range of
permissible values of Ny; and T for all the superbubble is beyond the regions of sources
Cyg X-6 and Cyg X-7. Cyg X-7 and Cyg X-7 and Cyg X-6 are characterized either by
a higher-emission temperature (when compared to the superbubble as a whole) or by
a substantially greater value of Ny;. Cyg X-7 has a higher observed surface brightness
than the X-ray ring as a whole. These two facts suggest that the true surface brightness
of Cyg X-7 is significantly above the average level. This difference results from the fact
that Cyg X-7 is a discrete source not associated with the superbubble (see Section 7.3).
The difference between Cyg X-6 and the entire superbubble is less pronounced.

Another argument in support of the different emission spectra produced by different
parts of the superbubble is provided by Cordova et al. (1981). During the time that Cash
et al. (1980) were making their observations they used the same LED-1 detector on
board satellite HEAO-1 that Cash et al. (1980) did. They scanned in the slow mode,
looking for X-rays from cataclysmic variables. According to Cordova et al. (1981), the
star SS Cyg in the eastern portion of the superbubble had a much softer spectrum during
the observations, than did the superbubble as a whole (see Section 7.4). Thus, the X-ray
emission parameters (both intensity and spectrum) vary from one point to another over
the superbubble.

7.2. BRIGHT X-RAY BINARIES

The superbubble region contains three known powerful sources of soft X-rays: Cyg X-1,
Cyg X-2, and Cyg X-3. The first two make a significant contribution to the soft X-ray
emission and are seen in Figure 1, between 0 = 33° and 0 = 40°, as bright spots
widened by the low resolution of the HEAO-1 detector. The contribution of Cyg X-3
to the soft X-ray range is insignificant because of the extremely high-hydrogen column
density, Ny = (5-10) x 10*? cm ~? (Blissett et al., 1981; Amnuel et al., 1982) in the
direction of Cyg X-3.

At least, one of these sources (Cyg X-1) is associated with the evolution of a binary
system with components of very high mass (Bochkarev et al., 1975; Balog et al., 1981)
and is about 2 kpc distant from the Sun (Margon et al., 1973; Bregman et al., 1973;
Karitskaya, 1981). Therefore, it is situated in the region of interest and seems to be
associated with the superbubble.

According to Ny = (2-7) x 10?! cm ™2 (Bleeker et al., 1972), the source Cyg X-2 is
also spatially related to the Cyg superbubble. Cash et al. (1980) excluded these sources
from calculations of the superbubble parameters.

7.3. X-RAY EMISSION FROM SUPERNOVA REMNANTS

Supernova remnants are powerful sources of thermal X-ray emission in the band of 0.5
to 2 keV and in the softer range of the spectrum. This emission arises behind the front
of the blast shock in the diffuse interstellar medium.

Eight SNRs are located in the superbubble region (Section 4.1, Table I). The position
of five supernova remnants are indicated by solid-line circles in Figure 13 (against the
background of the X-ray picture of the superbubble).
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Fig. 13. Distribution of various X-ray sources in the Cygnus region. Solid circles on the X-ray picture of

the superbubble (Figure 1) mark supernova remnants, dash circles indicate the approximate boundaries of

stellar associations (but not the surrounding ring nebulae), and crosses mark the X-ray sources listed in the
catalogue of Amnuel et al. (1982).

Cyg Loop and G 65.2 + 5.7. The brightest and best studied supernova remnant is the
Cyg Loop (Bleeker et al., 1972; Rappaport et al., 1974). It is shown in the bottom of
Figures 1 and 13 as a bright diffuse ring. The other bright supernova remnant,
G 65.2 + 5.7 (see Section 5.1), can be seen on the right-hand sides of Figures 1 and 6
(o = 290-295°). The emission from these two sources, just as from Cyg X-1 and
Cyg X-2, was subtracted by Cash et al. (1980) from the superbubble emission before the
X-ray ring parameters were derived..

Also seen at a distance of up to 2 kpc from the Sun are supernova remnants HB21,
W63, and DR4.

HB2I1. The possible contribution of supernova remnant HB21 to the emission
from the superbubble does not exceed 39, because, according to Davidsen et al.
(1977), the gas temperature 7T <2x 10°K and the X-ray flux
F_(0.5-1.5keV)<4.1 x 10" ergcm =2 s~ 1. In the HEAO-1 observations this super-
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nova remnant fell in a poorly observed region (light strip extending from the lower left
corner of Figure 1).

W63. No reliable data on supernova remnant W63 are available although, as can be
seen from Figures 1 and 13, a small portion of the X-ray emission from the Cygnus
superbubble may be assoctated with this remnant. According to the rough estimates
made by Clark and Culhane (1976), source W63 may produce a flux
F_(0.5-1.5keV)~ 10 =% ergcm~2's~! (without taking into account the interstellar
absorption) at gas temperature T ~ 4 X 10° K. These estimates seem to be too high. At
the same time, it is to be expected that supernova remnant W63 may make a certain
contribution to the observed flux of soft X-rays from the superbubble.

DR4. Davidsen et al. (1977) pointed out that the position of source DR4 correlates
well with the Cyg X-7 region which is the brightest portion of the X-ray ring. The first
uncertain detection of this source and its possible association with DR4 were described
by Burginyon et al. (1973). According to Davidsen et al. (1977), supernova remnant
DR4 may beresponsible for the soft X-ray emission from Cyg X-7. Recently, Higgs ef al.
(1983) discovered X-rays emitted directly by supernova remnant G 78.2 + 2.1 = DR4.
The X-ray flux observed at the Einstein Observatory from a region 32’ in diameter was
found to equal F, (0.15-4.2keV) =6 x 10" ergem =2 s~ . Using the angular dia-
meter of object DR4 ~ 62’ (TableI), the soft X-ray flux may be estimate
F,=23%x10""ergecm~2s ' It is in good agreement with the flux derived for
Cyg X-7 equal to F_(0.5-2keV) = (2.1 + 0.4) x 10~ % ergcm ~2 s~ ! (Davidsen et al.,
1977). Thus, it becomes certain that the brightest feature in the superbubble observed
by Cash et al. (1980) is emission from supernova remnant. This source provides about
159 of the superbubble X-ray emission.

Other supernova remnants. As was mentioned in Section 4.1, three supernova remnants
(G65.7+ 1.2, G749 + 1.2, G 84.2 — 0.8) are distant objects. The X-ray flux from
them may be strongly attenuated by the interstellar absorption and the long distances
to the sources. Indeed, the observations made at the Einstein Observatory have shown
that the column density on the way to G 74.9 + 1.2 = CTB87 = 1E2014.1 + 3702
is high (Mg = (1-1.6) x 10?2 cm ~?), whereas the X-ray flux (F.(0.15-3keV)=
(0.74-0.86) x 10~ 2 ergem 25~ ! (Wilson, 1980)) from it is too small to be of any
significance in superbubble studies. As regards the other two remote supernova rem-
nants, no reliable data are available.

Thus, the known supernova remnants in the Cygnus region, not excluded by Cash
et al. (1980), account for at least 159 of the X-ray emission from this region.

7.4. THE FAINT POINT X-RAY SOURCES

In addition to discussed above, the catalogue by Amnuel et al. (1982) contains 19 more
permanently radiating discrete sources with low-density (< 100 pJy) fluxes, lying in the
Cygnus superbubble region. They are indicated by crosses in Figure 13. It can be seen
that the distribution on the sky of these sources replicates the shape of the superbubble.
In this particular case, such shape is definitely a result of projection on the sky of sources
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disposed primarily in the local spiral arm. Their absence in the central region must be
due to the significant interstellar absorption of X-rays in the Great Rift.

SS Cyg. Among the weak sources in the Cygnus region we should first of all
like to point out the nova-like star SS Cyg at a distance of only 150 pc. (Data on
this star can be found, for example, in the work by Brandt and McClintock, 1983.)
It is located in the north-eastern part of the regions (o950 = 21740™42.6; 0,950 =
=43°21'51"). In the intervals between outbursts, SS Cyg produces a flux
F.(1-3keV)~ 3 x 10" ergcm*s~ ! (Heise etal., 1978; Rickett etal., 1979).
This object was also observed by satellite HEAO-1 (Cordova et al., 1981). The
observation has made it possible to establish only the upper limit of the flux for the
energy range of 0.48 to 2.8 keV, which was found tobe F, < 7.8 x 10~ ergcm =25~ !
(estimate at the 30 level), whereas in the soft X-ray range,
F,_(0.18-0.48 keV) ~ (0.82-1.4) x 10~ "' ergcm =2 s~ '. Thus, the spectral flux density
(F,) for SS Cyg during superbubble observation was not lower in the range of 0.18 to
0.48 keV than in the range to the 0.48 to 2.8 keV, which made the spectrum of SS Cyg
distinctly different from that of the superbubble as a whole, as was already mentioned
in Section 7.1. This means that during the observations, the sources SS Cyg was in the
state of explosion. In that state there is a prominent soft component probably with
kT < 50 eV (Cordovaet al., 1981). The contribution of SS Cyg to the emission from the
Cyg superbubble amounts to 0.6—69,. Thus, the star SS Cyg must be responsible for
an X-ray spot with a surface brightness close to the average over the X-ray ring.

V751 Cyg. Cordova et al. (1981) also discovered X-rays emitted from star V751 Cyg
(o = 20249™,  $=43°57"). The flux from this star (F (0.48-2.8keV)~
~ 1.2 x 10~ ergcm 2 s~ 1) accounts for about 9%, of the emission from the super-
bubble.

Kukarkin et al. (1969) attribute V751 Cyg to the Orion variables of early spectral type.
It s a 1378-16""3 object (Martynov and Kholopov, 1957) located in the faint nebula
IC 5070. It has an almost continuous spectrum entering the UV range and features
variable Balmer lines. According to Herbig (1958), V751 Cyg is either a BO V star with
absorption 4, = 1”7 or a hotter star of lower luminosity. The first possibility seems to
be more likely. Consequently, the optical characteristics of V751 Cyg are typical of X-ray
sources and Cordova et al. (1981) identification is very plausible.

Using the common relationship between A4, and column density,
Ny~ 2 x 10°' 4, cm~2 (Spitzer, 1978), we find that Ny~ 3.5 x 10?! cm~2. The
interstellar X-ray absorption (Grudace et al., 1974) suggests that the emission in the
range of < 0.5 keV on the path to V751 Cyg must be strongly attenuated in agreement
with the measurements made by Cordova et al. (1981), F _(0.18-0.48 keV) <
<22x 10" "ergecm~2s~ 1! (at the 30 level).

The brightest of the other sources in the range of 2 to 6 keV are
19540 + 319 =4U1954 + 31 and 21296 + 471 =~ 4U2129 + 47 from the catalogue of
Amnuel et al. (1982).

4U954 + 31 = EY Cyg. This source varies in its spectral flux density (F, = 50 uJy) by
a factor of 5 (Forman et al., 1978). Vidal and Wickramasinghe (1974) identify it with
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the star EY Cyg of the U Gem type. If the identification is correct, the distance to this
object is about 700 pc, and the interstellar extinction (4,,) and, hence, X-ray absorption,
must be low (see Section 5.5). The value of 4, cannot be determined from optical
observations because of the composite nature of the spectrum of cataclysmic variables
(Kraft, 1962). The X-ray flux of this star measured from HEAO-1 (Cordovaet al., 1981)
is F (0.48-2.8keV) =13 x 10" "%ergecm~2s~!, which accounts for 10% of the
emission from the superbubble. If the interpretation of the observations made by
Cordova et al. (1981) is valid, this source is responsible for emission from that part of
the superbubble which is to the south of the Cyg X-1 source.

4U2129 + 47. Source 21296 + 471 = 4U2129 + 47 has F, = 20-25 pJy in the range
of 2 to 6 keV (Forman et al., 1978). HEAO-1 scans (Thorstensen et al., 1979), made
during a time close to that when Cash et al. (1980) carried out their observations of the
Cygnus superbubble, have shown that the flux from this source was
F,=(8.5+0.85) x 10" ergcm ™2 s~ !(6-7%, of the emission from the superbubble).
Thorstensen et al. (1979) identified it with a variable star with m, = 16.2-17.4 and a
light curve similar to that of HZ Her = Her X-1. The star is characterized by He Il and
Cui-N111 emission lines, and variation of the Hf and H and K Cair lines which is
typical for the optical components of X-ray sources. Therefore, the identification appears
reliable. From optical observations of the optical component and background stars,
Thorstensen et al. (1979) established that A, > 0’77 (but not more than 1”75-179). This
A, corresponds to log Ny; = 21.15-21.16 — that is, somewhat lower than for the super-
bubble as a whole according to Cash et al. (1980). In other words, the low-frequency
cut-off of the 4U2129 + 47 spectrum emission lies approximately in the same region as
in the case of other parts of the superbubble.

Hence, the emission from 4U2129 + 47 during the time of the observation accounted
for 6 to 7% of that from the superbubble.

Other X-ray sources in the Cygnus region. In view of the lack of detailed spectral data
and values of A, to other sources listed in the catalogue of Amnuel ez al. (1982), we
made a rough estimation of their possible contribution of the superbubble emission
assuming that the spectral flux density from them in the range of 0.2 to 3 keV is the same
as in the range of 2 to 6 keV. Mean spectral flux densities were used for variable sources.
The estimate achieved in this manner gives an overall spectral flux density value of
F,~ 150 uJy for 17 faint discrete X-ray sources from the above-mentioned catalogue
(with the exception of EY Cyg and 4U2129 + 47). This corresponds to a flux
F . (0.5-1keV)~ 1.9 x 10" %ergecm~?s~ ! (15% of the emission from the super-
bubble). This estimate is rather approximate because in some cases the source spectra
may feature downward slopes in the range of energies less than 3 keV. In others, upward
slopes in the soft range may occur. For example, the very faint source 19197 + 436
located near the superbubble region but beyond its boundaries and exhibiting, in the
range of 2 to 6 keV, mean spectral density F, ~ 8 uJy (Amnuel et al., 1982) appears in
the right-hand side of Figure 1 as a distinct spot so that its spectrum, at least, does not
fall-off toward the soft region.

Stellar coronae. X-rays are also emitted in the range of 1 keV by bright stars (Harnden
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etal., 1979; Seward et al., 1979; Long and White, 1980; Vaiana et al., 1981). Emission
from the brightest stars of the Cyg OB2 association including four Main-Sequence
O-stars and a B5-supergiant was discovered at the Einstein Observatory (Harnden et al.,
1979). Subsequent analysis has shown that all OB-supergiants and Of stars seem to be
sources of emission in the range of 1 keV with luminosity L, = 1032 ergs ! (Vaiana
et al., 1981; Cassinelli ez al., 1981). In the case of supergiants belonging to classes earlier
than B1, L, is about 10~ 72 of the bolometric luminosity (Cassinelli et al., 1981).
Evidently, all Main-Sequence O-stars also emit a lot of X-rays in the range of 1 keV
(Vaiana et al., 1981). However, in spite of the large number of such stars in the region
of interest (Section 5.4), it is most unlikely that their coronae may account for more than
19 of the emission from the superbubble.

Thus, faint point X-ray sources account for 30 to 509, of the superbubble emission.
The basic parameters of the above-described X-ray sources in the Cygnus region are
given in Table VII.

7.5. BRIGHT NEBULAE ASSOCIATED WITH STELLAR WINDS

The Cygnus region contains two bright nebulae S119 and NGC 6888 which were formed
by the stellar winds and have been closely studied in the optical range. Theory predicts
soft X-ray emission from such nebulae.

However, because no X-ray observations of these nebulae have been reported in the
literature, one has to confine oneself to estimating X-ray emission parameters. Such

TABLE VIII

Basic parameters of the bright nebulae formed by stellar wind

Parameter S119 NGC 6888

Exciting star 68 Cyg (HD 203064) HD 192163

Spectral class of the star O6f WNe6 (Willis and Wilson,
1978)

Angular dimension of the 1°4 15" x 20’

nebula
Distance (kpc)
Radius of the nebula (pc)
Expansion velocity (kms~')

Column density Ny (cm™32)

Surrounding gas number
density n (cm ~3)

Emission flux density F,

(E>0.18keV) (ergem 25~ 1)

Stellar wind power
L, (ergs™1)

0.7 (Savage and Jenkins, 1972)

17

<15 (filaments) (Esipov et al.,
1983)

1.5 x 10?! (Savage and Jenkins,
1972)

1-2 (Bochkarev and
Lozinskaya, 1985)

~1x 1071
(Bochkarev and Lozinskaya,
1985)

14 x 1036 (Kumar et al., 1983)

1.5-2.3 (Lozinskaya, 1980c)
4x6
110-1202 (Lozinskaya, 1980c)

~4 x 10?2 (from 4,,, Willis
and Wilson, 1978)
1-2 (Lozinskaya, 1980c)

(1-2) x 10~ 11

(Bochkarev and Lozinskaya,
1985)

30 x 10%S (Barlow et al., 1981)

2 Determined from the dispersion of velocities of the diffuse gas of the nebula.
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estimations involving nebulae S119 and NGC 6888 were carried out by Bochkarev and
Lozinskaya (1984). Table VIII summarizes the main results of observations of these
nebulae and the X-ray emission parameters estimated from such observations. The flux
emanating from NGC 6888 was estimated to be F, = (1-2) x 10~ ergecm 25!
(0.8-1.5% of the superbubble emission).

The surface brightness in the soft X-range of nebula S119, which has angular dimen-
sions greater than the beam of the detector used by Cash et al. (1980) (area of about
6 square degrees), is expected to equal approximately 0.3 of the average surface
brightness of the superbubble (F, = 10" ergem =257 !; i.e., 0.8% of the emission
from the superbubble) (Bochkarev and Lozinskaya, 1984). Thus, S119 may be
responsible for part of the emission from the north-eastern part of the superbubble.
Comparison of the distribution of optical (Figure 6) and X-ray (Figure 1) emission over
the sky indicates that a small sector in the north-eastern part of the superbubble
correlates well with the position of the bright filaments of nebula S119.

The spectra of these two nebulae, predicted by Bochkarev and Lozinskaya (1984),
are similar to the superbubble spectrum observed by Cash et al. (1980).

7.6. SUMMARY

As can be inferred from this section, the Cygnus superbubble region contains many
discrete X-ray sources of various characteristics which make a great contribution to the
soft X-ray flux (~ 1 keV) emergent from the superbubble. The basic parameters of the
X-ray sources observed in the superbubble region are listed in Table VII. The largest
contribution to the emission from the superbubble is made by supernova remnants and
some dwarf binary systems.

As can be seen from Figure 13, the arrangement of discrete X-ray sources fits into
the superbubble shape. This corroborates our earlier assumption that the superbubble
is a result of projection of sources lying at different distances from the Sun on the sky.
The absence of objects in the central part must be a consequence of the strong interstellar
absorption of X-rays in the Great Rift.

Additional evidence supporting the discrete nature of the superbubble is provided by
the irregular intensity and spectrum of its emission discussed in Section 7.1., as well as
by the results reported by Cordova et al. (1981) who identified several superbubble
parts with cataclysmic variables on the basis of the same observational data used by
Cash et al. (1980) (see Section 7.4: point sources SS Cyg, EY Cyg, and V751 Cyg).

The total flux of soft X-rays from the above-discussed sources is about half that of
emission from the superbubble (Bochkarev and Sitnik, 1983). About 30 to 509 of the
observed flux is produced by faint point sources (Section 7.4), 15 to 209, by supernova
remnants (Sectin 7.3), and approximately 29, by the nebulae formed by stellar winds
(Section 7.5).

Because of interstellar absorption, most of these objects are sources of relatively soft
X-ray emission with low-frequency cut-offs in their spectra, in the range of hundreds
of electron-volts. This makes their spectra similar to one another and to that of the
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superbubble as a whole, although some differences of the sorts discussed in Section 7.1
must certainly occur.

To specify more accurately how much the discrete sources contribute to the emission
from the superbubble requires more detailed observations of the X-rays from this region
with a better angular resolution and an adequate sensitivity in the range of 0.5 to 1 keV.

Significantly, however, the known X-ray sources to not explain the entire emission
from the superbubble, and about one half do one quarter of the observed flux must be
of a different origin.

In the next section we shall discuss the nature of the remaining part of the X-ray
emission from the superbubble.

8. Origin of the Diffuse X-Ray Emission from the Superbubble

We shall discuss here that part of the soft X-ray emission (25-509%,) which cannot be
ascribed to a combination of discrete sources (see Section 7).

&.1. HOT GAS-FILLED CAVERNS AROUND STELLAR ASSOCIATIONS

The good excitation between the X-ray emission from the superbubble and the position
of extended optical objects, such as stellar associations and gas filaments, especially in
the western part of the region under consideration (Figures 8 and 13), suggests that soft
X-rays may also be emitted from such sources in the superbubble (in addition to those
described in Section 7) as the rarefied hot gas of the vast caverns observed in the stellar
associations of Cygnus.

The gas filaments in the western part of the region form a cellular structure (Figures 6
and 7), as mentioned in Section 5.2. These cells, ranging in size from 2 to 4°, seem to
be shells around young stellar associations. The most typical shell is the emission nebula
Cyg 1 surrounding the Cyg OB1 association (Table IV; Figures 6 and 7). The shape of
the nebula and the presence of at least nine stars with strong stellar winds in the
association suggest that the ring structure Cyg 1 is a cavern blow out by the stellar wind
and surrounded by emitting shell. In the case of other associations, the shells are not
so clearly defined. Brand and Zealey (1975) distinguished bubbles around associations
Cyg OB3 and Cyg OB9 (Table IV). A bubble is likely to surround association Cyg OB8
as well (Figures 6 and 8). There also may be a shell associated with Cyg OB2, although
as was mentioned in Section 5.2, it does not have to coincide with the entire Cyg 4
structure or the ring of optical filaments shown in Figure 2.

Thus, the Cygnus region seems to contain at least four giant H 11 shells enveloping
young stellar associations. The caverns inside these shells may be formed both by
supernova explosions and by the stellar wind. (In Sections 7.3 and 7.5, we discussed
the contribution of known supernova remnants and nebulae formed by the stellar wind
around individual stars to the X-ray emission from the superbubble.)

The bubbles formed around individual stars in the central parts of young, sufficiently
dense OB-associations soon coalesce to form a single object. Approximately the same
takes place with supernova remnants in the interstellar medium (Cox and Smith, 1974).
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As aresult, a vast cavern is formed around the associations as a whole (Weaver, 1979;
Bruhweiler et al., 1980). In the general case, its formation is due both to the stellar wind
and to supernova explosions.

The Cygnus region contains eight young OB associations. Let us assume that the hot
gas caverns around the associations, confined by the above-mentioned emission ring
nebulae, are responsible for the remaining (unrelated to the known X-ray sources) 25
to 509, of the emission from the superbubble. Then, the total X-ray luminosity of these
caverns is (1-3) x 10* erg s ~ ! at a distance of 2 kpc. Each of the eight associations,
most of which are 1.3 to 2kpc distant (see Table V), accounts for about
(1-4) x 10%° erg s ! of soft X-rays.

This estimate, however, is rather uncertain. The main uncertainty results from the
difficulties arising in correction of the observed flux for the interstellar absorption of the
X-rays. At a gas temperature of about 2 x 10° K, only a small part of the energy emitted
in the range 0.5 to 1 keV because of exponential slope of the spectrum toward high
frequencies. Cash et al. (1980) compared the results of their measurements with the
spectrum of the isothermal optically thin plasma distorted by absorption. However, in
the expanding bubbles, such as supernova remnants and nebulae blown out by the stellar
wind, the plasmais non-isothermal (Pikel’ner, 1954; Cox, 1972; PikelI’ner and Shcheglov,
1968; Castor et al., 1975; Weaver et al., 1977).

The structure of the nebula formed by the stellar wind is such that the central parts
of the slowed down stellar wind (region ‘b’ according to Castor et al. (1975), that is,
immediately behind the front of the internal shock wave) contain the most rarefied and
hottest gas. The temperature and density distributions toward the edge of the nebula
are determined by the electron conduction and almost constant pressures in all layers
so that the density drops while the temperature rises to the center. The emission measure
of the gas at a given temperature T in the nebula increases with decreasing 7' (Castor
et al., 1975). Therefore, the emission spectrum is steeper (with a more pronounced
upward slope into the soft X-ray region) than for isothermal gas, so the factor of
conversion to convert the value of the observed flux into the total flux must be greater
than that used by Cash er al. (1980) (see, e.g., Bochkarev, 1984b).

Another indication that the spectrum of the superbubble is softer than that of
isothermal plasma can be found in the low-energy part of the X-ray spectrum observed
by Cash et al. (1980). The slope of the spectrum found by Cash et al. (1980) is much
less steep than the slope of an isothermal plasma spectrum. The discrepancy between
the model spectrum computed by Cash et al. (1980) and the observed one increases with
decreasing photon energy. However, for a more reliable quantitative estimate of the
factor to convert the observed flux into total flux it is desireable to repeat the deconvolu-
tion procedure performed by Cash et al. (1980) and to compare the result with synthetic
spectra of non-isothermal plasmas.

An accurate account of the non-isothermal nature of the nebula may significantly
change (increase) the estimated value of its flux E,, hence, of its luminosity L . We took
into account Bochkarev’s (1984b) numerical results of the detailed calculations of the
X-ray spectrum of gaseous caverns blown by stellar winds. He used the density and
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temperature distributions for the model of a gaseous cavern (Castor et al., 1975) and
spectrum for optically thin rarefied plasma, by Raymond and Smith (1977), i.e., the
same model spectrum as Cash et al. (1980). Bochkarev (1984b)-has taken into account
the interstellar absorption determined by Ride and Walker (1977) (Model A). Using
Bochkarev’s (1984b) results we found that in the case of a bubble having central
temperature 7, = 2.5 x 10° K and column density log Ni; = 21.85 (that is, at parameters
corresponding to the observations made by Cash et al. (1980), only g of the emission
in the photon-energy range E > 280 eV reaches the observer. At lower T, even a smaller
part of the emission reaches to observer. Cash et al. (1980) took the spectrum reduction
factor equal to 7.7. Thus, they may underestimate the luminosity of the superbubble by
more than an order of magnitude.

Let us now consider what conditions may be formed a cavern with the observed
characteristics around a stellar association.

8.2. CONDITIONS OF FORMATION OF HOT CAVERNS RESPONSIBLE FOR THE
DIFFUSE X-RAY EMISSION FROM THE SUPERBUBBLE

The parameters of the stellar wind emanating from individual stars vary in the course
of their evolution, increasing considerably at the supergiant and, especially, Wolf—Rayet
star stages. Moreover, within an association the number of stars that have powerful
stellar winds decreases at the evolution of the most massive stars is about to end. The
interstellar medium in which the cavern develops is not homogeneous. Yet, for rough
estimations, it seems to be sufficient to use the solutions by Avedisova (1971), Castor
et al. (1975), and Weaver et al. (1977) for a snowplow stage in which the nebular matter
flows into a homogeneous medium. Supernova explosions occur from time to time in
associations with age ¢ > 2 x 10° yr (i.e., associations in which the most massive stars
have already passed through all evolutionary stages) may also produce pronounced
homogeneities in the flow of matter. Let us assume, according to Bruhweiler et al.
(1980), that supernova explosions do not radically alter the structure of the nebula
produced by continuous stellar winds. In that case we shall use the solutions offered
by Castor et al. (1975) and Weaver et al. (1977).

The observed cavern characteristics include X-ray luminosity L., emitting gas tem-
perature T, and cavern dimensions. By resorting to the self-consistent solutions by
Castor et al. (1975) and Weaver et al. (1977) and the observed Cavern parameters, one
can easily derive the stellar wind power (L, ), its duration (), density of undisturbed
interstellar gas (n,), and that of the gas in the center of region ‘b’ of the cavern (n,):

L, = 10% ( R ) ( L. )7/2 ergs™ !,
33.7pc/ \2 x 105K
. 106( R )1/2( Tc )—11/4( Lx )1/2
33.7pc/ \2x10°K kx 10%ergs-1) 7 (1)
. =< R )~5/2< Tc )—19/4( Lx 3/2 s
® \33.7pc 2 x 10°K k x 10%* erg s‘l) o

~3/2 —1/4 1/2
ne = 0.012( R ) (L) ( L. ) em~?
33.7pc 2 x 108K kx 10°*ergs™!
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Here, R is the radius of the external shock wave, determined by the size of the
observed giant bubble, T is the temperature (in the center of the nebula in the ‘b’ region
according to Castor et al., 1975), and L, is the X-ray luminosity of the nebula. We have
introduced the coefficient k into the above formulae, equal to the ratio between the total
luminosity of the nebula and its luminosity due to the free-free emission for which Castor
et al. (1975) made appropriate calculations. In general, the coefficient k£ depends on
temperature, which will slightly alter the temperature dependences derived by Avedisova
(1971), Castor et al. (1975), and Weaver et al. (1977). To take the temperature depen-
dence of k(T) into account calls for numerical calculations. However, as can be inferred
from the calculations by Tucker and Blumenthal (1974), it is appropriate to take k = 4.3:
over the temperature region of interest, k is essentially independent of T.

In the subsequent calculations of the X-ray luminosity we shall use the value
L. =4 x10* ergs~'. As was pointed out at the end of Section 8.1, L, may have been
markedly underestimated by Cash et al. (1980). This is why the value of L adopted here
should be regarded primarily as the lower cavern luminosity limit. Let us take radius
R = 50 pc as a typical dimension of the cavern, which is close to the average dimension
of the emission shell discovered by Brand and Zealey (1975) around associations
Cyg OB1 (see Section 5.2).

The gas temperature derived by Cash et al. (1980) equals (1.6-2.5) x 10° K. This is
an effective value averaged throughout the volume of the emitting region. As was
indicated in Section 8.1, the structure of a nebula formed by flow of matter is such that,
when the emission from the nebula is approximated by the spectrum of optically thin
isothermal gas, as was done by Cash et al. (1980), the derived effective temperature is
slightly below T (see, also Bochkarev, 1984b). Thus, the temperature determined by
Cash et al. (1980) is a lower limit of the temperature 7, in the center of the cavern, which
is incorporated into the expressions of Castor et al. (1975) and Weaver et al. (1977). Yet,
the true value of 7, cannot be much higher than the observed average, since only the
harder portion of the emission from the cavern can be observed. The major contribution
to this emission is made by the central region, which is the most rarefied and the hottest.

As can be seen from (1), all parameters except . depend strongly on 7. To obtain
reliable values of the nebular parameters one must compare the observed X-ray spectrum
of the Cygnus superbubble with a spectrum integrated in terms of density and tempera-
ture distributions in the gas in the interior of the bubble formed by the stellar wind.
However, formulae (1) are quite sufficient for the estimates. We carried out our estimates
for two values T. = 2 x 10° K and 2.5 x 10° K from Equations (1). For the first case
(T, =2 x 10°K):

L, ~15x10*°ergs—!,

L 1/2
tz3x106( x ) yr, )
4 x 10% ergs—!
L 3/2
Ny X 11( x ) cm™3,
4 x 10 ergs!
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and for the second (T, = 2.5 x 10° K):
L,~33x10%ergs™!,

L 1/2
t~2 X 106( TR 1) yr, 3)
4 x 10°° erg s

3/
n0z4( L. )2cm‘3.
4 x 10* ergs™!

Since the adopted value of L should be regarded as the lower limit (see above) while
the actual values may be several times higher, the value of n, may be well above
4-11cm ™23,

The mass of the bubble formed by the interstellar gas driven from a sphere 50 pc in
radius is equal, at the surrounding interstellar medium densities according to (2)

L 32
M ~ (3-9) x 104( x ) M, .
4x 10 ergs!

At L, =4 x 10*-4 x 10*® erg s~ !, the computed mass corresponds to the average
parameters of giant molecular clouds (Scoville and Solomon, 1975). Hence, it may be
assumed that the association are generated in a giant molecular cloud and that the wind
produced by the stars shaped the molecular cloud from which they formed into a shell.

The velocity of expansion of a typical bubble formed by the stellar wind with the
parameters (2) and (3) equals 7 to 10 km s~ !, which agrees well with the low velocity
values in the region of the sky investigated (see Table III).

Estimates of the bubble age, derived from (2) and (3), are close to the lifetime of the
most massive stars in the associations of the constellation Cygnus (see Table V).
Thus, a cavern about 100 pc in diameter, heated to T, ~ (2-2.5) x 10° K, and exhibiting
X-ray luminosity L =4 x 10*>ergs~' might have been formed over a period
of several million years in the interstellar medium with density
(4-10) x (L,/4 x 10° erg s~ ')*? cm ™ under the influence of a stellar wind with a
power of several units times 10°¢ erg s ~!. A combination of such caverns may explain
the ‘background’ emission from the superbubble.

It is quite possible that the caverns are formed in collapsing rather than quiescent
clouds. Dopita et al. (1981) studied the superbubble N70 in the Large Magellanic Cloud,
ranging from 110 to 120 in diameter, and demonstrated that the best agreement between
observations in different spectral range is achieved in a model in which the cavern is
blown out by the stellar wind produced by an OB-association in a collapsing cloud.

Although the parameters of the stellar associations and the bubbles they create may
differ one case to another, the X-ray spectra of the hot gas caverns created by them may
be similar because the only parameter determining the shape of the emission spectrum
is T, (see Castor et al., 1975; Weaver et al., 1977), it is only weakly dependent on L.,
t, and n,. An increase in Ny as compared to the average for the superbubble region at
fixed T, will lead to an exponential attenuation of the emission from the corresponding
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association, whereas a decrease in Ny will shift the maximum toward lower photon
energies but very slowly by the law (T, X Ng)'*. That is, in the case of Ny varying
toward less than average values, possibly occurring in Cygnus associations (see
Sections 5.3 and 5.5), the position of the maximum must shift insignificantly from one
association to another.

8.3. THE ROLE OF THE STELLAR WIND IN CAVERN FORMATION

According to Equations (1) stellar wind power L,,, which is sufficient to create the
above-described caverns is independent of the adopted value of L, and is determined
only by the size of the cavern and the gas temperature in its center. According to
Equations (2) and (3), the average stellar wind power in the cavern must be maintained
at L, ~ (1.5-4) x 10*® erg s~ ! over a period of several million years, and at an even
higher value if 7, > 2.5 x 10° K. The question whether the stellar wind power in an
association may be maintained at such a level as long as two or three million years is
currently being debated.

Abbott et al. (1981) found the total stellar wind power of the five brightest Cyg OB2
stars L, ~ 10°® erg s ~ !; they proposed that L, has been constant at that high value over
a period of two million years. However, the association Cyg OB2 is not typical in many
respects (see Section 5.3); it contains, for example, several superluminous stars. Yet,
the stellar wind power specified by Abbott et al. (1981) could hardly have been
maintained at the high value observed for 2 x 10° yr. Almost all L, is currently being
sustained in Cyg OB2 by the five supergiants. They are extremely high-mass stars in the
range (60—120) M, (de Jager, 1980). Before they became supergiants, the luminosity of
the association was much lower since stars occupying the supergiant branch were
absent. In view of the close relationship between L, and stellar luminosity (see, for
example, Abbott et al., 1981), the lower luminosity also means a lower stellar wind
power.

According to Johnson (1980), who investigated stars of high luminosity in symmetrical
nebulae, the power of the wind from bright stars can be maintained over an extended
period of time only at the level L, ~ 10°° erg s~ !. This estimate, however, may be
somewhat low if part of the stellar wind breaks through between nebular filaments so
that the velocities of the filaments, just as in the case of supernova remnants, do not
represent that of the shock front (Bochkarev and Lozinskaya, 1985).

L,, might have been maintained at a permanently high level in Cyg OB2 only if the
high-mass stars had formed at times that deferred by about 2 x 10° yr, corresponding
to the age of the association. This, however, is not likely in such a dense association
as Cyg OB2 (see Section 5.3) because the appearance of the first hot stars excludes
forming new massive stars in the close environment before the first generation of
massive stars has completed its evolution — that is, within a period of about 107 yr.

The history of variations in L () in an association is determined primarily by the
evolution of the most massive stars. If the most massive stars were not components of
binary systems which remained bound after the evolution of one of the components was
over, we cannot establish from observations whether such stars have been in the
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association, because they do not leave any observable remnants. This problem is further
aggravated by the uncertainty and the non-universality of the initial mass function
(Freeman, 1977; Zasov and Demin, 1979), especially in the range of stas with the highest
mass, as well as by the small number of stars in individual associations, which must
result in a wide statistical spread of the parameters of the brightest stars even at a fixed
mass function.

Thus, although it seems impossible to reconstruct the evolution of an association
(consequently, impossible to know the mean value of L, throughout the evolution)
without resorting to the data on the gaseous cavern around it, it still appears unlikely
that any association could maintain L, at a level above 10°¢ erg s~ ! over a period of
several million years. To reverse the situation requires the presence of stars with
extremely high masses in all associations, which seems improvable particularly in poor
associations.

A major contribution to the mean value of L, may be made by the stellar wind from
Wolf-Rayet stars (see below, Section 8.5). However, in view of the fact that the
Wolf-Rayet phase lasts only about 10° yr (see, for example, Massevich and Tutukov,
1981; Yungel’son and Massevich, 1983) — that is, a period of time much shorter than
the lifetime of the association — such an energy influx is essentially instantaneous and
must have the same consequences as explosions of supernovae whose role will now be
discussed.

8.4. SUPERNOVA REMNANTS IN HOT CAVERNS

The most massive stars of an association in the end of their evolution must explode as
supernovae. The propogation of the shock wave initiated by this explosion within the
hot cavern has several peculiarities.

In the rarefied gas heated by the stellar wind, the shock wave formed by the supernova
completes its existence at the adiabatic stage of the evolution because the wave is no
longer supersonic, when the temperature of the gas in SNR shock front drops to the
temperature of the cavern gas (i.e., several million degrees). Furthermore, the undis-
turbed gas had already been strongly ionized. Therefore, the supernova remnant is faint
in emission lines, which reduces its energy output.

Electrons in the cavern ahead of the shock are preheated to 7 ~ 2 x 10° K. Most of
the supernova remnant energy is radiated at the end of the evolution, when the volume
of the remnant is maximal and the temperature is close to that ahead of the shock. In
calculating the radiative losses one might not reasonably assume the equality of electron
and ion temperatures throughout the evolution of the supernova. In this case, in an
approximation of a strong shock wave with a compression by the factor of 4, the emitting
gas may be considered as concentrated within a spherical layer having a volume equal
to one quarter of the entire nebula. ¥ ~ 0.25(47/3)R>. Then, as follows from the Sedov
self-consistent solution for the adiabatic stage of the shell evolution, the total radiation
loss up to the moment ¢ is

t 8/5 e 4/5 n 6/5
E=44x 1046k< ; ) ( = ) < 0_3) erg, (4)
10° yr 0.75 x 10°" erg lcm
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where ¢ is the kinetic energy of the SNR, #, is the number density of the gas in which
the shock wave propagates, and k is the same coefficient as in (1). The maximum age
of the SNR derived from the equality of the velocities of the shock wave and the thermal
motions in the gas, is

t —70><103< ¢ )1/3( & >_1/3( T )_5/6yr
e 0.75 x 105'erg  \1cm ™3 10°K ’

which gives, at the same parameters as in (2) and a typical SNR energy
¢ = 10°%° erg s~ ! (Lozinskaya, 1980a, b), ¢, ~ 10° yr and E < 0.01¢. These estimates
suggest that we are dealing with the upper limit of the amount of energy expended in
radiation. That is instead of the usual situation in the interstellar medium (Spitzer, 1978),
the supernova remnant really ceases to exist inside the hot cavern at the adiabatic stage
of the evolution and transfers almost all of its kinetic energy into the bubble expanding
under the influence of the stellar wind and thereby pushes the bubble. At the end of the
supernova remnant evolution in a cavern its radius approaches 50 pc, according to Cox
(1972).

The supernova remnant inside the cavern may not be observable in the optical range
because the shock propagates in a low-density gas already preheated to about 10° K and
ionized. The density inside cavern is determined from (1) and is equal to about
0.02-0.03 cm ™ ? in the cavern center and about 0.1 cm ~ 3 behind the supernova shock
front. Its emission measure is much lower than 1 pc cm ~ 8. Since the shock wave quickly
traverses the rarefied gas, the supernova remnant is most likely to become observable
at the period of interaction with the bubble structure.

The radio-emission from the supernova remnants in the caverns of the Cygnus region
has several interesting features. In view of the large sizes of the caverns, the surface radio
brightness of the supernova remnants is low, and they must be observed on the
background of the thermal radio-emission from the numerous H 11 regions in Cygnus.
This is probably why we do not see large-scale nonthermal ring radio sources around
associations in Cygnus. The North-Polar Spur is arare example of a supernova remnant
visible in radio and X-ray emissions from inside the hot gas probably blown out by the
old Sco-Cen association (Weaver, 1979).

At the end of its evolution, a supernova remnant transmits the kinetic energy of the
supernova explosion to the shock front of the expanding cavern. Let us assume that
several supernova explosions have taken place throughout the evolution of an asso-
ciation. Then, such an additional source of kinetic energy may be regarded as conti-
nuously distributed in time. It may also be assumed that the cavern structure remains
the same as in the case of the stellar wind alone (Bruhweiler et al., 1980). L,, must
represent the total strength of the stellar wind from the association plus the average
amount of kinetic energy supplied by supernova explosions.

It is impossible to determine exactly the relative contributions of the stellar wind and
supernova explosions to the transmission of the impulse and energy from stellar asso-
ciations into the interstellar medium because of uncertainties of the number of the most
massive stars originating in the associations (Section 8.3). Thus, the frequency of
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supernova explosions in stellar associations remains uncertain. The kinetic energy of the
explosion of the most massive stars ¢ is also very uncertain.

The transfer of kinetic energy from supernova explosions into the interstellar medium,
averaged over the Galaxy, is greater than a similar transfer from stellar winds by about
one order of magnitude (Salpeter, 1979). However, in stellar associations this ratio must
be lower because in an association the relative number of stars producing powerful
stellar winds normally far exceeds that of such stars in the Galaxy as a whole. (The
stellar wind power increases sharply with stellar luminosity, while, at the same time,
supernovae of type I are absent in associations.) The contributions of energy from
supernova explosions and from stellar winds to the formation of giant shells and hot
gas caverns around associations seem to be approximately the same.

If the energy of a supernova explosion is ¢ = 10°° erg (value derived from the data
on many optically observed supernova remnants (Lozinskaya, 1980a, b)), then a single
supernova explosion in an association over a period of 3 x 10 yr corresponds to an
average L,, = 3 x 10°%erg s ~!. In other words, it could have provided all the energy
necessary to form a cavern. During evolution of most associations listed in Table V,
several supernovae must have been exploded in each. Yet the most prominent giant loop
structures Cyg 1, 2, and 3 (see Table IV) surrounding stellar associations in Cygnus
definitely are not supernova remnants because no nonthermal emission is produced by
them. If the proposed interpretation of the diffuse component of X-ray emission from
the Cygnus superbubble is valid, this implies that the explosion of massive stars adds
much less energy to the kinetic energy of the shell than was found by Lozinskaya (1980)
for an average supernova remnant. It is most likely that ¢ ~ 10*° erg s ~ 1. If ¢ is much
smaller, the contribution of supernova to cavern formation will be insignificant.

8.5. THE ROLE OF WOLF-RAYET STARS IN CAVERN FORMATION

Wolf-Rayet stars, just a supernova explosions, are capable of injection a great amount
of kinetic energy within a short period of time into an expanding cavern. For example,
at stellar wind strength L, = (1-5) x 10*7 ergs !, such as is produced by star
HD 192163 in the center of NGC 6888 (discussed in Section 7.5: see Table VIII;
Bochkarev and Lozinskaya, 1985), or by star V444 Cyg discussed in details by Chere-
pashchuk (1982). During the Wolf-Rayet stage, which lasts about 10° yr (Massevich
and Tutukov, 1981; Yungel’son and Massevich, 1983), a star produces about 10°? ergs
of energy, which exceeds the total stellar wind energy of an ordinary massive star during
its lifetime, and is only half an order lower than the kinetic energy of an average
supernova (Lozinskaya, 1980a, b). The nebula around a Wolf-Rayet star with such an
energy output (if it is formed inside a cavern) may escape observation for the same
reasons that supernova remnants inside hot caverns are invisible (Section 8.4). However,
if inhomogeneities exist in the coronal gas of the initial cavern, the increasing stellar wind
will compress them, as is the case, for instance, with planetary nebulae (Pikel'ner, 1973).
If the resulting filaments become sufficiently dense (=10 cm ~3) and the radiation
cooling time, becomes shorter than the lifetime of the nebula (~ 10° yr), they will be
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compressed, in the process of cooling to T ~ 10* K, to densities of hundreds cm =3 and
form an optically visible nebula.

Johnson’s (1980) analysis of his observations of the nebulae around Wolf-Rayet stars
indicates that in some cases the wind power from Wolf-Rayet stars does not exceed
10%¢ erg s~ '. However, in Section 8.3 we point out that Johnson’s (1980) estimates may
be too low. If the difference is real, it may be understood in terms of the evolution of
close binaries (see, for example, Massevich and Tutukov, 1981; Yungel’son and Masse-
vich, 1983). The Wolf-Rayet phase may involve a single star or a star paires with an
ordinary star, or binaries containing relativistic companions. The low-mass companions
of Wolf-Rayet stars are, in some cases, already been found (see, for example, Antokhin
et al., 1982). The maximum wind power seems to be associated with the presence of a
close relativistic companion of such stars.

According to the evolutionary schemes for close binaries with massive components,
the number of Wolf-Rayet stars with relativistic companions must be somewhat greater
than the number without such companions, hence, most Wolf-Rayet stars may produce
very strong stellar winds. Thus, in addition to supernovae, Wolf-Rayet stars may serve
as sources of energy for hot gas caverns. The total energy available to the cavern from
a Wolf-Rayet star is comparable to that of the other energy sources described above
in Sections 8.3 and 8.4.

8.6. SUMMARY

We associate the diffuse component of soft X-ray emission from the superbubble (about
25-50%, of the total flux described by Cash et al. (1980) and not attributable to discrete
sources (Section 7)) with the emission of the hot (T~ 2 x 10°K) and rarefied
(n~ 0.03 cm~?) gas in the caverns formed around stellar associations by combined
action of the stellar wind and supernova explosion. The region of interest contains eight
stellar associations distributed on the sky in approximately the horseshoe shape of the
superbubble (Figures 1 and 13). The hot-gas caverns are confined by loop-shaped
emission nebulae described by Brand and Zealey (1975) and having the form of giant
shells. As regards Cyg OB2, we assume that the bubble does not coincide with the
system of filaments referred to as Cyg 4 (Section 5.2). The typical radius of a giant shell
surrounding a hot cavern is about 50 pc. Their soft X-ray luminosity is
L.z (1-4) x 10> erg s ! (Section 8.1).

Such caverns can be formed by stellar wind with the average power
L, > (1.5-4) x 10*® erg s~ !, maintained in the stellar association for a period of two
to five million years. This particular power level is maintained both by the Main-Sequence
stars and supergiants (Section 8.3) and by supernova explosions (Section 8.4) as well
as a strong wind produced by Wolf-Rayet stars (Section 8.5). The contributions of all
these three types of sources to L, are approximately equal.

The shell formed in a cavern by a supernova does not produce an optically bright
nebula. Its emission measure seems to be less than 1 pccm™¢ (Section 8.4). The
supernova shell expands rapidly and has not time to radiate its kinetic energy before
it becomes as big as the cavern and transmits its kinetic energy to the shock wave
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confining the cavern. In the Cygnus region, the radio-emission from such supernovae
is likely to be lost against the background of the thermal radio-emission from numerous
H 11 regions in the same region. The kinetic energy of the shell formed by the explosion
of a massive star appears to be much lower than the average for supernova remnants
and may be approximately 10*° erg (Section 8.4).

The same conclusions related to the difficulty of observing the shell created by a
supernova holds for the nebulae created by Wolf-Rayet stars provided, however, that
dense filaments have no time to be formed in them (Section 8.5).

The mass of the gas involved in a bubble is approximately the same as that in a giant
molecular cloud (see Section 8.2) — that is the cloud from which the association
producing the bubble originated.

Although associations may differ in age, in the number of stars producing strong
winds and, possibly, the parameters of the molecular cloud from which they originated,
the X-ray spectra of the caverns around associations are closely similar (Section 8.2).

9. Spatial Distribution of the Objects Constituting Cygnus Superbubble

The observation results described in the preceding sections have led us to the conclusion
that the X-ray superbubble discovered by Cash et al. (1980) is not a single structure but
a projection on the sky of a combination of several points and extended X-ray sources.
The distances to these sources vary from about 150 pc to 2-2.5 kpc (Sections 7 and 8)
— that is, the numerous objects in the Cygnus region lie within the local spiral arm
(Section 3.1). The shape of the superbubble both in X-ray and in optical emission is
defined by the projection of the local spiral arm on the sky and by the effects of
interstellar extinction.

As can be seen from Figure 3, the local spiral arm is curved in the galactic plane in
such a manner that more distant objects are visible at smaller galactic longitudes.
Accordingly, the objects forming the eastern part of the superbubble are closer to the
Sun than those on the western edge.

An extensive system of obscuring gas-dust clouds that form the Great Rift is an
important part of this picture. It is responsible for bifurcation of the Milky Way in the
constellation Cygnus and, as was pointed out by Cash et al. (1980), obscuration of the
X-rays from the central part of the superbubble, which gives it a horseshoe shape. The
near edge of the Great Rift is about 0.5 to 0.8 kpc distant from the Sun; the distance
to the far edge ranges from 1.2 to 2 kpc (Section 5.5). The most extensive complex of
dust clouds is at a distance of 0.8 to 1.2 kpc and produces very high obscuration near
the galactic plane.

All objects responsible for the X-ray and optical emission from the eastern part of
the superbubble are concentrated to the near edge of the Great Rift at distances less
than 1 kpc. The objects of the eastern part include: stellar associations Cyg OB4 and
Cyg OB7 (Section 5.3), nebulae S119 and S117 (Sections 5.1 and 7.5), the Cyg Loop
SNR (Sections 4.1 and 7.3), two H1 supershells (Section 4.3), and the nova-like star
SS Cyg (Section 7.4). The distances to these objects are given in Table IX. It can be
seen that the main objects are localized within 0.5 to 1 kpc from the observer.
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TABLE IX
Objects associated with the eastern part of the superbubble (southern hemisphere of the Galaxy)

Object Distance Reference
R (kpc)

Stellar associations:

Cyg OB7 0.8 Humphreys (1978)

Cyg OB4 1.0 Humphreys (1978)
Supernova remnant:

Cyg Loop 0.8 Milne (1979)
Nebulae:

North America 0.4-1.2 Becker (1964);

Georgelin and Georgelin (1970)

S119 0.72 Savage and Jenkins (1972)
H1 envelopes:

GS 087+ 03 + 19 0.5 Heiles (1979)

GS 088 + 04 + 17 0.5 Heiles (1979)

The western part of the region consists of the following objects: five stellar associations
(Table IV), several star clusters, dust clouds, an H1 supershell (Section 4.3), five super-
nova remnants (TableI), the multicomponent extended radio source CygX
(Section 4.2), and the X-ray source Cyg X-1 (Table VII). All these sources are at
distances exceeding 1 kpc; the main objects that form the visible superbubble are less
than 2.5 kpc distant (see Table X). The radio source Cyg X is the result of projection
on the sky of many objects that lie within the local spiral arm (at distances from 1 to
4 kpc) and, probably, several objects belonging to the Perseus arm (see Section 4.2 and
5.5; Dickel et al., 1969; Dickel and Wendker, 1978). Most of the components of radio
source Cyg X are 1 to 2.5 kpc distant (Dickel et al., 1969).

Thus, the majority of the objects in the western half of the region are at distances of
1 to 2.5 kpc. We probably observe only those objects that are sufficiently far from the
galactic plane to be visible above the layer of the obscuring matter concentrated in the
galactic plane (see Section 5.5, Figure 10).

Table XI gives column densities N;; (cm ~?) in the direction of some of the objects
in the superbubble. The values of Ny have, in some cases, been derived from X-ray
observations (marked by X in the fourth column of Table XI), in others, from radio data
(marked by R), UV measurements of the La-line (marked by U), or values of interstellar
extinction A4, (or Ez_,) and Ny, extinction relationship (Spitzer, 1978):
Ny ~ 6 x 10" E,, _ . (V in the fourth column). As can be seen from Table XI, different
objects lying within the superbubble region are characterized by Ny values varying by
more than one order of magnitude.

The optical emissions from the eastern and western parts of the superbubble, situated
in the southern and northern hemisphere of the Galaxy, respectively, are markedly
different in morphology (Figure 6). Objects in the eastern part represent separate nebulae
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TABLE X
Objects associated with the western part of the superbubble (northern hemisphere of the Galaxy)

Object Distance Reference
(kpe)

Stellar associations:

Cyg OBI1, OB2, OB3, OBS,

OB9 1.2-23 Humphreys (1978)
Star clusters:

NGC 6866, 6871, 6883,

6910, 6913, 7062; Ba6; 1C

4996 1.2-2.1 Becker and Fenhart (1971)
Dust clouds 1-2 Kalandadze and Kolesnik (1977)
Supernova remnants:

G 65.2 + 5.7, DR4, W63,

HB21 1-1.6 Gull et al. (1975); Milne (1979)
Most of the ~90 emission

nebulae in the Cyg-X region (>1)-24 Dickel et al. (1969),

Dickel and Wendker (1978)

H1 envelope:

GS 075 - 01 + 39 2.6 Heiles (1979)

TABLE XI

Column densities Ny for objects in Cygnus region

Object Distance log Ny Determination Reference

R (kpc) (cm~2) method
Cyg superbubble  ~2 21.85 + 0.1 X Cash et al. (1980)
Cyg Loop ~0.8 ~20.7 X Rappaport et al. (1974)
S119 0.7 21.2 U Savage and Jenkins (1972)
Cyg X-6 ~22.0 X Davidsen et al. (1977)
o Cyg (A2la) 0.6 20.37 X Casinelli et al. (1981)
55 Cyg (B3Ia) 1.1 22.38 X Casinelli et al. (1981)
Cyg OB2 1.8 22.0-222 X Harnden et al. (1981)
Cyg X-7 = DR4 22.1-22.3 X Davidsen et al. (1981)
HB21 21.7 R Kaftan-Kassim (1961)
W63 ~21.5 Vv Wendker (1971)
NGC 6888 1.5-2 21.6 vV Willis and Wilson (1978)
Cyg X-1 ~ 21.8 Vv Walborn (1973)
Cyg X-2 21.3-21.85 X Bleeker et al. (1972)
G652+57 20.4-22.4 X Amnuel et al. (1982)
402129 + 4.7 1.4-1.6 21.15-21.6 Vv Thorstensen et al. (1979)
V751 Cyg 215 Vv Herbig (1958)
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or filaments visible on the background of, or through, dust. Diffuse gas is observed in
the northern part of the region, near the North-America nebula. The western part of the
area leaves an impression of a continuous structure extending along the galactic plane
and overlying it several degrees above (see Section 5.1, Figures 6 and 8). It is saturated
with bright dense H 11 regions as well as intertwined gas and dust filaments.

Thus, the eastern and western parts of the Cygnus region are localized at distances
< 1kpc and > 1 kpc, respectively, and differ in morphology.

10. Origin of the Objects Forming the Cygnus Superbubble

In this section we shall discuss some aspects of star formation in the Cygnus region as
well as formation of gas-dust shells around caverns; we shall also discuss the nature
of the extended radio component detected in Cyg X.

10.1. ASSOCIATIONS IN THE WESTERN PART OF THE SUPERBUBBLE

A giant system of gas and dust filaments, extending in the form of a two-crest wave along
the galactic plane is observed in the western part of the Cygnus region (see Sections 9
and 5.1, Figure 6). Five associations, Cyg OB1, OB2, OB3, OBS8, and OB9 occupy the
crests and valleys of this wave (Figure 8). All associations but the last one are spatially
close to one another — within 500 pc. The peculiar arrangement of the young associations
with respect to the sinuous gaseous structure suggests that we are dealing with a
star-formation region resulting from development of a Rayleigh-Taylor—Parker instabi-
lity.

Pikel’'ner (1970) demonstrated that the Rayleigh—Taylor instability may form a stellar
association with a highly dense core which may be gravitationally bound. The highly
dense and bright stellar association Cyg OB2 may look like an object originating in such
an instability. Cyg OB2 seems to be the only known galactic object similar to the young
globular clusters in the Magellanic clouds.

The Rayleigh-Taylor instabilify may have developed in the local spiral arm to the
stage where compact associations of the Cyg OB2 type were formed. This happened,
most probably, because the local arm does not, for some reason, have a spiral shock
wave that might have stimulated star formation in giant molecular clouds before the
Rayleigh—Taylor instability created a sufficiently dense object (Bochkarev, 1984a, c) for
star formation. The absence of a spiral shock wave in the local arm may also account
for the other peculiarities of the arm described in Section 3.1. The absence of a spiral
shock wave in the local arm is also consistent with the explorations of Georgelin and
Georgelin (1976), Mishurov et al. (1979), Pavlovskaya and Suchkov (1980), indicating
that the Sun is in a region between major spiral arms.

We tried to check the hypothesis according to which the western part of the super-
bubble region originated from development of the magnetic field vectors derived from
the interstellar polarization (see Section 5.6, Figure 11). In the case of a Rayleigh-Taylor
instability, one might expect that the sinuous form of optical filaments would follow the
orientation of the magnetic field (see Section 10.2). However, comparison of the distri-
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bution of interstellar polarization vectors with the optical picture of the region indicates
that the distribution of polarization vectors relative to the filaments is not regular as a
whole. In any case, the available data do not show magnetic field-filament orientation
correlation. The lack of correlation may be the result of lack of information.

An argument in favor of the above picture may be the distribution of high-latitude
atomic hydrogen with low radial velocities (Heiles and Jenkins, 1976). It indicates that
the region of the galactic longitudes from 70 to 90° in the northern hemisphere of the
Galaxy contains a system of oblique H 1 filaments, which may be a reflection of the
upper parts of the magnetic arcs resulting from the Rayleigh-Taylor instability.

10.2. GAS-DUST ENVELOPES AROUND THE CAVERNS BLOWN OUT BY THE STELLAR
WIND FROM ASSOCIATIONS AND INTERSTELLAR POLARIZATION

According to the calculations by Castor et al. (1975), a dense H1 envelope forms around
a cavern created by a stellar wind from a star in an advanced stage of evolution.
According to (2) and (3), the column density in such an envelope is given by

;'TH = noR/3 ~ 1021 Cmﬁz .

Thus it may be expected that part of the neutral gas along the path to the sources of
diffuse X-rays is concentrated immediately around the hot bubbles from which the
X-rays originate.

Since the compressed gas must also contain interstellar dust, a dust ring may also
form. From the usual relation between column density N and the interstellar extinction
A, (Spitzer, 1978), one may compute that the extinction in the thin envelope around
the giant shell is about 05, this value being greater when the observation is made along
the tangent to the bubble. Thus, calculations of the parameters of the envelopes around
caverns blown out by the stellar wind clearly suggest that dust rings of the Cyg 5 type
(see Table IV) may exist around sufficiently dense stellar associations that produce
strong winds. They are also likely to be observed in the far IR (~ 100 um).

The gas density in the envelope blown out by the stellar wind from the association
must be approximately 10% to 10° cm 3 (at T ~ 10? K). In view of the fact that the
intensity of the magnetic field in compressed gas increases approximately in proportion
to n*3, that of the field in such an envelope may be as high as tens and even hundreds
of micro-oersteds. In such fields one should expect pronounced Zeeman-splitting of the
21 cm line. But if giant molecular clouds are formed by compression along field lines,
the intensity of the magnetic field may be significantly lower (Mouschovias, 1976;
Chaisson and Vrba, 1978).

The field lines must be oriented primarily along the surfaces of the formed envelopes.
Since the orientation of dust particles in the gas flow by the Dolginov and Mitrofanov
(1976) mechanism is very fast (about 10? yr under such conditions) and most of the dust
along the line-of-sight to the stars of these associations may be concentrated in the
envelopes around them, the orientation of the interstellar polarization vectors must
follow that of the filaments around the associations.

As as mentioned above (Section 5.6), the observed orientation of polarization vectors
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in this region is indeed markedly different from regular in the Galaxy (see Figure 11).
However, we could not obtain any definite results, which seems to be due, as was already
mentioned, to the complex structure of the filaments, a certain degree of the disturbance
of the interstellar polarization by the dust between the observer and filaments, and the
scant observational data.

10.3. EXTENDED RADIO COMPONENT IN THE CYG X REGION

After having excluded all discrete components from the Cyg-X region, Wendker (1970)
detected there an extended structure with dimensions ranging from 4 to 6°, correlating
well with the position of the Cyg OB2 association (see Section 4.2). We believe that this
association may be related to the system of optical filaments which extends across the
galactic plane over almost 10° (Section 5.2). Brand and Zealey (1975) associate it with
the dust envelope Cyg 5, which is about 8° in diameter (Table IV). In this section, we
shall discuss the possible origin of the extended radio source discovered by Wendker
(1970).

Let us assume that the extended radio source has a thermal emission spectrum. Then,
taking into account the brightness temperature 7, ~ 1 K at 2.7 GHz it is easy to
determine the emission measure of the nebula responsible for this source from

172
EM =16 x 10* LT pccm™ ¢,

g%y

where /. is the wavelength, T is the gas temperature, and { gz*) is the Gaunt factor
averaged in terms of the ion abundance. The source of the thermal emission may be
either the hot (T ~ 10° K) coronal gas or the Hil region around the association
(T ~10*K). For A= 11cm, (gz?) =6at T =10*K and (gz*) =10 at T = 10° K.
It can be easily seen, however, that radio-emission cannot be associated with the hot
coronal gas. Indeed, at T = 10° K, EM ~ 10, which can be seen from (1), is about five
orders of magnitude above the value for the nebulae responsible for the diffuse emission
from the superbubble. Thus, if the emission is thermal, it should be ascribed to the H 1
region around the association. In this case, T ~ 10* K and EM =~ 2000. The optical
emission from such a nebula may invisible because of the strong interstellar extinction
in the direction to Cyg OB2 (4,  ~ 5-6™, Reddish ef al., 1966; see also Table XI). In
view of the fact that the distance to the nebula is about 2 kpc, its radius must be
R ~ 100 pc, hence, the number density must be n, ~ (EM/2R)'? ~ 3 cm 3.

For a nebula with such parameters it is necessary to have N, = an?35nR> ~ 3 x 10°°
L _-photons per second. Here, a ~ 3 x 10~ '3 cm? s = ! (Spitzer, 1978) is the hydrogen
recombination coefficient. At the ionizing photon wavelength 4 ~ 600 to 700 A, the
ionizing emission power must be about 10%° erg s !, which corresponds to an object
with absolute bolometric magnitude M, , = — 11”. This value roughly corresponds to
the total emission from Cyg OB2 stars since this association contains several hot
(T = (40-50) x 10°> K) stars with M, ~ —10™ (Abbott etal., 1981; Humphreys,
1978). Almost all of the emission from them falls into the Lyman continuum.
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The mass of such a nebula must be about 2.5 x 10> M, — that is of the same order
of magnitude as that of a giant molecular cloud. Thus, the interpretation of Wendker’s
(1970) observations of the thermal emission from the H11 region around Cyg OB2
provides an estimate consistent with the optical data on the association. Eaerlier, a
similar interpretation of the Cyg-X region was discussed by Veron (1965) among others.

The dimensions of the cavern blown by the stellar wind from the association must
be similar to those of the H 11 region. From the expression dervied by Castor ez al. (1975)
for the cavern radius, age ¢ = 2 x 10° yr (Abbott etal., 1981), n = 3cm ™3, as was
determined above from the radio data presented by Wendker (1970), and
L,=10*-10*%ergs~! (see discussion of this value in Section 8.3), we have
R = 50-80 pc. Thus the Hir region around Cyg OB2 must have the shape of an
envelope.

Another possible interpretation of Wendker’s (1970) observations is based
on hypothesis of a supernova remnant inside the cavern blown by the stellar
wind from association Cyg OB2. In any event, surface radio brightness
X~2x 10" ergm~?sr”'Hz ' agrees well with the £ — D relation for SNRs
(Shklovskii, 1976; Lozinskaya, 1981). In this case, the size of the bubble blown by the
association is assumed to be larger than the one derived above and to correspond to
that of the optical filaments described earlier or to that of the dust ring Cyg 5 (Table IV).
To verify the hypothesis that this is a supernova remnant requires examination of the
spectrum of the radio-emission from this object.

Finally, it may be assumed, following the discussion in Section 8.3, that the power
of the stellar wind in this association increased sharply within a relatively recent period
of time, after the massive stars left the initial Main Sequence and supergiants and the
Wolf-Rayet stars appeared in this association (Reddish, 1968). In this case, it may be
expected that a new filamentary nebula blown out by the powerful stellar wind will start
emerging inside the already formed cavern. In a gas with density n ~ 0.03 cm ™3, a wind
with power L, =~ 10°® erg s ~ ! may blow out a cavern with a radius of 50 to 100 pc over
a period of about 3 x 10° yr. In all likelihood, the stellar wind must compress the
inhomogeneities that developed earlier in the nebula, as is the case, for instance, with
planetary nebulae (Pikel’'ner, 1973). The dense matter cools down, is compressed
further, and may probably form a fine-filament nebula with the observed parameters.
In this case, as opposed to SNR, nonthermal radio-emission will be absent.

Thus, for investigation of the nature of the extended radio component detected by
Wendker (1970) in Cyg X, spectral radio observations of this component are required
as well as investigation of its spatial structure.

10.4. SUMMARY

In this section we speculated that the sinuous system of filaments and associations in
the western part of the Cygnus region, remote from the galactc plane, have emerged
emerged as a result of development of the Rayleigh—Taylor instability of the galactic gas
disk (Section 10.1). Development of the Rayleigh-Taylor instability to a stage where
such dense associations as Cyg OB2 are formed seems to be possible only in the absence
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of a spiral shock wave in the local spiral arm. This conclusion is consistent with a
number of investigators on the grand design of the Galaxy.

As was shown in Section 10.3, all observations of the extended radio component in
the Cyg-X region, detected by Wendker (1970), may be interpreted either (1) as thermal
emission from the Hm shell around association Cyg OB2 with an average number
density equal to 3 cm ~ 3, (2) as a supernova remnant, or else (3) as a filamentary nebula
formed by a stellar wind with an intensity that has increased considerably over the past
3 x 10° yr, inside the already-formed, large, hot-gas cavern around Cyg OB2, confined
by dust envelope Cyg 5 and/or a system of gas filaments, as discussed in Section 5.2.
To know which of the above alternatives is true calls for spectral radio observations and
investigation of the structure of the radio component in question.

In Section 10.2, we showed that the dust enveloped discussed by Brand and Zealey
(1975) around some associations are a natural result of development of bubbles around
the associations. Such gas-dust envelopes may exhibit pronounced Zeeman-splitting of
the 21 cm line. The filaments of these envelopes must be oriented along the magnetic
field.

To verify the hypotheses described in Section 10.2 requires further extensive studies
of the correlation between the orientation of gas filaments and the interstellar polari-
zation in the western portion of the Cygnus region.

11. Conclusion

This work summarizes and analyzes a wealth of observational data obtained in radio
(Section 4), optical (Section 5), infrared (Section 6), and X-ray (Section 7) emissions
from an extensive region of the galactic disk in which the Cyg superbubble is located
(Section 2.1). An interpretation of these data is offered in Sections 8 through 10.

The main results of analysis of the emission in each range are summarized at the end
of a respective section (see Sections 4, 5, and 7) and reviewed below in Section 11.1.
The main conclusion from the entire work is that the superbubble observed by Cash
et al. (1980) is not a single structure but a projection of many objects on the sky. The
major arguments in favor of this conclusion are presented in Section 11.2. Section 11.3
covers the results of analysis of the contribution of various discrete X-ray sources to
the emission from the superbubble, while Section 11.4 discusses the results of analysis
of the nature of that part of the emission which cannot be explained by discrete sources.
Section 11.5 summarizes the results of analysis of the spatial arrangement of the
emission sources. Our main conclusions regarding the origin of some objects forming
the Cygnus superbubble can be found in Section 11.6. Finally, Section 11.7 offers some
other conclusions.

11.1. BASIC CHARACTERISTICS OF THE REGION OF INTEREST

The sky sector occupied by the X-ray superbubble is essentially a gigantic aggregation
of gas, dust, and high-luminosity stars within a region = 15 X 25° in size; it is especially
rich in terms of the emission nebulae it contains. At a distance of up to 2.5 kpc from
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the Sun, the region contains 8 young stellar associations (Section 5.3) with about 110
stars of very high luminosity (including 55 supergiants of early spectral classes), about
20 Wolf-Rayet stars, 16 Of stars, many nebulae of different types (Tables II and IV;
Sections 5.1, 5.2; Figures 6 and 7), and sinuous system of filaments, extending over
about 20° along the galactic plane, with about five stellar associations occupying its
‘valleys’ (Section 5.1, Figure 8). The interstellar light extinction in this region is high (up
to 3-5" kpc ~ ! and more) and irregular (Section 5.5). It is determined primarily by the
Great Rift which causes a bifurcation of the Milky Way and is 0.8 to 1.2 kpc distance
from the Sun. The interstellar polarization of star light is irregular and, because of scant
data, does not reveal a clear relationship between the orientations of the magnetic field
and gas filaments, with the exception of the nebula S119 (Section 5.6). The velocities
of expansion of most nebulae are small: |v| <20 km s~ ! (Section 5.1, Table III).

Radio-emission from this region is intense and inhomogenous. The western portion
of the superbubble is superimposed and the extensively studied multicomponent radio
source Cyg X (Sections 4.2 and 4.3) which was found to be a projection on the sky of
many sources, mostly of thermal nature, spaced along the local spiral arm from 1 to
4 kpc (mainly 1 to 2.5 kpc). They are associated with molecular clouds (Section 4.3) and
star-formation regions, such as W75 and others, where the star formation process is still
continued (Section 6). The irregular thermal radio-emission forms a background against
which non-thermal emission from eight supernova remnants is prominent (Section 4.1).
There are also several H1 supershells (Section 4.3).

The far IR emission is associated with prominent H 11 regions and dark clouds, while
the near IR emission can be ascribed to stars reddened to a high degree (Section 6).

The superbubble region contains more than 20 X-ray sources listed in the catalogye
compiled by Amnuel et al. (1982), including several bright binaries (Section 7.2), super-
nova remnants (Section 7.3), and numerous faint sources (Sections 7.4 and 7.5).

11.2. ARGUMENTS AGAINST THE SUPERBUBBLE BEING A SINGLE STRUCTURE

The main conclusion from this work is that the superbubble is not a single structure but
a projection on the sky of many points as well as extended sources of soft X-rays. These
sources are located mainly at distances ranging from 0.5 to 2 kpc from the Sun, in the
local spiral arm (Section 3.1), to which the line-of-sight toward the constellation Cygnus
is tangent.

That the superbubble is made up of a variety of objects is supported by the following
facts:

(1) The observed dimensions of the superbubble are 18° along the galactic plane, 13°
across it. This shape is hard to reconcile with its origin from a single center. At a distance
of 2 kpc (Cash et al., 1980) its physical dimension along the plane is more than 500 pc;
its dimension perpendicular to the plane is 450 parsecs, a value greater than the
thickness of the galactic gas disk (200-300 pc). One would expect to observe for an
expanding superbubble, a dimension across the galactic plane greater than the dimension
along the plane.

The observed shape follows naturally if the subject is not a single entity but made up
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the projection of several objects distributed at different distances in the spiral arm, which
is oblate in cross section and curved in the plane.

(2) The system of optical filaments, observed around the Cyg-X region by Ikhsanov
(1960b), Dickel et al. (1969), and Brand and Zealey (1975), is not a continuous object
but a combination of gas filaments spread over a distance of at least 1 kpc along the
line-of-sight. This follows from comparison of radio and optical data on this ring of
filaments, carried out by Kapp-her and Wendker (1972) (see Section 5.2).

(3) The hypothesis stating that the superbubble is a result of the explosion of one
(Blinnikov et al., 1982) or several (Cash et al., 1980) supernovae is refuted by the
absence of a nonthermal radio source with dimensions corresponding to those of the
X-ray superbubble. On the contrary all evidence concerning the Cyg-X region and the
surrounding objects suggests that, with the exception of eight supernova remnants
(Table I) 3 to 4° in diameter, no sources of nonthermal radio-emission have been found
in the region of interest. All the numerous radio sources with examined spectra attest
to the thermal nature of the emission (Section 4).

(4) There seems to be nothing in common between the X-ray superbubble and H1
superbubble GS 081-05-37 discovered by Heiles (1979) and associated, according to
Cash et al. (1980), with the X-ray superbubble. The bubble found by Heiles is much
more distant than the sources of soft X-rays (Section 4.3).

(5) The emission spectrum of the superbubble is irregular. This was brought to light
(Section 7.1) by comparison of the data reported by Cash et al. (1980) and the obser-
vations of different parts of the superbubble carried out by other workers.

(6) The extensively studied radio source Cyg X (Sections 4.2, 4.3, and 5.5) is not a
spatially coherent object with which the X-ray superbubble might be associated, but a
projection on the sky of many, primarily thermal, radio sources located, with rare
exceptions, at distances ranging from 1 to 4 kpc (mostly 1 to 2.5 kpc) in the local spiral
arm.

11.3. CONTRIBUTION OF DISCRETE SOURCES TO THE SUPERBUBBLE RADIATION

As was shown in Section 7, 50 to 759, of the X-ray emission from the superbubble is
produced by several dozens of known faint discrete X-ray sources not excluded from
observations by Cash et al. (1980). These sources are located in the local arm. They
repeat the horseshoe shape of the superbubble in projection on the sky by virtue of the
fact that the central part of the region is obscured by the Great Rift. Fifteen percent of
the emission can be ascribed to supernova remnant DR4 (Cyg X-7) from which X-rays
were detected at the Einstein Observatory (Higgs et al,, 1983). Other supernova
remnants account for a small portion of the X-ray emission (see Section 7.3). About
209, of the X-ray emission from the superbubble are attributable to cataclysmic
variables (Section 7.4): EY Cyg (10%), V751 (9%), and SS Cyg (0.6-6%). The other
faint sources included in the catalogue compiled by Amnuel et al. (1982) account for
about 209, of the emission from the superbubble (Section 7.4). The most intense source
is 4U2129 + 47 (6-7%). The X-rays emitted by the coronas of more than 100 high-
Juminosity and superluminous stars (Sectin 5.4) in the region under investigation seem
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to account for not more than 19 of the emission from the superbubble. The bright
nebulae S119 and NGC 6888 formed by the wind from stars of types O6f and WN6
may contribute about 29 to the emission from the superbubble (Bochkarev and
Lozinskaya, 1985; Section 7.5).

Most of the above objects are sources of relatively soft X-rays and are characterized
by low-frequency slopes in their spectra. This is caused by interstellar absorption in the
range of hundreds of electron-volts, which makes their spectra similar to one another
and to that of the superbubble as a whole. The critical point here is that (1) the position
of the maximum in the spectrum of thermal sources is only weakly dependent on Ny
and T (related as (N, T)"*, Section 8.2), and (2) the column density Ny; to objects
associated with the superbubble varies by only slightly more than one order of magnitude
(Table XI).

In spite of the importance of the contribution of discrete sources to the emission from
the superbubble, at most ~ 509 of the emission can be attributed to them. To elucidate
the contribution made by discrete sources calls for thorough observations of the entire
region with a higher angular resolution and an adequate sensitivity in the range of 0.5
to 1keV.

11.4. ORIGIN OF THE DIFFUSE EMISSION FROM THE SUPERBUBBLE

We attribute 25 to 509 of the X-rays from the superbubble, which cannot be explained
by discrete sources, to the emission from the hot (7T =2 x 10°K) rarefied
(n ~ 0.03 cm ~?) gas in the caverns formed around stellar associations by joint action
of the stellar wind and supernova explosions (Section 8).

The Cygnus region contains eight stellar associations which, when projected on the
sky, repeat the horseshoe shape of the superbubble (Figures 13 and 8). The caverns
are confined by ring nebulae described by Brand and Zealey (1975). The typical
radius of a cavern is R = 50 pc, their luminosity in soft X-ray emission is
L. = (1-4) x 10°° erg s~ ! or more, and the number density of undisturbed gas is 4 to
10 cm ~ 2 or more (see Section 8.1). The mass of the swept-up gas is roughly the same
as that of a giant molecular cloud. It takes several million years for a cavern to evolve,
which corresponds to the ages of the associations in the Cygnus region. Their theoreti-
cally derived expansion velocity is about 7 to 10 km s ~ !, which agrees well with the low
expansion velocities of the nebulae observed in the same region (Section 5.1, Table III).

Formulation of such caverns requires the injection of kinetic energy with average
power L, ~ (1.5-4) x 10°¢erg s~ ! (Section 8.2). This seems to exceed the average
strength of the stellar wind from stars of a typical association (Section 8.3). The wind
from supergiants and stars of the Main Sequence (Section 8.3), supernova explosions
(Section 8.4), and the strong wind from Wolf-Rayet stars (Section 8.5) make approxi-
mately equal contributions to the kinetic energy required to form the caverns.

Although the stellar population differs from association to association and the
immediately surrounding interstellar medium is different in each case, X-ray spectra of
bubbles around the associations must be similar (Section 8.2) because, among other
things (Section 11.3), the position of the maximum in the spectrum is only weakly
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dependent on the parameters Ny and T which define the shape of the observed
spectrum.

11.5. SPATIAL ARRANGEMENT OF EMISSION SOURCES

The emission sources whose projection on the sky produces the observed picture of the
superbubble lie in the local spiral arm and are located mainly at distances of 0.5 to
2.5 kpc from the Sun (Section 9). The form and curvature of the spiral arm causes the
eastern part of the superbubble to be formed mainly by objects less than 1 kpc distant
from the Sun (Table IX) that lie in front of the Great Rift. This portion of the superbubble
is connected with associations Cyg OB7 and Cyg OB4. Objects in the western part of
the superbubble are 1 to 2.5 kpc distant from the Sun. They lie behind the main
molecular clouds constituting the Great Rift (Table X), and are linked mostly with
associations Cyg OB1, 2, 3, 8, and 9.

11.6. ORIGIN OF THE LARGE-SCALE OBJECTS IN THE CYGNUS SUPERBUBBLE

In the western part of the superbubble the distribution of the stellar associations relative
to the galactic plane and the observed sinuous system of filaments, led to the suggestion
that these associations originated in Rayleigh-Taylor-Parker instabilities in the galactic
disk.

The extended radio source discovered by Wendker (1970) seems to be related to the
Cyg OB2 association. The nature of its radio-emission remains unknown
(Section 10.3): it may be both thermal radio-emission from the low-density
(n~ 3 cm™?) H1l region around association Cyg OB2 and emission from the nebula
formed either by a supernova explosion or by the stellar wind from association Cyg OB2,
whose intensity may have increased substantially over the past 3 x 10° yr. To under-
stand the origin of the radio-emission requires studies of the spectrum and structure of
this radio source. We hypothesize (Section 5.2) that the oval system of filaments,
extending across the galactic plane over about 10° (the main filaments occupy regions
with coordinates o = 20"10™-20"30™, 06 = 42-46°, and « = 20"50™-21"10™,
0 = 37-41°) may be a continuous object connected with association Cyg OB2. To verify
this hypothesis calls for comparison of the radio and optical emissions from these
filaments.

The giant dust rings distinguished by Brand and Zealey (1975) around some associa-
tions are a natural consequence of development of envelopes around OB associations
(Caster et al., 1975) (Section 10.2) and must lead to systematic orientation of interstellar
polarization.

11.7. SOME OTHER CONCLUSIONS

(1) The remnants of supernova exploding in coronal gas caverns must exhibit certain
peculiarities (Section 8.4): their evolution is over at the adiabatic stage when almost all
of their kinetic energy is transmitted to the shock wave forming the coronal gas cavern.
Their optical emission must be very faint. The radio-emission, on the other hand, may
be pronounced (as seems to be the case with the North-Polar Spur (Weaver, 1979) and,
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probably, the extended radio source in Cyg X (Sections 10.3 and 11.6), although against
the background of numerous bright radio sources in the constellation Cygnus it may as
well remain unnoticed.

(2) The expulsion of the envelope or the strong wind from Wolf-Rayet and other
stars, occurring inside coronal gas caverns, does not necessarily form the observed
nebulae if the gas has insufficient time to produce dense condensations (Section 8.5).

(3) The kinetic energy of the supernova remnants formed by the most massive stars
does not seem to exceed 10*° erg (Section 8.4).

(4) The dense gas-dust envelopes formed at late stages of the evolution of the caverns
around OB associations (Sections 10.3 and 11.6) can have magnetic fields with a
strength of dozens or even hundreds of micro-oersteds, and their observation is may
be possible through both the Zeeman-splitting of the 21 cm hydrogen line and interstellar
polarization of star light.
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