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ABSTRACT

Aims. This work aims at investigating the interaction of HD 192281 (OS5 Vn((f))p) with its local ISM. The purpose is to analyse the
effects that a massive star has on the structure and kinematics of its surrounding gas.

Methods. To carry out this study, we used high-resolution radio continuum and 21-cm H1 line data from the Canadian Galactic
Plane Survey (CGPS). This data base was complemented with radio continuum, infrared, and molecular data retrieved from available
surveys. Given that HD 192281 is very likely a runaway star, we attempt to establish whether the observed H1 distribution can be
interpreted in terms of a simple bow shock model.

Results. Analysis of the H1 data shows the presence of an H1 feature likely to be associated with HD 192281. This feature remains
detectable from ~5 to —10 kms~!. At the most negative radial velocities, the shape of the H1 feature is highly reminiscent of a bow
shock structure seen projected onto the plane of the sky. This feature has counterparts at radio-continuum, infrared, and CO emissions.

The analysis of the radio continuum data suggests a thermal spectrum for the gas related to this structure.

Key words. stars: individual: HD 192281 — stars: mass-loss — stars: winds, outflows — ISM: bubbles — ISM: structure

1. Introduction

Over their lifetimes, O-stars have a substantial impact on their
local interstellar medium (ISM) through their high Lyman con-
tinuum flux, their strong stellar wind, and their eventual dis-
ruption as supernova. A subclass of these stars, known as Of
stars, contain broad and strong emission lines in their optical
spectrum mainly because of the Hem (14686 A), Nm (11 4634,
4640, 4641 A), and forbidden lines, along with normal absorp-
tion lines. These lines frequently show P-Cygni profiles that
are indicative of high-mass loss rate. According to Eenens &
Williams (1994) and Chlebowski & Garmany (1991), the mass
loss rate (M) and wind terminal velocity (v.,) of Of stars range
from 1077 to 107> My, yr~! and from 2000 to 3000 kms™', re-
spectively. A total of 108 Of stars are known to exist in the
Galaxy, and almost half of them are associated with optical neb-
ulae (Lozinskaya 1992).

Since massive stars having a main sequence mass above
10 M, radiate a copious rain of ionizing photons into their local
ISM (1.8 x 10" < Ny < 7.1 x 10* 57!, Martins et al. 2005),
and inject into it a great deal of mechanical energy via their pow-
erful stellar winds (L, = 0.5x M xv2), they have the basic
ingredients for profoundly affecting the structure and dynam-
ics of the ISM. Based on the early works of Avedisova (1972)
and Weaver et al. (1977), it was soon realized that massive stars
can create what is known as an interstellar bubble (IB)in their
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surrounding ISM. This is a region of very low density (n ~ 1072
to 1073 cm™) and high temperature (T ~ 10°7 K), which is
surrounded by an expanding shell of gas that may be detectable
as an expanding H1 shell after cooling down. In the ideal case
where the star is at rest with respect to its surroundings and the
ISM is homogeneous, theoretical models predict a spherically
symmetric IB with the massive star located at its centre. On the
other hand, in those cases where the stellar peculiar velocity is
high enough (vpec > 30 km s™1), the spherically symmetric ge-
ometry will be distorted, and a bow-shock geometry, with the
high-velocity star located close to its apex, will be observed.
Observationally, most of the high-mass stars have low peculiar
spatial velocities, and when observed in the A ~ 21-cm line radi-
ation, the star is usually seen projected onto, or close to, a mini-
mum in the H1 emissivity. Furthermore, since dust particles are
mixed with gaseous matter they may emit in the far infrared, af-
ter being heated up by the stellar radiation. Therefore, MSX and
IRAS databases are also well suited to these studies.

Most of the earlier H1 studies toward O-stars (see Cappa
& Herbstmeier 2000, and references there in) were carried out
using single-dish instruments having an angular resolution in the
range from ~9” to 30’. These studies show that most of the stars
appear projected towards regions of the sky having a low neutral
hydrogen emissivity when compared to their surroundings. The
shape of these low emission regions varies from almost spherical
to highly elliptical, and can only be observed in a limited range
of radial velocity.

The situation for radio observations, reviewed by Cappa et al.
(2003), has now evolved considerably with the advent of large
galactic surveys, namely the Canadian Galactic Plane Survey
(CGPS, Taylor et al. 2003), the Southern GPS (SGPS, McClure-
Griftiths et al. 2005; Haverkorn et al. 2006), and the VLA GPS
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(VGPS, Stil et al. 2006). These surveys now make it possible
to identify and study the structure and dynamics of the ISM at
~1 arcmin resolution.

We have undertaken a project aimed at systematically study-
ing the immediate vicinity of a number of stars expected to
be major contributors in shaping the ISM (Cappa et al. 2002;
Cichowolski et al. 2003; Pineault et al. 2008). To minimize con-
fusion, we selected objects with relatively high galactic latitudes.
In this paper, we analyse the environs of the Of star HD 192281.
This star, which is a member of the OB-association Cyg OBS, is
located at ([, b) = (77212, +3240), has spectral type O5 Vn((f))p
(Walborn 1972), and is a fast rotator with V sini = 270 kms™!
(Conti & Ebbets 1977). Distance determinations for this star
vary between 1.55 kpc (Stone 1978) and 2.4 kpc (Humphreys
1978).

The kinematics of this star is a matter of some debate. On
one hand, based on a comparison between the observed radial
velocity, V; ~ —48 km s~! and the radial component of the cir-
cular velocity that would correspond to the actual location of
the star within the Galaxy, Cruz-Gonzélez et al. (1974) derived
a peculiar radial velocity of —55 kms~! and list this star as a
“probable runaway”. On the other hand, Gies & Bolton (1986)
(GB) cast some doubts on this interpretation based on evidence
of a Balmer line velocity progression in the optical spectrum of
HD192281. They claim that the radial velocity derived from the
He II line 14686, —27.1 kms™!, is probably closer to the physical
velocity of the star, because this line is formed deeper in the stel-
lar atmosphere, where the wind velocity is lower. Based on this,
GB concluded that HD 192281 is unlikely to be a runaway star.
Barannikov (1993) performed a radial velocity variability anal-
ysis of this star, and claim to find radial velocity variations with
a semi-amplitude of 16.1 + 2.4 kms~! on a 5.48 day period. He
further argues that this small amplitude is compatible with the
presence of a low-mass companion star and derived a system’s
baricentric radial velocity of —40.4 + 2.7 kms~!. These results
should be viewed with caution, since Barannikov’s claims rely
on measurements of the strongest absorption lines of the Balmer
series (H9, H8, Ho, Hy, and HB) and Hel A 4026 and He I A4
4200, 4562 and 4686 lines. De Becker & Rauw (2004) carried
out a detailed radial velocity analysis of the He II 14541 absorp-
tion line, which forms deeper inside the stellar photosphere, and
derived a mean radial velocity of —23.1 + 8 kms~'. They find
no evidence in favour of a radial velocity variability as claimed
by Barannikov. In this paper all radial velocities are referred to
the local standard of rest.

Proper motion measurements for HD 192281 are available
from several catalogues. Hipparcos (ESA 1997) quotes (u,co0s9,
us) = (=7.76 = 0.53, =2.54 + 0.56) mas yr‘l, the Tycho-2
Catalogue (Hog et al. 2000) lists (u,coso, us) = (=7.9 = 1.0,
—1.8 + 1.1) masyr~!, while the Third US Naval Observatory
CCD Astrograph Catalog (UCAC3) gives (u,c080, s) = (-8.0+
0.7, 2.0 +0.8) mas yr~'. Since all proper motion measurements
are, within errors, compatible with each other, in this paper
we shall adopt those given by Hipparcos. Moffat et al. (1998)
claimed that this star has significant peculiar proper motions,
supporting a possible runaway nature for this star.

2. Observational data

This research was carried out using a number of surveys and
databases (see Table 1) publicly available, namely:

a) The CGPS. It is a high-resolution (~1 arcmin) Hr line and
408 and 1420 MHz radio continuum survey of the Galactic
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Table 1. Main parameters of the datasets.

Line Databases
Hr1 line

Synthesized beam 1’5 x1°0
Position angle 558
Brightness temperature rms noise (K) 2.1
Channel separation (kms™!) 0.83
Velocity resolution (kms™") 1.3
Central velocity (kms™") -60.0
Velocity coverage (kms™!) 211
CO line

Angular resolution 87
rms noise (K) 0.07
Velocity resolution (kms™") 1.3
Central velocity (kms™') -30.55
Velocity coverage (kms™') 219.7
Radio continuum databases

408 MHz

Synthesized beam 4'5x2'8
Position angle 57°1
Measured rms noise (K) ~1.1
1420 MHz

Synthesized beam 173 x 0!8
Position angle 5725
Measured rms noise (K) ~0.06
2695 MHz

Angular resolution 43
Measured rms noise (Jy) 0.67
8350 MHz

Angular resolution 97
Measured rms noise (Jy) 0.16
14350 MHz

Angular resolution 6.6
Measured rms noise (Jy) 1.78
Infrared databases

MSX

Angular resolution 18"
Measured rms noise (Band A)(Jy/arcmin?) 7.6
Measured rms noise (Band C)(Jy/arcmin?) 17.0
Measured rms noise (Band D)(Jy/arcmin?) 51.0
Measured rms noise (Band E)(Jy/arcmin?) 108.0
IRAS — HIRES

Angular resolution (60 pm) 1285 x 1702
Beam Position angle (60 pum) 217°
Measured rms noise (60 ym)(Jy/arcmin?) 54.0
Angular resolution (100 pum) 2133 x 192
Beam position angle (100 um) 217°
Measured rms noise (100 um)(Jy/arcmin?) 690.0

plane obtained with the Synthesis Telescope (Landecker et al.
2000) of the Dominion Radio Astrophysical Observatory
(DRAO). It provides a unique opportunity to carry out an
unbiased homogeneous study of the ISM structures and dy-
namics associated with massive stars and their evolved de-
scendants. Before assembly into a mosaic, the data for the in-
dividual fields are carefully processed to remove artifacts and
to obtain the highest possible dynamic range, using the rou-
tines described by Willis (1999). Accurate representation of
all structures on the largest scales is assured by incorporating
data from large single antennas with data from the Synthesis
Telescope, after suitable filtering in the Fourier domain.
Continuum data are derived from the 1.4 GHz Eftelsberg sur-
vey (Reich et al. 1997) and the 408 MHz All-Sky Survey by
Haslam (1985). Single antenna H1 data are obtained from
a survey of the CGPS region made with the DRAO 26-m
Telescope (Higgs & Tapping 2000).
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The CGPS database also comprises IRAS high-resolution
(HIRES) images (Fowler & Aumann 1994; Cao et al. 1997)
produced at the Infrared Processing and Analysis Center
(IPAC)'. The image is the result of 20 iterations of the al-
gorithm, giving an approximate resolution of 1’—2’.

b) Additional radio continuum surveys carried out at 2695 MHz
(Fiirst et al. 1990), 8350 MHz, and 14350 MHz (Langston
et al. 2000).

c) Infrared data retrieved from the Midcourse Space Experiment
(MSX?) (Price et al. 2001).

d) Carbon monoxidedata (J = 1 — 0) retrieved from the survey
carried out by Dame et al. (1987).

3. Results
3.1. Radio continuum emission

Figure 1 is a 1420 MHz CGPS continuum image showing the
large-scale structure of the ISM in the general direction to
HD 192281 [(l,b) = (77°12,+3%40)]. The strong and almost
circular feature seen in the lower left part of the image is the
well-known shell-type supernova remnant G78.2+2.1 (=DR4, y
Cygni), recently thoroughly studied by Ladouceur & Pineault
(2008). A large number of point sources, most of them extra-
galactic in nature, are evident at high galactic latitudes. The
high dynamic range of the CGPS data allows the detection of
weak emission features present in the immediate surroundings
of G78.2+2.1. In particular, between G78.2+2.1 and the position
of HD 192281 there is evidence of two weak continuum features.
Figure 2 shows that these features are detectable at 408 MHz,
and become better defined at 2695 MHz. At this frequency the
continuum emission in the neighborhood of HD 192281 has the
appearance of an incomplete shell-like feature with the star close

! IPAC is funded by NASA as part of the Infrared Astronomical
Satellite (IRAS) extended mission under contract to the Jet Propulsion
Laboratory (JPL).

2 TPAC provides access to the MSX and IRAS images through the
Infrared Science Archive at http://irsa.ipac.caltech.edu

strong continuum source located in the lower
left corner of this figure corresponds to the
Galactic supernova remnant G78.2+2.1.

to its highest latitude extreme. Ladouceur & Pineault (2008) sug-
gested that this faint shell could have resulted from a breakout
of the SNR blast wave into a medium of lower density.

3.2. Extended infrared emission

The large shell-like structure observed in the radio contin-
uum emission distribution is also easily recognizable at infrared
wavelengths. The MSX at 8.3 yum along with the 12, 60, and
100 um HIRES images, are shown in Fig. 3. At IR wavelengths,
an incomplete ring-like structure similar to that observed at
2695 MHz is observed.

In the immediate vicinity of HD 192281 the IR emission
shows a small ring-like feature of about 17’ in size centred near
the stellar position. This small structure is clearly identified in
MSX at 8.3 um emission (see the upper left image of Fig. 3)
and in the four IRAS bands. The star lies near the border of
the cavity in all IRAS bands. Though at first glance one may
be tempted to physically relate the IR feature to the star, it is
worth stressing that the large-scale IR emission is highly fila-
mentary, and that several small IR structures similar to the one
just described are easily recognizable towards different regions
(see for example those features centred at (I, b) = (77201, 2293)
and ([, b) = (77°65,2:67) of the large-scale IR shell-like fea-
ture. Therefore, the presence of a small ring of IR emission seen
projected onto HD 192281 may well be a chance coincidence be-
tween the star and one of the many small scale IR features that
constitute the extended IR emission.

3.3. Neutral hydrogen line emission

The neutral hydrogen emission spans the velocity range from
—130 to +30 kms~! along / ~ 77°. To increase the signal-to-
noise (S/N) ratio, the original line channel maps were spatially
convolved to yield a Gaussian beam response of FWHM = 3'.
In this way, the final rms noise level, in units of brightness tem-
perature, in a single line channel map is ATy, ~ 0.4 K. To
help us distinguish between H1 minima possibly associated with
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Fig. 2. Radio continuum emission towards HD 192281. The upper and
lower panels show the emission at 408 and 2695 MHz, respectively. The
position of HD 192281 is marked by a star symbol. The white dashed
contours shown in the lower panel mark the location of those areas used
to measure the continuum flux density.

HD 192281 from those arising from the normal structure of the
ISM, the following criteria were adopted.

i) The O star should appear projected onto, or close to, a region
of depressed H1 emissivity.

ii) The region mentioned in i) should remain observable
throughout a significant number of individual and consec-
utive line channel maps. In our case we have set this number
to five.

iii) The kinematical distance derived, using existing rotation
curves of the Milky Way (i.e. Fich et al. 1989), from the
mean radial velocity of the H1 minimum should not be in
conflict with the accepted distance range for the star.

Given that along the galactic longitude [ ~ 77° the velocity gra-
dient is small, about 6.5 km s~! kpc™!, making the task of de-
termining a “reliable” kinematic distance particularly difficult,
in the case of HD 192281 the last criterion has a low weight.
In addition one should bear in mind that significant non-circular
motions are known to exist in this part of the Galaxy.
Considering the criteria just mentioned, the entire (/, b, v)
H1 data cube was inspected for features likely to be related to
HD 192281. In Fig. 4 three averaged line channel maps span-
ning the velocity range from +15.0 to —30.3 kms~! are shown.
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To facilitate the recognition of features that may arise from the
action of the O-star onto its local ISM, a constant mean bright-
ness temperature value was subtracted from every channel map.
This mean level is obtained by averaging the brightness temper-
ature over the full field of view of each line channel map. Every
image is an average of eighteen individual line channel maps,
has an rms noise of about AT,s ~ 0.1 K, and covers a velocity
interval of about 15 kms™!. In those images shown in Figs. 4a
and c, the H1 emission distribution displays a lot of small an-
gular scale structures superimposed on a brightness temperature
gradient characteristic of the overall galactic H1 emission in this
part of the Milky Way. On the other hand, within the velocity in-
terval +0.2 to —14.65 kms~! (Fig. 4b), the H1 distribution dras-
tically departs from the one described above. The dominant fea-
ture is now a hollow structure of H1 emission protruding from an
otherwise normal galactic emission. HD 192281 is observed pro-
jected onto the high-latitude border of this structure. It is worth
mentioning that, although the entire velocity range spanned by
the galactic H1 emission was searched for H1 features likely to
be related to HD 192281, no peculiar structure besides the one
shown in Fig. 4b was found.

To better define the spatial structure and velocity behaviour
of the H1 gas in this velocity range, a mosaic of twelve av-
eraged line channel maps spanning the velocity range from
+5.13 kms™! to —22.08 kms~! are depicted in Fig. 5. Each im-
age covers a velocity range of ~ 2.5 kms~! and has an rms noise
of ATms ~ 0.3 K.

The image of the H1 distribution at +5.13 kms™! shows
HD 192281 projected onto a large region of low emissivity. From
a morphological point of view, HD 192281 appears close to the
northermost tip of a curved Hr feature that can be traced from
(I, b) = (77°25,+2250) up to (I, b) = (77°07,+3230). A sec-
ond arc-like feature begins to be noticeable at 0.19 kms~' at
(I, b) = (77223, +322). At more negative velocities, from —7.23
to —14.66 kms~!, this feature becomes more prominent and be-
yond —17.13 kms™! it loses its identity and fades away.

3.4. Carbon monoxide emission

To investigate the presence of CO gas associated with
HD 192281, the distribution of the carbon monoxide (CO ) J =
1 — 0 emission was analysed in the velocity range from —140
to +80 kms~!. In the velocity range from —11.1 kms~' to —16.3,
the bulk of the molecular emission arises from an elongated fea-
ture (Fig. 6, lower panel) that reaches its maximum tempera-
ture at (I, b) = (77°1, +326). This feature is labelled B. The ma-
jor axis of this concentration runs almost parallel to the galactic
plane. HD 192281 is seen projected towards a small indentation
of the outer border of the molecular structure facing the Galactic
plane. A second and weaker CO feature (Feature A) is observed
in the same figure at ([, b) = (77°6, +3°4). This feature has a
counterpart at continuum and infrared wavelengths. The veloc-
ity range where this structure is best detected ranges from —15.0
to —17.6 kms~!.

Within the velocity range from +5.9 to +0.7 kms™' (see
Fig. 6, upper panel), the CO distribution is quite different from
the previous one. Most of the emission comes from a broad and
slightly curved structure (Features D and E) that extends from
220 < b <325 and 7626 < [ < 7628. The latter and the CO feature
peaking at (I,b) = (7727, +225) (Feature C) have a spatial dis-
tribution that is highly reminiscent of the incomplete shell-like
features observed at IR and radio continuum wavelengths.
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Fig. 3. Extended IR emission towards HD 192281 at 8.3 um (upper left panel), 12.12 um (upper right panel), 60 um (lower left panel), and 100 pm
(lower right panel). The position of HD 192281 is depicted by a star symbol. In the upper left image, the circumference centred at the stellar
location marks the extension of the small ring-like structure referred to in Sect. 3.2.

4. Discussion
4.1. Nature of the radio continuum emission

To help shed some light on the nature of the shell-like structure
observed in the radio continuum emission, its flux density was
measured at different frequencies. To estimate the flux density of
this source, a background contribution from unrelated gas has to
be accounted for. To this end a twisted plane was fitted at every
frequency through regions located close enough to, but outside
of, the shell-like feature (see Fig. 2). Admittedly the background
removal has two main drawbacks that relate to: i) the extended
nature of the source, and ii) the angular proximity to the SNR
G78.2+2.1. Indeed the continuum source we are interested in is
seen projected onto a region with a steep brightness temperature
gradient that strongly depends on position.

The measured continuum fluxes are given in Table 2. The
large errors mainly reflect the uncertainties due to the back-
ground removal procedure. The resulting radio spectrum is given
in Fig. 7. The best least square fit to these values (Fig. 7) provides
a spectral index of @ = —0.11+ 0.02, a value fully compatible
with optically thin, thermal, free-free emission. This spectral
index rules out the suggestion made by Ladouceur & Pineault
(2008) that this shell may be a breakout of the SNR G78.2+2.1
into a medium of lower density.

4.2. Physical parameters of the Hu region

To infer the properties of the radio continuum emitting region,
the formulae from Mezger & Henderson (1967) for a pure
hydrogen plasma were used. The estimate of the physical pa-
rameters relies upon assumptions concerning the geometry of the
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Fig. 4. H1 brightness temperature images for selected velocity ranges.
The velocity range covered by each map is given in its upper left cor-
ner and the displayed temperatures are a mean over the entire veloc-
ity width. The lowest temperature contour is —15 K and the contour
spacing is 5 K. A constant mean brightness temperature value was sub-
tracted from each image (see text). The stellar location is indicated by a
star symbol. The white dashed-line circumference drawn in the middle
panel marks the position of the Hi hollow feature described in Sect. 3.3.

source. In this case, we assume that the ionized gas is distributed
in an incomplete sphere, which lacks a spherical polar cap whose
opening angle, as measured from the centre of the ionized gas
distribution is 48°. As can be observed from Fig. 2, the interior
of the assumed spherical distribution has lower continuum emis-
sion, indicating that the sphere is hollow. Thus, the geometry of
the source can be best defined by assuming that the ionized gas is
present in two concentric spherical shells whose thickness varies
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Table 2. Measured continuum flux densities.

Frequency  Flux density Database

(GHz) dy)

0.408 159 +1.0 CGPS data

1.420 13.8+1.2 CGPS data

2.695 134 +0.8 Fiirst et al. (1990) survey
8.350 11.1+£13 Langston et al. (2000) survey
14.350 99 +1.8 Langston et al. (2000) survey

between 0.47 and 0.67 of their outer radius. Taking the assumed
geometry into account, we use the spherical model proposed by
Mezger & Henderson (1967) considering a filling factor of about
f=038.

After adopting the galactic disk temperature gradient
found by Quireza et al. (2006), an electron temperature of
8160 + 530 K is found. The electron density (#n.), and the ion-
ized mass (Myq) can be obtained using simple geometric models
of HII regions (Schraml & Mezger 1969). Using their spherical
model and the volume filling factor quoted above, we derived an
electron density of n. = 7.3 + 0.8 cm™ and a total mass of ion-
ized gas of My = 1300 £ 650 M. The total number of Lyman
continuum photons needed to keep the region ionized is given by
N, = 0.76 x 10 794,01 §, @* (Chaisson 1976), where T is
the electron temperature in units of 10* K, d the distance in kpc,
v the frequency in units of GHz, and S, the measured total flux
density in units of Jy. We obtained N, = (3.6 + 1.5) x 10*¥ 57!,
The uncertainties quoted for n., My, and N, are derived un-
der the assumption of a distance error of about 0.3 kpc, an elec-
tron temperature uncertainty of 530 K and the flux density error
quoted in Table 2. The number of ionizing photons derived in
this way is a lower limit to the total number of Lyman contin-
uum photons emitted by the star, since a fraction of them may
be absorbed by dust present inside the HII region. After being
heated, the dust grains emit at infrared wavelengths. The num-
ber of Lyman continuum photons needed to power the Hu re-
gion, could well be provided by HD 192281, since this number
is a small fraction of the total UV ionizing photons emitted by
an O5V star (~1.8 x 10* s7!) like HD 192281 (Martins et al.
2005).

4.3. Dust parameters

The large-scale IR emission distribution at four different wave-
lengths is shown in Fig. 3. At all frequencies, emission aris-
ing from an incomplete shell-like feature is observed. This IR
feature is highly reminiscent of the one observed at radio con-
tinuum frequencies. At IR wavelengths HD 192281 is also ob-
served towards a region of low IR emissivity that is close to the
northern extreme of the shell-like distribution. After removing
the background emission, the infrared flux densities were deter-
mined for all MSX and HIRES bands. The fluxes were derived
by integrating over different polygons surrounding the source.
The measured flux densities are given in Table 3.

It has been empirically found that the submillimetre spec-
trum of a cool dust cloud can be fitted by the product of the
black-body intensity, B, (T4), and a grain emissivity that varies
as V", where m increases from ~1 at 2 < 200 um to >2 at longer
wavelengths (1 ~ 1000 um) (Schwartz 1982). The dust temper-
ature derived from the fit to the measured 60 and 100 ym data of
a function of the form v" x B,(T4), adopting m = 1.5, is of the
order of T4 ~ 24 + 4 K. The error quoted for Ty stems from the
uncertainty in the definition of the background zero level, and
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Fig.5. H1 brightness temperature images for selected velocity ranges. The velocity range covered by each map is 2.47 km s~
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temperatures are a mean over the entire velocity map velocity width. The central velocity of each image is given in the upper left corner. The beam
size is shown as a circle in the upper right corner of the entire figure. A constant mean brightness temperature value was subtracted from each
image (see text). The lowest temperature contour is —21 K and the contour spacing is 7 K.

assuming that the fluxes at 60 and 100 pm are accurate to within
21% and 32%, respectively (Fich & Terebey 1996). The derived
dust temperature is typical of Hu regions (e.g. Fich & Terebey
1996).

The IR luminosity in the 7—135 um band can be calculated
using the equations (Tokunaga 2000)

Lig =3.112x 107 X d* X Fig (Lo) (1)

where d is the distance in pc and Fg is the measured flux density
given by

Fr =ax (bFlz +cFhs + de,o + €F100) (W m_z) (2)

where F; is the measured flux density in band i and a, b, ¢, d,
and e are constants whose values are 1.0 x 1074, 20.653, 7.538,
4.578 and 1.762, respectively. Based only on the flux density er-
rors quoted in Table 3, which only reflect measurement errors,
the Fir determination is accurate to within 6%. Under the as-
sumption that the HIRES fluxes are correctly calibrated, the Lir
estimate, Lig ~ 8.8%x10% L, is accurate to within ~40%. The dust
mass can be estimated from the measured 100 ym flux, using

Mg =4.81x 1072 x Fig9 x d® x [("388/Ta —_ 1)] (M) (3)

where Fg is the flux density at 100 ym in Jy, d the distance
in pc, and T4 the dust temperature in K. A mass absorption
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Fig.6. CO emission distribution in the velocity range from +5.9 to
+0.7 kms™" (upper panel) and from —11.1 to —16.3 kms™' (lower
panel). Contour levels correspond to 0.7, 1.2, 1.7, 2.2, 2.7, 3.7, 4.7,
5.7, and 6.7 K. The location of HD 192281 is indicated by a star sym-
bol. The main CO concentrations are labelled A, B, C, D, and E. The
angular resolution is indicated in the top right corner of the upper panel.

coefficient per unit length of 2.5 m>kg~" at 100 um is assumed.
The dust mass turns out to be 130 = 35 M. The dust mass un-
certainty is derived based on the uncertainties quoted for Fo,
Td, and d.

4.4. Carbon monoxide data

The main physical characteristics of the different CO concen-
trations are summarized in Table 4.

The positions quoted for the concentrations correspond to
the CO peak, and the LSR velocity, Visr, is the velocity cor-
responding to the maximum CO temperature of that concen-
tration. The line width at half maximum, AV, was derived by
fitting a Gaussian to the observed averaged profile. The linear
dimensions were derived from a two-dimensional Gaussian fit-
ting. The position angle (PA) of the concentration’s major axis
is measured counterclockwise from north. To estimate the mass,
we used the empirical relationship between molecular hydrogen
column density, N(H»), and integrated CO intensity, W('>CO),

N(Hy) = 2.0 x 10°°W('2CO) (cm™?), 4)
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Fig. 7. Radio spectrum of the shell like feature observed in the neighbor-
hood of HD 192281. Three o error bars are depicted along the measured
flux density. The dashed line represents the flux density for an optically
thin plasma having a flux density spectral index of @ = —-0.11.

Table 3. Mid and far-infrared flux density measurements.

A(um) Database Flux density (Jy)
8.28 MSX-A 750 + 65
12.00 HIRES 1295 + 12
12.13 MSX-C 1035 + 60
1465  MSX-D 370+ 70
21.30 MSX-E 737 £ 110
25.00 HIRES 1035 + 130
60.00 HIRES 7555 + 545

100.00 HIRES 31720 + 1550

where W('2CO) is given in units of K km s~' (Magnani & Onello
1995). The total mass of each concentration was estimated by
using

M = pmyd> Z N(H)Q, 5)

where d is the distance of the concentration, € is the solid an-
gle subtended by the concentration, my is the proton mass, and
u is the mean molecular weight per H, molecule. Assuming a
relative helium abundance per mass of 25%, u turns out to be
u = 2.8. A volume density, n(H,), was derived under the as-
sumption that the total mass M is distributed in a spherical vol-

ume of radius R = VL [, where L and [ are the major and minor
axes, respectively, of the observed angular distribution. These
quantities were corrected for beam broadening.

4.5. Neutral hydrogen data

Taking the structures described in Sect. 3.3 into account, mean
brightness temperature images spanning the velocity range from
+3.5to —4.8 kms~! and from —5.6 to —14.7 kms~!were con-
structed (Fig. 8). HD 192281, whose position is marked in both
panels, is seen projected onto the outer part of the northern ex-
treme of a semi-spherical feature (Fig. 8, left panel), and appears
projected onto the interior of an H1 elliptic feature (Fig. 8, right
panel).

In the velocity range from —5.6 to —14.7 kms™', both the
spatial H1 distribution and the position of HD 192281 fullfill the
first two criteria put forward in Sect. 3.3. On the other hand,
strictly speaking, the negative value of the radial velocity of the
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Fig. 8. H1 temperature brightness emission distribution from +3.5 to —4.8 kms™! (lower left panel) and from —5.6 to —14.7 kms™! (lower right
panel). The stellar position is marked by a star symbol. A constant mean brightness temperature value was subtracted from each image (see text).
The direction of the nominal peculiar stellar proper motion is shown by a solid arrow, while +10- directions are shown by dashed arrows (lower
right panel). In both lower panels the outer border of the bow shock is indicated by a dashed curve. In the lower left panel the ellipse depicts the
bow shock cross section at a distance of 1 pc downstream from the stellar position. The upper panel shows the 3D bow shock structure orientation
as it would appear to an external observer (see text). The star is located at the (0, 0) position.

Table 4. Main physical parameters of the CO structures

Feature [ b Vi L I PA N(H,) Mass n
(kms™") (pe) (pe) ()  (10®cm?)  (My)  (cm”Y)
A 77°63  +3237 -15.0 5.7 30 133 2.3 350 60
B 77015 +3263 -13.4 20.0 5.7 85 33.7 37800 210
C 77067  +2:52 +2.3 7.0 7.0 - 34.7 8900 210
D 76276 +3211 +3.0 20.0 6.3 8 9.1 5550 90
E 76287  +2225 +1.3 122 64 90 9.1 3700 60

H1 minimum rules out any possible physical relationship be-
tween the H1 gas and the star because the distance correspond-
ing to an H1 structure having a radial velocity of —10 kms™!
would be 5.6 + 1.0 kpc, while distance estimates for HD 192281
vary between 1.55 and 2.4 kpc. However, as mentioned before,
in this part of the Galaxy a straightforward interpretation of kine-
matic distances should be treated with caution. Along the line of
sight towards HD 192281 kinematic distances are unreliable due
to both the small velocity gradient predicted by galactic rotation
models and the presence of streaming motions (Burton 1974).

In this context, it is worth mentioning that Hron (1987) lists
four open clusters (see his Table 1a) in the galactic longitude
range 75° < [ < 79°, which have mean radial velocities in the
range from —13 to +4 km s~!, even though their photometric

distances fall between 1.02 and 1.86 kpc. He claims that these
clusters have radial velocities and distances accurate to 4 km s~
and 20%, respectively. The galactic velocity field of Fich et al.
(1989) would place these clusters at kinematic distances ranging
from 3.9 kpc to 6.0 kpc. Thus, it would be safe to conclude that
along [/ ~ 77° a negative radial velocity does not necessarily im-
ply a long distance from the Sun.

Bearing in mind that an early O-type star is expected to stir
up its surrounding ISM, and since throughout the entire H1 data
cube we could not find another region of low neutral hydrogen
emissivity close enough to HD 192281, we believe that the Hi1
structures shown in Fig. 8 are the result of the interaction of
HD 192281 with its surroundings.

A9, page 9 of 13


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201015924&pdf_id=8

A&A 532, A9 (2011)

Continuum HI Cco

08 F

06

04 F

Normalized distribution

02 F

0.2 0.4 0.6 038
Angular distance (degrees)

Fig. 9. Radial distribution of the continuum emission at 2695 MHz (red
line), 60 um (blue line), H1 (green line), and CO emission (magenta
line) as a function of the angular distance from (I, b) = (7723, +30).

4.6. Relationship among different structures

Morphological evidence in favour of a physical association be-
tween the ridge of CO (see Fig. 6, upper panel), the H1 emis-
sion (see Fig. 8, left panel), the continuum emission, and the IR
can be seen from a comparison of their distribution as a func-
tion of angular distance (Fig. 9) from the geometric centre, (/,
b) = (773, +320) of the H1 feature. In Fig. 9 the different lines
represent the mean value of the corresponding emission along
concentric rings spaced by 1’5. The average was taken between
position angles, measured counterclockwise from north, 20720
and 298°0. The continuum, infrared, and H1 images were first
convolved to a common beam of 4/3. The normalized emission
at a given frequency was computed by subtracting from each
point the minimum value at that frequency [0.32 K (2695 MHz),
7.14 K (H1), 85.8 MJy/sr (60 um), and 0.03 K (CO )], and then
dividing by the corresponding maximum [0.8 K (2695 MHz),
12.3 K (Hr1), 101 MJy/sr (60 gm) and 0.95 K (CO)]. This
comparison shows that the ionized gas depicts the innermost
distribution, where the molecular gas is the outermost one with
the infrared and atomic gas peaking between them. These results
are consistent with what would be expected for an arc-like fea-
ture that is being heated, ionized, and dissociated from a central
source.

In Fig. 6 (lower panel) it is shown that HD 192281 is seen
projected onto a small indentation of the southern border of
the CO feature labelled B. At first sight, the physical location
and the mean radial velocity (=13.4 kms™') of the molecu-
lar concentration may speak in favour of a physical associa-
tion between this molecular feature and the ovoid Hr feature
whose systemic velocity is ~—10 kms™!. If the observed an-
gular distance between concentration B and HD 192281 were
a consequence of a short physical distance between them, the
molecular gas would be exposed to a very high flux of stellar
ionizing photons. Therefore, the rain of energetic photons from
HD 192281 would inevitably provoke dissociation of the molec-
ular gas, ionization of the atomic gas, and heating of the dust par-
ticles. Owing to this, we would expect, in the immediate neigh-
bourhood of HD 192281, to observe radio continuum emission
(arising from the ionized gas), infrared emission (arising from
the heated dust), and emission arising from polycyclic aromatic
hydrocarbons (PAH). The latter absorb UV radiation and re-emit
in various mid-infrared spectral features. The 8.3 yum MSX Band
contains two of the strongest PAH features at 7.7 and 8.6 um.
For this reason, this band is an excellent tracer of a photodis-
sociation region (PDR), which is the interface between atomic
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Fig.10. MSX Band A (8.3 um, gray scale) emission distribution con-
volved to a 3 arc min resolution. The solid contour indicates the location
of the CO clouds labelled A and B (see Fig. 6). The star indicates the
position of HD 192281, and the triangle marks the position of the YSO
candidate IRAS 20097+4005. The ellipse depicts the cross section of
the bow shock structure corresponding to z = 1 pc downstream the
apex of the bow shock.

and molecular gas. Though a close examination of the databases
used in this work shows no increment in the expected continuum
emission in both the radio and the IR windows in the region of
structure B facing the position of HD 192281, there seems to
be a small feature close to the star in the MSX Band A that
may be pinning down the location of a PDR in this molecular
concentration.

In Fig. 10, projected onto the area covered by cloud B, we
can see a weak arc of 8.3 um emission and the IRAS point
source IRAS20097+4005. This weak arc of emission is not seen
at the other MSX bands. Based on this, we identify the 8.3 ym
emission with a PDR created by HD 192281 within cloud B.
Applying the criteria of Junkes et al. (1992, JFR) we find that
IRAS20097+4005, which is seen projected onto the PDR, full-
fills the requirements set by JFR to be considered a young stel-
lar object (YSO) candidate . The observed morphology suggests
that the expansion of the ionized region could have induced the
formation of a new star in the neighbouring molecular envelope.

With the information at hand, and bearing in mind the lack
of both radio continuum and IR emission already reported in
IBs associated with other early type stars (Cichowolski & Arnal
2004), a physical association between the H1 feature related to
HD 192281 and concentration B cannot be excluded.

4.7. A bow shock scenario

The different databases used in this investigation are consistent
with a scenario where HD 192281 has strongly influenced its sur-
rounding interstellar medium. In particular, the H1 data show
two structures at slightly different radial velocities. One of the
structures has the appearance of a semi-circular feature (Fig. 8,
left panel) while the other looks like an ellipsoid (Fig. 8, right
panel). In this context, we wonder whether these findings could
be supported by a bow shock model. The first relevant issue
is whether HD 192281 can be considered a runaway star. By
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adopting a radial velocity of —23.1 + 8 kms™! (De Becker &
Rauw 2004) and following the procedure outlined by van der
Sluys & Lamers (2003) (after correcting the sign of the wg term
in their Eq. (19)) and Cichowolski et al. (2008), and by adopting
a distance of 1.5 + 0.3 kpc for HD 192281, the stellar peculiar
velocity components are

Vpee, = —15.3 + 8.8 kms™!
Vpeey = —11.2 = 13.1kms™
Upec,y = 34.0 £ 10.0 km 7!

+

where vpec /-, is the peculiar radial velocity, vpec; the peculiar ve-
locity along galactic longitude, and vy, the peculiar velocity
along galactic latitude. The corresponding total peculiar veloc-
ity of the star,

_ 2 2 2
Upec = \/vpew F Vet F Vnec (6)

iS Upec = 39.0 £ 10.0 km sl Increasing the stellar distance to
its maximum quoted value, namely 2.4 kpc, the total peculiar
velocity increases to vpec = 55.0 £ 15.0 km s~!'. Therefore, when
adopting the criterion of Cruz-Gonzalez et al. (1974), the spatial
peculiar velocity of this star (either at 1.5 kpc or 2.4 kpc) implies
that HD 192281 is very likely a runaway star.

According to van der Sluys & Lamers (2003) only two an-
gles, labelled i and ¢, are needed to completely define the spatial
orientation with respect to the observer of the structure created
by a star moving with respect to its ISM with a high peculiar ve-
locity. The angle i is measured from the line of sight towards the
observer (i = 90° corresponds to the plane of the sky), whilst ¢
is measured on the plane of the sky, counterclockwise from the
tip of the peculiar velocity vector (see Fig. 4 of van der Sluys &
Lamers 2003). Following van der Sluys & Lamers (2003), the
above angles are defined as

v,

i= arcsin( pec’r) (7)
Upec
Upec,!

¢ = arctan(ﬂ)- (8)
Upec,b

After adopting a stellar distance of 1.5 + 0.3 kpc, the angles are
i=113°x+ 11°, and ¢ = —18° £20°, while at the largest distance
quoted for HD 192281, 2.4 kpc (Humphreys 1978), the angles
i and ¢ are 105° = 15°, and —18° +21°, respectively. Therefore,
an increment in the distance has little effect on the overall ori-
entation of the structure. The angles i and ¢ remain, within their
errors, almost unchanged.

The shape of the structure formed by a fast-moving star has
been the subject of several papers (Wilkin 1996; Raga et al.
1997). All of them indicate that such a star should create a bow
shock structure whose symmetry axis should be aligned with
the direction of motion of the star. To model this structure, we
follow Wilkin (1996) by assuming a homogeneous interstellar
medium with density p, and an isotropic stellar wind with con-
stant mass-loss rate M and terminal velocity v.,. The resulting
structure should have a paraboloidal shape, with the stellar ve-
locity vector as its symmetry axis, and a stand-off distance 7,
(i.e. the distance from the star along the symmetry axis where
the momentum of the stellar wind and the ambient medium bal-
ance each other) given by

ro = 1.77x 10° x

M
> (po). ©)

where M is given in units of Mo/yr, Ve and vpee in kms™, n,

in units of cm™>, and u is the mean molecular weight. Since
HD 192281 has no measured values of M and v., we have
adopted for this star those provided for HD 14434, a star with
a similar spectral type (Chlebowski & Garmany 1991). Hence,
M =7x107" Mo/yr, and v, = 2700 kms~'. Adopting u = 1.3 for
the H1 we obtain 1.4 n,% < r, < 2.1 ny%5. The lowest value
of r, corresponds to the largest value of vy (€.g. the highest dis-
tance for HD 192281). After error propagation, the relative error
of r, is of the order of 27%.

Due to projection effects, the stand-off distance given by
Eq. (9) is related to the observed stand-off distance (7, ) by

Yop = To sin(i) cos(¢), (10)

where the angles i and ¢ are those defined above. Adopting a
stellar distance of 1.5 kpc, the projected angular distance be-
tween the star and the apex of the bow-shock would be 7., =
35 £ 0! 7)n50'5. The quoted error stems from the errors in both
angles. From Fig. 8 (right panel), a H1 profile showing the vari-
ation with distance from HD 192281 of the H1 mean bright-
ness temperature was constructed by integrating the H1 emis-
sion along concentric rings spaced by 72”. From this profile (not
shown here) we derived an angular offset of (54 + 1/2) between
the star and the peak of the H1r emission. This peak approxi-
mately pinpoints the position on the plane of the sky of the apex
of the H1 bow-shock structure, implying 7, ~ 0.4 + 0.6 cm™.
This value of n, is, within its large uncertainty, in reasonable
agreement with the number density expected, n, ~ 0.2 cm™
(Lockman 1984), at the z distance of HD 192281 (z ~ 90 pc)
from the galactic plane.

In the right panel of Fig. 8, it can be seen that the tangential
peculiar motion of the star is oriented towards increasing latitude
and decreasing longitude. From the radial and tangential peculiar
velocities, the orientation of the bow shock structure with respect
to the observed H1 brightness temperature distribution is shown
by the upper panel in Fig. 8.

It can be reasonably argued that the observed H1 distribution
shown in Fig. 8 (right panel) is consistent with a bow shock
geometry. Furthermore, part of the arc-like feature seen in the
H1 distribution at more positive velocities (see Fig. 8, left panel)
may be interpreted as belonging to the surface defining the bow
shock downstream of the apex.

According to Wilkin (1996) the velocity of the gas moving
downstream from the apex along the surface of the bow shock,
also denominated tangential velocity, reaches, for low values of
the ratio vpec /v and large 6 angles from the axis of symmetry, a
value that is close to the stellar peculiar spatial velocity. The an-
gle 6 is a polar angle measured from the axis of symmetry of the
bow shock, as seen by the star at the coordinate origin (the direc-
tion along € = 0° points towards the head of the bow shock). In
the case of HD 192281 this implies that the tangential velocity
may reach a value as high as ~39 kms~! (assuming the star is
located at 1.5 kpc). Projection effects mean that the maximum
radial velocity spread of any neutral gas associated with the bow
shock would be ~34 kms~!. If our interpretation were correct,
bearing in mind that HD 192281 is approaching the observer, the
atomic gas on the surface of the bow shock would be detectable
at radial velocities that are more positive than the radial velocity
of the H1 gas observed close to the apex. This is in good agree-
ment with the observations. In this context, the large velocity
interval covered by the H1 gas likely to be related to the bow
shock, from +3.5 to —14.7 kms~!, is easily accounted for.

Though the global morphology predicted by the bow shock
model shows reasonable agreement with observational findings,
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there are differences between model predictions and the obser-
vations that cannot be explained. Indeed, under the assumption
of a continuous mass loss from the star and a homogeneous ISM,
we would expect to have a higher gas density close to the apex.
Since this material with higher density should be located closer
to the star than the material belonging to other parts of the bow
shock, we would expect to have some relative bright radio con-
tinuum and infrared emissions outlining the interior of the bow
shock in the apex and somewhat near the apex. Our observations
do not show such features. In spite of these drawbacks, we are
fairly confident that most of our observational findings towards
the ISM around HD 192281 are in good agreement with and are
explained well by a bow shock model.

5. Is HD 192281 associated with G78.2+2.1?

It is well known that, when the primary component of a mas-
sive binary system explodes as a supernova, the secondary may
start moving with a spatial velocity comparable to its original
orbital velocity (30 to 150 kms™!). This is one of the scenar-
ios, the so-called binary-supernova scenario (or BSS for short),
put forward to explain the origin of runaway stars (Burrows
et al. 1995). HD 192281 has a spatial velocity compatible with
a mild runaway nature, and the path of its proper motion when
extrapolated backward in time passes close to the centre of the
SNR G78.2+2.1. Since both objects appear to have comparable
distances (~1.5 kpc), it may be worth exploring the possibility
further that the origin of the high spatial velocity of HD 192281
is consequence of a BSS. The angular distance between the star
and the SNR is ~1°7. The SNR age varies between 4000 to
7000 yr (Mavromatakis 2003). Therefore, to reach its present
position with respect to the centre of G78.2+2.1, HD 192281
should have a proper motion between ~(0”9 and ~1"'5 per year.
These figures are two orders of magnitude larger than the mea-
sured stellar proper motion. Therefore, it is highly unlikely that
both objects are genetically linked to each other.

6. Conclusions

Based on CGPS radio continuum and H1 line data, MSX and
IRAS high-resolution infrared data, radio continuum data at
higher frequencies, and low-resolution CO data, the interstel-
lar medium in the environs of the massive star HD 192281 was
analysed. The main findings of our study can be summarized as
follows:

a) The neutral hydrogen data show the presence of an elongated
structure likely to be associated with HD 192281. The mas-
sive star is off-centred and located close to the high galactic
latitude extreme of the H1 feature. The atomic gas covers the
velocity range from ~+4 to ~—15 kms™!.

b) The H1 feature has counterparts at both IR and radio contin-
uum frequencies, and at molecular gas (CO) emission.

¢) The radio continuum emission is thermal (flux spectral index
a = —0.11 + 0.02), and HD 192281 is the likely source of
ionization. The total mass of ionized gas is 1300 = 650 M,
and the mean electron density is 7.3 + 0.8 cm™>.

d) The IR feature almost mimics the radio continuum emis-
sion. A dust temperature of 24 + 4 K was derived using 60
and 100 ym HIRES data. The total luminosity of this fea-
ture in the range from 7 to 135 um is (8.8 + 3.5) 10* L.
The total dust mass involved in the IR emission amounts to
130 + 35 M.
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e) HD 192281 has a peculiar spatial velocity of 39.0 +
10.0 kms~!, and can be classified as a mild run-away star. In
this context most of the observational findings are explained
well by a bow shock model.

f) The interaction of the stellar wind of HD 192281 with the
molecular cloud B may have induced star formation in the
latter. In this context IRAS20097+4005 may be identified as
a YSO candidate.

g) Based on the measured proper motion for HD 192281 and
the accepted age for the SNR G78.2+2.1, there is no way of
physically linking both objects.
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