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Summary. We present radio, optical, and infrared observations of
the galactic Hir region HS240 =S 119 around the O 7,5V star
68 Cyg. No evidence is found that the extended nebular structure
may have formed under the action of a strong stellar wind. The
measured emission line strengths are typical for a low-excitation
nebula. The electron temperature, derived from optical line
widths, is (7500+1000) K. The large scale emission measure
distribution is rather uniform, with an average electron density of
~2c¢m~ 3, There are indications that at least part of the gas is
concentrated in small clumps of densities not higher than
~100cm 3. The measured dust colour temperature is 41K
averaged over the whole Hu region. The infrared emission
distribution — not ring-like but centered on the star —demonstrates
that the inner region is not a wind-blown cavity. We show that due
to the high peculiar velocity of 68 Cyg the wind front may not
reach further than ~ 1 pc from the star, i.e. less than 5% of the
radius of the H 11 region, and a bow shock instead of a bubble is
created. We present high-resolution IRAS data where this bow
shock is indeed visible.

Key words: interstellar bubbles — bow shocks — Hu regions —
infrared radiation - radio radiation — emission lines — HS 240 —
68 Cyg

1. Introduction

Strong stellar winds from early-type stars may blow huge cavities
or “bubbles” into the interstellar medium. While the physics of
these processes has been extensively discussed (standard paper of
Weaver et al., 1977; hereafter quoted as WEA), the observational
data base is still somewhat short. A number of ring nebulae
around WR stars have been classified as wind-driven bubbles
(Chu, 1981), but the number of bubbles around “normal” O- and
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Of stars is much smaller than the abundance of O stars in the
galactic plane would suggest. Lozinskaya’s (1982) list features
only two entries of this type: NGC 7635 (the well-known ““bubble
nebula”), and HS 240.

The extended, faint Hi region HS240 =S 119 (Hase and
Shajn, 1955; Sharpless, 1959) covers an area of ~3° x 3° around
the O7.5 star 68 Cyg (HD 203064, BD+433877, «(1950.0)
= 216352, 6(1950.0) = +43°44'06"). It had not been of any
particular interest until Lozinskaya (1982) proposed — on grounds
of its optical appearance — that its ring-like structure had formed
under the action of a strong wind from 68 Cyg.

The amount of observational data collected up to now is not
conclusive. The best radio map was supplied by Wendker (1971) at
1400 MHz, with low sensitivity. Felli et al. (1977) and Esipov et al.
(1982) published fan-beam scans with poor resolution at 408 and
102 MHz, respectively. Pedlar (1980) observed the brightest part
in the H 166« line and reported a radial velocity of +1.4kms™*
and an LTE electron temperature of 4750 K. Optical interferome-
try was done by Georgelin and Georgelin (1970) and in greater
detail by Esipov et al. (1982). According to them the nebula shows
chaotic motions rather than ordered expansion (upper limit
Vep S 15kms™!), and the mean LSR radial velocity is
+(6+1)kms~!. Esipov et al. (1982) also determined relative
intensities of emission lines at five spectrograph slit positions.
However, their conclusion that all observations support the
bubble model for HS 240 is not convincing.

Distance determinations of the exciting star 68 Cyg (O7.5V;
Zeinalov et al., 1987), range from 720 pc (Bouigne, 1959) to 880 pc
(Alduseva et al., 1982), corresponding to a bolometric luminosity
of 0.8...1.2 10° L. Its radial velocity varies around —10kms™!
(Alduseva et al., 1982; Hénni and Pelt, 1986; Zeinalov et al., 1987).
Itis an X-ray source (Kumar et al., 1983), and a runaway star with
a peculiar velocity of 41.6kms™?, leaving the Cyg OB7 associ-
ation almost exactly in — b''-direction (Stone, 1979). A crude age
estimate of ~2.5 10° yr may be obtained by applying De Loore’s
(1978) evolutionary tracks, not too far away from Stone’s (1979)
kinematic age of 1.5 10° yr. The mass loss rate has not yet been
determined; it can be estimated to M ~1...5 10~7 Mg yr~ ! using
the formulae given by Chiosi and Maeder (1986 and references
therein). The terminal wind velocity was measured by Black et al.
(1980) to v,, = 2900 kms~*; recently Prinja and Howarth (1988)
obtained 2520-2740 kms~! from high resolution spectra of the
Sivi 441394,1403 doublet. The appropriate equation given by
Panagia and Felli (1975) leads to an expected radio flux density for
such a wind of less than 0.1 mJy at 5GHz. This is far below
published upper limits (e.g. Wendker, 1987) or the one derived in
Sect. 2.1.
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We have performed a detailed multifrequency study of the
nebula and present in Sect. 2 data from radio continuum and line
observations, optical spectroscopy, and far infrared mapping. The
interpretation and determination of overall physical properties in
Sect. 3 was possible by using simple static models. In Sect. 4 we
discuss the influence of the stellar wind, some observational
implications, and try to sketch a consistent picture of the nebular
history, including the effects of the rapid stellar motion. In Sect. 5
we present our conclusions. Finally, a short appendix gives some
formulae used in the model calculations.

2. Observations

2.1. Radio continuum mapping

The observations were carried out in August 1987 with the 100 m
telescope in Effelsberg, recording total power with a filter
bandwidth of 20 MHz centered at 1410 MHz. Both polarization
channels were calibrated separately using the sources 3C48,
3C147,3C286, 3C 348 (flux densities at 1400 MHz according to
Baars et al., 1980) and averaged.

The HPBW was 9:2 circular. An area of 4° x 4° was covered at
least twice by the mapping procedure, giving a grid size of
20°=3!5x1!02. The data reduction was done interactively and
featured the usual steps: radar spike elimination, averaging,
baseline correction, smoothing and reduction of the oversampling
to a final grid of 20° x 3". The mean uncertainty in the inner parts
of the map is +100mK brightness temperature, and is mainly
determined by the uncertainties in fixing a realistic underlying
zero level. To minimize the scan-to-scan variations the composite
map was slightly smoothed in right ascension direction with a
Gaussian of three scans HPBW.

The resulting map, given in Fig. 1, shows that the projected H1t
distribution is rather uniform with deviations not higher than a
factor of 2-3 over a large elliptical area, where the exciting star
68 Cyp is remarkable off-centre. An integration of the nebular
emission within the 200 mK contour yields a total flux densities of
(43.4+1.4)Jy, where the contributions of the marked point
sources (Table 1) are already substracted. These are definitely
non-thermal background sources.

We also mapped HS240 at 4.8 GHz in Effelsberg during
May/June 1985, where we unfortunately suffered from initially
not recognized bad atmospheric conditions so that a baseline
correction could not be established in a satisfying way. The
resulting map was not usable for faint structure studies. Only
a flux density integration could give an acceptable value, cal-
ibrated against NGC7027 (Wendker, 1984). We obtained
S4sGuz, = (401 5)Jy. The spectrum of HS 240 can in this way be
clearly identified as originating solely from optically thin, thermal
radiation, with a spectral index of o = —0.07+0.1 (S, oc v*).

The map allows to deduce an upper limit of 7mJy (3¢) for the
flux density of a point source at the position of 68 Cyg. This is
much fainter than hitherto published values and corresponds to an
upper limit for M of 51075 My yr~t.

2.2. Observations in the 21 cm line

During the Effelsberg session in August 1987 we also obtained a
set of Hispectra at 1420 MHz with 0.64 km s~ ! spectral resolution
and an rms noise of ~1 K 7. Since the available observation time
did not allow to perform a complete coverage, a field between 42°
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Fig. 1. Radio continuum map of HS240 at 1410 MHz. Contour units are
200 mK brightness temperature. Here and in the following figures the position of
68 Cyg is denoted by an asterisk

Table 1. Marked point sources in the 1410 MHz map. The
408 MHz fluxes are from unpublished DRAO-SRT observations
by Caswell et al.

Nr. | Identification | Sy440 Syo08
1 4C43.52 0.70 Jy | 2.08 Jy
2 B3 2116 +436 | 0.18 0.40
3 B3 2118 +444 | 0.28 0.44
4 B3 2111 +432 | 0.18 0.79
5 | VRO 42.21.01 | 0.55 1.38

and 45° and 21"08™ and 21"28™ was crossed by ten raster scans,
resulting in a grid of spectra with spacings 40°= 72 x 15,

The data were displayed in form of grey scale maps for
different radial velocities; our main intention was to check
whether a neutral H1shell around the H 11 region or at least an H1
depletion in the direction of 68 Cyg s visible. In Fig. 2 four sample
maps are shown.

At radial velocities less than ~5kms™! no trace of a shell or
arc-like structure is visible. At higher positive velocities the
expanding giant shell GS 088-04+17 detected by Heiles (1979)
becomes the dominating feature. Around its central RV of
~17kms™! it has a diameter of ~5° and is larger than the
mapped frames. A possible physical association with HS 240 is
excluded.

2.3. Spectroscopy of optical emission lines

The observations were performed with the 2.2 m telescope at Calar
Alto in June 1987, using the coudé spectrograph, the f/3 camera
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= 10.1 KN/S + 0.8 KN/S

+ 16.9 KN/S
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Fig. 2. Channel maps at —10.1, +0.8, +6.0, and +16.9kms ™. Superimposed
are contours of the continuum map. Grey scales are adjusted individually to the
dynamic range of each map (brightness temperature), with black as maximum

with 8.5Amm™? dispersion in 2" grating order, and a CCD
detector of type RCA. The slit length was 117", the spectral pixel
resolution at Hx 11.7km s ~!. At nine slit positions, selected from
the optical appearance, spectra of H, [N11], [Su], and [O 1] lines
were taken. In Fig. 3 these positions are superimposed on a red
colour photograph taken with the 80cm Schmidt telescope at
Calar Alto.

Due to the low surface brightness of HS240 even in the
brightest parts the weak lines [N 11] 215755 and [O m] 14363 could
not be detected. The line pair [On] 443726,3729 was not
observable due to technical reasons.

The reduction of the two-dimensional CCD frames followed
standard procedures. After wavelength calibration and rebinning
all spectra were converted to one-dimensional data sets by
integrating over the whole slit length. This was justified because no
spectra displayed any significant variations over the slit coordi-
nate. The S/N ratio could thus be increased up to ~20-50 in Ha.
In order to eliminate the spectral response of the detector the
observed spectra of 68 Cyg were compared with Kurucz’ (1979)
model calculations for a star of T, =35000K and log g =4.

For each spectral line its line integral and the two highest pixel
values were measured. allowing the determination of the line
halfwidth with a correction for a line center offset from the
corresonding pixel center. To fit a Gaussian to such narrow
profiles was rejected because of the large influence of noise in the
line wings.

The width of Ha may be significantly increased by fine
structure line splitting (Dyson and Meaburn, 1971). The corre-
sponding values were corrected for this effect; in Tables 2 and 3 all
measured line intensities and halfwidths are listed. The values in
square brackets had a low S/N ratio and were not used in the
further evaluation.

2.4. Far-infrared mapping

From the IRAS all sky survey low resolution maps at wavelengths
100 and 60um were extracted, using the SPLINE datasets
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prepared at the Laboratory for Space Research, Groningen. The
maps in equatorial coordinates have pixel spacings 12° x 3’ and a
resolution of 32° x 8'. To convert the given in-band fluxes into flux
densities a blackbody spectrum of T'=30K was assumed. The
global background was removed by fitting a bilinear “twisted
plane” to the outer regions of the map.

In both maps (Figs. 4 and 5) the H 11 region is clearly visible.
The emission in the 60 pum map is dominated by the inner parts of
the region, with a prominent concentration around 68 Cyg. The
diagonal rifts in the north-western corner are spurious.

The total flux densities were obtained by integrating inside
the SMJysr™! contour of the 60um map; the results are
S, (100 um) = 2.2 10*Jyand S, (60 um) = 9.6 10° Jy. A blackbody
of T'=41K would have the same flux ratio.

2.5. High resolution infrared imaging

A search for infrared structures on the arcmin scale in the central
region was performed by applying the high resolution software of
the GEISHA system (Wesselius et al., 1987) to a field measuring
0°5x 0?5 around 68 Cyg. The image reconstruction involves an
iterative procedure which couples gain in resolution with strong
noise increase. Since in the 60 pm wavelength band the warm dust
close to 68 Cyg should show up most prominently, we chose this as
the prime band for the analysis.

The reconstructed image is displayed as a contour line plot in
Fig. 6. The spatial resolution is better than 2’ and thus close to the
diffraction limit of the IRAS aperture (~1’). The positional offset
of 68 Cyg to the brightest parts of the region is remarkable. The
small-scale structure forms a slightly curved ridge in the south east
of the star. The source marked by an arrow may be identified with
an entry in the IRAS point source catalog and is probably
extragalactic. A rough flux calibration was obtained by compar-
ing the integrated flux of the inner 15’ x 15’ with the corresponding
number of the SPLINE map. However, the total flux is not
conserved by the resolution-enhancement algorithm.

2.6. Intercomparison

The large scale morphology of HS 240 can be characterized by
three distinct components:

1. A diffuse, featureless background present in all three
wavelength regimes, extending over a size of ~2°.

2. Bright elongated filaments, prominent especially in the
(extinction-contaminated) optical image where some kind of a
ring structure may be seen. While in the radio map these features
are much less dominating compared to the background than in the
uncalibrated photograph, only rudiments can be traced in the
infrared.

3. The central zone around 68 Cyg. It is the most prominent
part in the SPLINE and spatially resolved in the GEISHA image;
it has an emission minimum in the optical (but note again the
extinction lanes), and it displays nothing particular in the radio
map (though a structure on the arcminute scale would be
completely smoothed out by the telescope beam).

In the following sections we will evaluate these data, and the
physical conditions they reflect.

3. Interpretation

3.1. Electron temperature

Since the temperature sensitive auroral lines turned out to be not
detectable, a kinetic temperature was derived from the widths of
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Fig. 3. Slit positions of optical spectra. Positions 1a and 1b are only slightly shifted. 68 Cyg is here marked by an arrow

the observed emission lines. The necessary assumption that no
macroturbulences broaden the lines with a non-Gaussian function
was strongly supported by the structure of the two-dimensional
long slit spectra. Microturbulences and apparatus profile should
be equal for all lines, whereas thermal Doppler broadening mainly
should affect the Ha widths. The most critical assumption is that
of equal column density ratios of the H*, N*, and S™ species.
Using s8ppier = Sobs — (SZurb + 8%p), the kinetic temperature is

T,=4.9110* {s* (Ho) —s*[N ]} K
T, = 4.59 10* {s? (Ha) — s [S1]} K

with the measured widths s given in A. We have evaluated all
entries of Table 3 except those marked by square brackets.

Although the individual scatter is not low, the data show a
prominent concentration between 7000 and 8000K. As a final
temperature we adopt the value

T.=(7500+1000) K,

where the error is our conservative estimate.

Although this is somewhat higher than the 4750 K of Pedlar
(1980), we find it still in agreement with the ionization status of
HS 240 (cf. below), considering that both methods not necessarily
weight all volumes equally. The temperature of 12000 K given by
Lozinskaya (1982), on the other hand, is not supported by
observational evidence.
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Table 2. Relative line fluxes in terms of Ho = 100

Slit [NTI] [SII] [OTII]
A6548 | A6583 | A6716 | A6731 | A5007
la 11.7 36.5 17.2 11.6 2.7
1b — — 16.0 12.4 —
2 10.1 36.0 23.2 17.4 3.9
3 | 11.0 | 39.6 | 17.9 | 121 —
4 | 104 | 34.8 — — —
5 | 159 | 585 | 28.6 | 235 -
6 | 10.9 | 36.3 | 17.0 | 11.7 —
7 | 16.2 | 48.9 | 256 | 174 —
8 9.0 | 29.9 — — —
9 9.0 | 20.8 — — —
Table 3. Line widths (FWHM) in A
Slit | H, [NII] [SII]
A6548 | A6583 | A\6716 | A6731

la | 0.66 | 0.44 0.44 0.43 0.40
1b — — — 0.39 043
2 0.62 | 0.37 0.42 0.39 041
3 0.58 | 0.40 047 041 0.41
4 0.62 | 0.46 047 — —
5 0.60 | 0.44 043 0.43 047
6 0.58 | 0.48 0.43 0.45 041
7 0.65 | 0.49 0.46 0.47 0.45
8 0.68 [0.69] 0.57 — —
9 |0.73|[0.39] | 0.55 — —

3.2. Density distribution

The observed radio brightness distribution of the nebula is
determined by the emission measure ¢ = [ n.n,dz ~ [n§dz, with
ng as general hydrogen density. Using the expression of Mezger
and Henderson (1967) for the optical depth and assuming

T,=7500K, the brightness temperatures T, (in K) can be

converted directly into emission measure:
=568 T,cm ™ ®pc.

For a homogeneous Stromgren sphere with known excitation
parameter u the emission measure in central line of sight ¢ is
directly related to the mean density n, and the Stromgren radius
R,. A mean ¢ of 250 cm ™~ © pc was estimated near 68 Cyg; with u
between 37 and 50 pcecm ™2 (see discussion below) the derived
parameters are

neg=20...25cm™3, R,=20...32pc.

Another estimate can be obtained by evaluating the total flux
density and assuming spherical symmetry (Mezger and Hender-
son, 1967). However, the uncertainties in the adopted distance d
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Fig. 4. IRAS map of HS 240 at 100 pm. Contour units are 10 MJysr~!
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Fig. 6. Inner part of the high resolution IRAS map around 68 Cygat 60 pm. The
point source marked by an arrow is probably extragalactic. Contour units are
20MJysr~?

and angular diameter 3, yield large errors in the result. With
d=(800+80)pc and I, = (150+30)" one gets

ne=(1.7+0.8)cm 3.

The assumption of a homogeneous density obviously is a
strong oversimplification. To model the observed brightness
fluctuations both density and H* path length may be adjusted,
depending on the assumed geometry. In the centre of the bright
western rift the emission measure is about 500 cm ~© pc (without
the extragalactic point source). A “cigar shaped” cloud with
diameter 3 pc would have n~10cm ™3, a shell geometry would
require n >~ 6cm 3, and a fit to the column depth of the whole H1t
region would alter the mean density along the line of sight to only
n~3cm”3.

The measurement of local space densities via the [St]
1(2.6716)/1(A16731) line ratio is independent of geometrical con-
siderations. Using the calibration diagram published by Aller
(1984), densities at seven positions could be obtained which are
summarized in Table 4.

In three cases the values are significantly higher than the mean
density. Note that the other values derived are close to the low
density limit of the line ratio. It must be stressed that the brightest
filaments are not necessarily identical with the densest clumps:
The maximum value of n, = 130cm ™2 is found in the relatively
faint zone around position 5.

To summarize, we state that the large-scale density distri-
bution is very uniform, with small embedded clumps of higher
density which apparently have not yet evaporated by thermal
pressure or stellar radiation.

3.3. Stellar radiation field and ionization balance

The excitation parameter of the ionizing star (or the number of
Lyman continuum photons N, . ) can be derived from the total flux

Table 4. Local densities in HS 240

Slit position | ne/cm™3
1a 10 - 20
1b 90
2 60
3 10 - 20
5 130
6 10 - 20
7 10 - 20

density, if the Hiu region is optically thick in the Lyman
continuum. Application of the formula given by Schraml and
Mezger (1969) yields

u=421...36.8pccm™?2

depending upon the assumed distance. This is much less than
expected for a star of type 07.5V (50 pccm ™ %; Georgelin et al.,
1975), a factor 2 or more wrong in N;.. Such a discrepancy is a
typical indication that the H 11 region is at least partially density-
bound. The deviation of line-of-sight extension from the projected
radius especially in the north-western direction supports this
interpretation. On the other hand the calibration spectral type vs.
u is known to be not very accurate; it may well be that part of the
problem is caused by a too high theoretical value for u.

To obtain the approximate ionization status of the H 11 region
the measured line intensities of Ha, [N11], [S1], and [O 1] were
evaluated. Assuming cosmic abundances and a stellar radiation
field characterized by T.¢ = 33000 K, the figures fit well into the
sequence of static photoionization models calculated by Stasinska
(1978). The prominent [N 1] and [Stu] features as well as the
extremely faint [O 1] lines are typical for a low-excitation nebula
with O* as major cooling species. Since cooling is less effective
than in H1 regions with much [O 1], the equilibrium electron
temperatures are somewhat higher and may well reach 7000 K.
The agreement of observations with model calculations is even
better for a non-homogeneous ISM where the gas is concentrated
in small dense clumps.

There is no indication of collisional ionization and excitation
as observed in strong radiative shocks.

3.4. Large-scale dust distribution

The physical properties of interstellar dust grains are still not well
exploited. In our discussion of the infrared maps we therefore limit
ourselves to rough approximations and qualitative consider-
ations, aiming mainly at a consistency check between theory and
observations.

The far-infrared emission of radiatively heated dust grains in
Hu regions originates almost solely from a degradation of stellar
UV quanta. Since the low-density nebula HS 240 is optically thin
to all stellar radiation longwards of the Ly-limit (unlike compact
Hu regions), the dominating heating source is the diffuse La
photon field which is in turn produced by the H ionization-
recombination process (Spitzer, 1978). Virtually every Lyman
continuum photon yields a Lo quantum, so that the total
diffuse Lo luminosity is directly proportional to the number
of Lc photons the star emits. For 68Cyg a value of
L(La)=8.210%"ergs™! was thus obtained. The dust heating
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function depends, however, only on the local H* density and the
grain size. The cooling by IR emission, on the other hand, involves
the emission efficiency which is difficult to determine. With its
Planck-average taken from Draine and Lee (1984), we may write
the condition of thermal balance as

171107 n,=a - T§

with 7, : electron density in cm ™3, a: grain radius in pm, and T}:
dust temperature in K.

Most of the dust mass is represented by grains of the dimension
a=~0.1 um. With the mean density in HS 240 of n, =2cm ™3, the
steady-state dust temperature would be ~26K, a value much
below the observed colour temperature of 41 K. This discrepancy
can be solved if one considers that much of the gas is concentrated
in small clumpings of density ~10...100cm ™3, The dust distri-
bution must similarly be non-uniform (the gas-dust coupling in
Hu regions is very strong because of the large grain surface
charge; Spitzer, 1978). The corresponding dust temperatures
would rise to 34...50K.

To model the total flux density of HS240 at 60 pum, the

“calculated Lo luminosity was simply equated with the total IR
radiation power. Assuming a blackbody spectrum with
Tg=T,=41K, the corresponding flux density at 60pum is
1.2 10*Jy, in excellent agreement with the observed value of
0.96 10*Jy.

The expected surface brightness was calculated using a Planck
emissivity B,; the optical depth through the nebula is given by
(Spitzer, 1978)

r=1—10"044 =1 — 126410 nyz

where z is the column depth given in pc. The flux density at 60 um
per solid angle is then for ny =2cm™2 and z=10pc

S,=19107Jysr!

which again agrees well with the observations (cf. Fig. 5).

The morphology of the HS 240 dust complex in the 60 pum
SPLINE map exhibits three distinct zones: a) a very bright
concentration around 68 Cyg with a diameter of only ~5pc; b) a
fairly uniform elliptical area of 15 x 20 pc; and almost no emission
from c) the outermost parts. This tendency is easy to understand as
a consequence of the different heating conditions: In the large
zone b) Lo heating is dominating, whereas towards the edge of the
H 1 region the ionized fraction of H decreases and Lo quanta may
escape from the H 11 region, thus reducing the energy density of the
diffuse radiation field. On the other hand, in a distance of
r~ 3.5 pc the direct stellar radiation becomes comparable to the
diffuse photon field; hence, close to the star both the dust
temperature and the IR flux will increase. However, within the
static scenario employed up to now, the structure of the central
region as visible in the high resolution GEISHA map cannot be
explained. The dust emission should rise symmetrically towards
the central star and peak at its very location. We discuss this
phenomenon at the end of the next section.

4. Stellar wind and ISM

The introduction of the wind-driven bubble hypothesis to explain
the approximate ring shape of HS240 leads to observational
consequences, some of which we will discuss here. We adopt the
terminology of WEA for the four different zones forming the
bubble: region a is the freely streaming stellar wind, region b the
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hot, shocked wind driving the expansion by thermal pressure,
region ¢ consists of compressed interstellar gas swept up by an
isothermal shock, and region d is the ambient interstellar medium,
mostly an Hu region.

4.1. The age of the bubble

Since no systematic expansion of any parts of HS 240 is observable
(Esipov et al., 1982), a kinematic age can only be estimated from
the present inner radius of the “ring” by applying the expansion
formula of Castor et al. (1975) for an ‘‘energy-conserving”
bubble. With no=2cm™3, M=1...510""Myyr~ !, and
v, =2900kms™!, the bubble age follows to ,=3...510°yr,
which is far below the approximate stellar age. Furthermore, the
highly asymmetric structure of the “HS240 ring” makes it
difficult to believe that still a hot bubble interior as described by
WEA drives forth the outer shell. McKee et al. (1984) have shown
that an “energy conserving bubble” cannot survive in a clumpy
medium: radiative losses soon exceed the wind luminosity, so that
region b collapses, and the expansion continues rather following
the simpler momentum conserving case. But such a bubble would
already stall at a radius of ~ 10 pc and dissipate into the ambient
medium; hence, no information about its age were available.
Certainly this picture would be in better agreeement with the
HS 240 morphology, but it must be stressed that such an old,
dissipating bubble looks not very different from any accidentally
ring-shaped H 11 region.

In Appendix A we show that the condition given by WEA
under which the ionization front may be trapped in shell ¢ must be
corrected. As a result we state that generally H1 shells around
extended O star bubbles should occur quite exceptionally. Hence,
the absence of any shell- or arc-like feature in the 21 cm channel
maps that can be associated with HS 240 does not set constraints
to the physical conditions.

4.2. Wind-blown dust

The distribution of the radiatively heated dust provides an
independent insight into the structure of a bubble. The strong gas-
dust coupling (cf. above) ensures that the dust distribution in an
H 11 region resembles mainly the gas morphology. Van Buren and
McCray (1988) recently reported IRAS observations of dust rings
around WR stars bubbles.

The IRAS maps of HS240 show no trace of a ring-like
structure in the regions of interest. Contrarily, the 60 um SPLINE
map (Fig. 5) exhibits a strong concentration of dust emission
towards the center. As discussed above, this is in full agreement
with the heating processes in a “normal” H 11 region. The infrared
emission from the almost depleted interior of a bubble would
certainly look different, so that the standard bubble model can be
ruled out for HS 240.

4.3. Motion of the blowing star

According to Stone (1979), 68 Cyg is a runaway star probably
originating close to the center of the CygOB7 associaction,
moving with a peculiar velocity of 41.6kms™! from north west
towards south east through the HS 240 area. The interaction of the
ISM with a stellar wind emanating from a star moving superson-
ically with v, ~ 4¢; differs considerably from that in models with
the star at rest. A bow shock rather than a closed bubble will form,
and a hot interior of shocked stellar wind material will not exist.
Furthermore, in backward direction to the stellar motion a cone of
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Fig. 7. Modelled bow shock around a rapidly moving star. Length unit scales
with the standoff distance R, (0) (cf. Appendix B)

very low density will develop, allowing the H 11 region to extend to
larger radii than a homogeneous Stromgren sphere could.

Assuming steady-state conditions in a medium of constant
density, we have calculated the shape of the contact discontinuity
between stellar wind and shocked ISM, and of the preceding bow
shock. The basic assumptions and formulae used are listed in
Appendix B. In Fig. 7 the result for a star with the properties of
68 Cyg in a medium of ny = 2.0cm ™3 is depicted.

Since the bow shock is optically thin in the Lyman continuum
(t<51073), it is clear that most of the Hu region remains
undisturbed by the stellar wind, and can thus be described as a
quasi-static Stromgren sphere co-moving with the exciting star.
This model is also supported by the presumed density binding in
the north western part of the nebula. A part of the stellar Lc
quanta can escape through the wind-depleted cone, while irregular
thermal expansion (RT instabilities) of those zones may lead to a
further reduction of the H 1 column density.

Only close to the star (r~2-3pc) the wind interaction
becomes observationally relevant. This is valid especially in the
infrared, where model calculations show that only a narrow zone
ahead of the moving star produces significantly enhanced emis-
sion, while the star is located in a strongly depleted volume. The
IRAS low resolution maps of some wind-driven bow shocks
published by Van Buren and McCray (1988) demonstrate how
prominent such structures may be if their angular scale is large
enough.

Figure 8 shows the dust emission distribution for our adopted
model. A comparison with the 60 pm GEISHA map allows an
unambigous identification of the elongated feature, south east of
the position of 68 Cyg, with the postulated bow shock.

This result enables us even to set constraints to the stellar mass
loss rate: of all quantities in formula (B1), only M is largely
unknown. The observed “‘standoff” distance star — bow shock
head of about 0.5 pc does not allow M to exceed 1 1077 M yr™*
by much.

0.5

0.0

-0054

T
0.5

Fig. 8. Modelled infrared dust emission (arbitrary flux units). Length unitis 1 pc

-0.5 0.0

5. Conclusions

In this study we have presented observational and physical
evidence that HS 240 is not a wind-driven bubble in the sense of
the WEA theory. The observations are, on the other hand,
completely consistent with a description of HS 240 as a classical,
quasi-static Strémgren sphere ionized by and co-moving with the
passing star 68 Cyg.

The classification of a stellar wind bubble based entirely on the
optical, “ring like”” appearance of a nebula can be very misleading.
Without independent indicators such as observable expansion or a
dust distribution showing a central cavity the chance of misjudg-
ing some accidental filaments for a bubble is rather high. While the
gas emission rises with the density increase in the shock as n2, the
observable dust morphology due to its strong dependance on both
density and temperature seems to provide a powerful diagnostic
tool for bubbles and wind-driven bow shocks.

It seems to us that bubbles driven by thermal pressure from a
very hot interior according to the WEA theory of “energy
conservation” are not often realized in nature. While the thrown-
off stellar envelopes of WR stars and PN nuclei introduce quite
different boundary conditions (Icke, 1988), the number of known
bubbles around single O stars is simply too low. Only one single
object, NGC 7635, remains from the list of Lozinskaya (1982).
There must be some physical mechanisms to prevent the for-
mation of a hot, heat conduction-dominated interior or to cause
its collapse. One such process we have studied in this paper.
Whenever the blowing star moves with a velocity supersonic to the
medium into which the wind is streaming an open bow shock
instead of a bubble will form, with its dynamics entirely dictated
by mass and momentum conservation.

As a second reason we suggest the general clumpiness of the
interstellar medium, the remains of which we have observed in the
still existing density fluctuations. McKee et al. (1984) have shown
that due to enhanced matter protrusion through the conduction
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front any hot interior will collapse soon because of a much more
effective cooling if the expansion runs into a highly inhomoge-
neous medium. Again the future dynamics are ruled by momen-
tum balance. If the persistence of a very hot interior is indeed the
exception rather than the rule, then the time scale which let wind-
driven shells around early stars stall and eventually dissipate into
the embient medium becomes shorter by a factor of ~5-10.

An essential consequence of the WEA theory is the emission of
soft X-rays from the bubble interior. NGC 6888 is the only bubble
examined up to now in this respect with sufficient sensitivity
(Kéhler et al., 1987; Bochkarev, 1988), with the result that the
emission is at least one order of magnitude weaker than predicted.
This is just what one would expect for a recently collapsed interior,
and there is no need for leaky box models, etc. When in future
better X-ray observational facilities become available, it may
become possible to decide finally how effective strong stellar
winds can mix up the interstellar medium.
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Appendix
A. The shell around an energy conserving bubble

The structure of the most prominent part of a bubble following the
WEA theory, shell ¢, is critically dependent on the properties of
the outer shock. Here we note that the compression factor as given
by WEA is not correct: Their value 1+ .4 (M =v,,,/cy, isothermal
Mach number) in shell ¢ was derived from an erroneous form of
the momentum flux conservation jump condition over the shock
front. The correct factor is .42 (e.g. Spitzer, 1978), and then also
the obviously too strong condition .# > 1 of WEA which would
exclude most of the later bubble development becomes obsolete.

An important consequence is that the condition of trapping
the ionization front and formation of a neutral shell changes.
Instead of the iteration formula of WEA a simple expression for
the time of capture can be written:

Loy =3.0ng ' L3 udo 10%yr,

where Ly = 3 M v%/(103¢ ergs ™) is the wind luminosity, and us,
is the excitation parameter in multiples of 50 pccm ™2,
Additionally we give the corrected formulae for the limb
brightening of the bubble’s emission measure:
Let R, = u - ng 2/ be the Stromgren radius of the unperturbed
H 1 region, and R, the radius of the bubble (zone b). The distance
of the ionization front to the star is then given by

R}=R}—R3 (M*~%).

The emission measure in the central line of sight follows to

&0 =2n5 [/”2532— +(R1—Rz):|,
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while the maximum value of ¢ is reached with a line of sight
tangentially to the contact discontinuity between b and c:

Emax = 213 [JﬁRZ \/%+ /R?—R%]

The relative limb brightening of a bubble for the case of a just
trapped /-front is then

§'—“ﬂ=f//l‘3/zz2.45//.
80 3

B. Shape of the bow shock

We consider an O star moving with supersonic velocity v, into a
homogeneous medium of density g, . The star loses mass at a rate
of M with a terminal wind velocity v,,. Where the wind breaks a
contact discontinuity forms, lead by a shock compressing the
radiatively pre-ionized interstellar medium (the second shock,
moving towards the star, is in this case negligible). As Huang and
Weigert (1982) have shown, such a situation may be described by a
dimensionless geometry with a single scaling factor R, (0) fixing
the distance of the discontinuity to the star in the direction of
motion. Simply equating the ram pressures of wind and ISM
yields:

Moot

(B1)

The adopted constants for 68 Cyg are M =1 ..
v, =2900kms™!, v, =42kms™ !, and n,
value of R,;(0)=0.5...1.2pc.

Since the equations by Huang and Weigert (1982) only allow a
numerical solution, we simplify the analysis in so far as we neglect
centrifugal forces of the offstreaming matter. The problem is then
quite similar to the one described by Dyson (1975) who inves-
tigated the surface between an evaporating globule and a plane
parallel wind. The shape of the discontinuity can be expressed in
polar coordinates (cylinder symmetry assumed):

51077 Moyt
=2cm 3, leading to a

Ry (p)= R, (0) 22—

sin ¢

To calculate the approximate structure of the leading shock we
evaluate the conditions of mass and momentum conservation and
assume the shock to be isothermal with a compression factor

o _ <v* sin9>2 — (),
Qo

where ¢;; ~11kms~

Crr

1 is the velocity of sound and

9=E—(p+a,

> tana:%—tant/).

The thickness of the shocked layer is
2.0% (p) 22
U*

E

where v,, the velocity of the tangentially offstreaming material, is

1<P
%(0) 7£ dq)/q* —sin*q

*
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with the integral to be solved numerically. In direction ¢ = 0 the
thickness is

2 31/3
d(0)=R1(0)%'JZ£.
*

For about ¢ = 2 the incident velocity v, sin 3 becomes sub-
sonic and the ambient medium can react with a simple sound
wave.
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