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Abstract. We investigate the ISM in the vicinity of the O-type stars BD +24°3866 (08.511(f)), BD +24°3881 (06.51II(f))
and BD +24°3952 (O8) based on radio continuum and Hr line data obtained with the Synthesis Telescope of the Dominion
Radio Astrophysical Observatory (DRAO) with synthesized beams of 1!5 and 7" at 1420 and 408 MHz, respectively. High
angular resolution /RAS data (HIRES) are also analyzed. BD +24°3866 is found to be located close to the inner border of a
slowly expanding shell. The evolved Hu region Sh2-88, which is excited by BD +25°3952, appears to be interacting with neutral
material in the approaching part of this shell. The whole structure is at a distance of 2.4 kpc and is about 23x15 pc in radius.
The total swept up mass is 1300 M. The stellar winds of BD +24°3866 and BD +25°3952, are mainly responsible for shaping
the Hr structure. An Hr expanding shell was also found to be related to the Hi region G61.7+0.9. At a kinematic distance
of 2.4 kpc, this feature is 10 pc in radius and has neutral and ionized masses of 200 and 135 M, respectively. The present
observational data do not allow us to identify a definite interstellar Hr feature associated with BD +24°3881. We consider

different explanations for this fact.
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1. Introduction

It is well established that the structure and kinematics of the
interstellar medium (ISM) are strongly affected by the action
of stellar winds from massive stars. With mass loss rates span-
ning the interval 107 < M < 107> Mg yr~! (e.g. Chlebowski
& Garmany 1991) and terminal velocities V,, in the range
1000-3000km s~! (Prinja et al. 1990), stellar winds from early-
type stars create hot (T = 10°~107 K) and very rarefied (n, =~
0.01 cm™3) regions bounded by an outer expanding envelope.
This region, known as an interstellar bubble, has a complex
structure (Weaver et al. 1977; Koo & McKee 1992).

From the observational point of view, bubbles around Wolf-
Rayet (WR) and Of stars were searched for by several authors
(e.g. Lozinskaya 1982; Chu et al. 1983; Miranda & Rosado
1987; Marston et al. 1994) from Ha images and Fabry-Perot
data. In the radio wavelength regime, both ionized and neu-
tral expanding shells have been found associated with both WR
and O-type stars (see Cappa et al. 1996; Cappa & Herbstmeier
2000; Cichowolski et al. 2001 and references therein). In the
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case of interstellar bubbles observed around WR stars, their
large dimensions together with their low expansion velocities
suggest that the massive progenitor (an O-type star) of the cur-
rent WR star must also be responsible for shaping the bubbles.
Consequently, O- and Of-type stars are promising candidates to
investigate the effects of stellar winds on the surrounding gas.
Although several H1 voids and shells around massive stars have
been analyzed mainly based on data gathered with instruments
having low and intermediate angular resolution, high angular
resolution observations are crucial to help understanding the
ISM-stellar wind interaction.

Based on Hi line and radio continuum observations at 1420
and 408 MHz obtained with the Synthesis Telescope of the
Dominion Radio Astrophysical Observatory (DRAO), we ana-
lyze the interstellar medium local to the Of stars BD +24°3866
and BD +24°3881. Complementary radio, infrared and molec-
ular data are also examined.

2. Observational data

2.1. Radio data

The field of the O-type stars was observed at 408 MHz
(continuum) and 1420 MHz (continuum and Hr line) using the
Synthesis Telescope of the DRAO in April 2000. The DRAO
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Synthesis Telescope is an array of seven antennas, aligned on
an EW baseline. An updated description of the telescope can be
found in Landecker et al. (2000). The telescope produces wide-
field, high quality images with a synthesised beam of about 1’
at 21 cm. Full synthesis was performed. The relevant instru-
mental parameters are summarized in Table 1.

The continuum and Hi data were calibrated and trans-
formed into sky images by the DRAO staff following standard
procedures. The subsequent data reduction was performed us-
ing DRAO software. Regarding the Hi data, the out-of-band
continuum was subtracted from the channel maps. The images
were cleaned and self-calibrated.

Flux correction factors were then applied at 408 MHz using
sources from the Texas 365-MHz Survey (Douglas et al. 1996)
and the 4C Survey (Pilkingston & Scott 1965) and at 1420 MHz
based on the NRAO/VLA Sky Survey (NVSS, Condon et al.
1998). Uncertainties in calibration are about 15% and 10%
at 408 and 1420 MHz, respectively.

The missing short-spacing information for the continuum
images was obtained from the Effelsberg 21 cm Galactic Plane
Survey (Kallas & Reich 1980) and from the 408 MHz All-
Sky Survey (Haslam et al. 1982). With regard to the Hi line
data, a square region, 4° in size, was observed using the 26m
DRAO telescope. These observations were carried out using
bandwidth specifications that exactly matched those used while
collecting the interferometric line data. Single dish data were
calibrated in brightness temperature against the standard region
S7 (Williams 1973). These data were used to fill in the missing
short-spacing information in the interferometric database.

In order to increase the S/N ratio, the final Hi maps were
spatially convolved to an angular resolution of 2!5 using a
Gaussian beam.

2.2. Infrared data

To investigate the dust distribution in the region, high-
resolution (HIRES)' data in the four JRAS bands were also ob-
tained with angular resolutions in the range 0’5 to about 2’ as
the result of 20 iterations of the algorithm.

3. Stars and Hil regions in the area

BD +24°3866 (HDE338926) and BD  +24°3881
(HDE 338931) are classified as OS8.5II(f) and O6.51II(f),
respectively (Garmany & Vacca 1991). Along with
BD +25°3952, they are considered to be members of the
Vul OB association (Garmany & Stencel 1992) at a distance
d = 2.5 kpc. Table 2 lists their coordinates, spectral classifi-
cation, proper motions as obtained from the Tycho-2 Catalog
(Hog et al. 2000) and LSR radial velocities. Heliocentric ve-
locities were obtained from the compilation by Barbier-Brossat
& Figon (2000). These stars are the only O-type stars members
of Vul OB1 projected onto the field.

' IPAC is funded by NASA as part of the IRAS extended mis-
sion under contract to Jet Propulsion Laboratory (JPL) and California
Institute of Technology (Caltech).
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Fig. 1. Radio continuum observations at 1420 and 408 MHz. The star
symbols mark the position of the three O-type stars in the area. The
Hn regions and the stars are identified in the image at 1420 MHz.
Contour levels at 1420 MHz are 9.0, 9.5, 10.0, 12.0 and 14 K
and 100.0 to 130.0 K in steps of 10 K at 408 MHz.

The well known Hu regions Sh2-87 and Sh2-88 are present
within the field (Sharpless 1959).

Sh2-87 is a faint nebulosity of about 10’ in size located
at RA, Dec (J2000) = 19"46™4, +24°34/3. Observations carried
out with the Westerbork Synthesis Radio Telescope (WSRT)
at 5 GHz resolve this region in two bright components, classi-
fied as ultracompact (UC) Hm regions, having electron densi-
ties of 900 and 1400 cm 3, respectively (Felli & Harten 1981).
Georgelin (1975) suggested that the nebula might be excited by
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Table 1. DRAO synthesis observations: relevant parameters.
Field center RA (J2000) 19h46m30°
Dec (J2000) 24°58’
(Lb) 61223, +(203
Primary beams 408 MHz 523 to 50%
1420 MHz 127 to 50%
Synthesized beams 408 MHz 2!8 x 717
1420 MHz 0:8 x 210
Spectrometer number of channels 256
velocity coverage (190, +230) km s~!
channel spacing 1.6 km s~
velocity resolution 2.6 kms™!
rms noise level 408 MHz 1.7K
1420 MHz 0.1K
channel maps 27K
| | T T | T 100 T T T T T
] @\\ 0 B N
[l =7
. 80| -
® L 4
2530 . 1 ~ 60 —
S 0 < i _
S i
S 40— —
5 X ‘ ‘
= ° 20— —
'_ - —
r 00 ' i
= v , = ob— N R .
8 500" § S 20F T | T | T —
() : 4 < - -
B . 0 0 ) 8 15 __ __
2430 e 01 S 10— —
¢ g s5C J
0~ ) N L i
B + gnd B A I | |
‘
A 100 50 0 50 100
1949 48 47 46 45 44 43 N
m/s
RIGHT ASCENSION (J2000) Lsrkm/s)

Fig. 2. Overlay of the HIRES 60 um infrared (grayscale) and the radio
continuum image at 1420 MHz (contour lines). The grey scale is 1
to 300 Mly/sr. Contour lines are 9.0, 10.0 and 11.0 K.

the BO.5V star HDE 338936. However, Felli & Harten claimed
that this star could not provide the required Lyman-continuum
photon flux and concluded that the main source of ioniza-
tion is an early-type star embedded in one of the UC Hm re-
gions. Molecular material at LSR radial velocities in the range
22-24 km s~! has been found to be associated with the Hn re-
gion (Pirigov et al. 1995). These velocities are in agreement,
within errors, with the radial velocity derived from the Ha line
(19.6 km s™!, Georgelin 1975).

As for the diffuse nebula Sh2-88 its size is about 25
and is located at RA, Dec (J2000) = 19"46™, +25°20'.
Georgelin et al. (1973) and Fich et al. (1990) found
Ha LSR velocities of 252 and 19.8 km s7!, respec-
tively. Its exciting star is the O8 star BD +25°3952

Fig. 3. Top, average Hi profile within a region of 50" in radius centered
at RA, Dec (J2000) = 19"46™m30°, +24°58’ [(1,b) = (61323, +(203)].
Bottom, kinematic distances toward / = 61° obtained from an analyti-
cal fit to the rotation curve (Brand & Blitz 1993).

(= HDE 338916 = LSII+25°08) (Lortet-Zuckerman 1974).
Two nebular knots, named Sh2-88A and Sh2-88B of about
1’ in size each, are found toward the southeast about 15
far from Sh2-88 (Lortet-Zuckermann 1974). The exciting star
of Sh2-88A is LSII+25°9 (Lortet-Zuckerman 1974). Sh2-88B
consists of a cometary Hu region (B1) and a UC Hm region (B2)
and coincides with both the radio source G61.48+0.09 and the
infrared source IRAS 19446+2505 (see Deharveng et al. 2000
for a description of Sh2-88B). OH emission related to Sh2-88
was found at an LSR velocity of 21.8 km s~! by Turner (1970).
Carbon monoxide and other molecular species observations to-
ward Sh2-88 and Sh2-88B reveal molecular gas with velocities
in the range 21-25 km s~! (e.g. Blair et al. 1975; Churchwell
et al. 1990; White & Fridlung 1992; Helfer & Blitz 1997).
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Distance determinations for Sh2-87, Sh2-88 and their ex-
citing stars range from 1.7 to 2.6 kpc (e.g. Fich & Blitz 1984;
Forbes 1989; Barsony 1989; Deharveng et al. 2000). In agree-
ment with these last authors, we adopted d = 2.4 kpc for the
Hu regions.

Both Sh2-87 and Sh2-88B are regions of active star for-
mation as indicated by the presence of H,O maser line emis-
sions and bipolar outflows (e.g. Barsony 1989; Deharveng et al.
2000).

The radio source G61.7+0.9 is projected onto the NE part
of the field. Its spectrum suggests a thermal source (Reich et al.
1986). Bronfman et al. (1996) found CS emission at —73 km s~
toward IRAS 19423+2541, seen projected onto the Hu region.
They proposed this source to be an OB star formation site.

The large scale Hr distribution in the environs of Sh2-87
and Sh2-88 was previously analyzed using Hr spectra taken
with the Effelsberg radiotelescope (HPBW = 9’) by Ehlerova
et al. (2001). These authors found that Sh2-87 lies inside an Hi
hole detected along the velocity interval +20 to +26 km s~!,
while Sh2-88 appears also in a region relatively free of neutral
material at ~+23 km s~

4. Results

4.1. Radio continuum observations at 1420
and 408 MHz

The radio continuum images at 1420 and 408 MHz are shown
in Fig. 1. The names of the Hu regions as well as the posi-
tions of the O-type stars are given in Fig. 1a. Extended emis-
sion associated with Sh2-88 and Sh2-87 can be detected at
both frequencies, along with some small diameter sources pro-
jected onto the Hm regions. The compact Hr regions Sh2-88A
and Sh2-88B do not appear spatially resolved in our data. They
can be identified as the strong sources at RA, Dec (J2000) =
19"46.7™, +25°10/ in Fig. 1a. The extended source at RA,
Dec (J2000) = 19"44.3™, +25°49’ is identified with G61.7+0.9
(Altenhoff et al. 1970).

The image at 1420 MHz also reveals faint emission (AT =
0.3 K) covering an area of about 1°0x0°8 including the Hi re-
gions. Weak emission is also apparent in the image at 408 MHz.
At this frequency, Sh2-88AB appears connected with sources
near RA, Dec (J2000) = 19"47.7™ +24°50’. It is not clear
whether the Hn regions in this area are physically related
to each other.

4.2. Infrared emission

Figure 2 displays an overlay of the infrared emission at 60 ym,
which enables us to investigate the dust distribution, and the
radio continuum emission at 1420 MHz.

Sh2-88A, Sh2-88B and Sh2-87 are easily identified
at IR wavelengths. Extended IR emission coincides with
the radio continuum emission at 1420 MHz corresponding
to Sh2-87, while the brightest infrared emission arises from
Sh2-87 itself. Sh2-88 appears projected onto a faint plateau
of emission which extends over part of the image. G61.7+0.9
coincides with weak extended emission, the brightest radio
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emission region correlating with an IRAS point source (Reich
et al. 1986). Based on the present infrared data, it is not clear
whether the weak plateau is associated with Sh2-88. The im-
ages at 12, 25 and 100 um, which are not shown here, are sim-
ilar to that at 60 um.

4.3. Hi line observations

In order to facilitate the display of the images, a constant back-
ground, equal to the mean value of each channel map within
an area of 50’ in radius centered at the field center, was sub-
tracted from every line map. Figure 3 (top panel) displays
the subtracted profile, which corresponds to the single dish
average spectrum within that area. This profile illustrates the
general characteristics of the Hi emission in the direction of
the Of stars. The bottom panel shows the kinematic distances
toward / = 61° as obtained from Brand & Blitz (1993) (assum-
ing Ry = 8.5 kpc and ©y = 220 km s~!) using an analytical fit
to the galactic rotation curve.

The average profile indicates the presence of significant
emission within the velocity interval —100 to +50 km s~!.
According to circular galactic rotation models, Hr at nega-
tive velocities should be located at kinematic distances di >
10 kpc. Material with velocities v ~ 0 km s~ is probably asso-
ciated with the local arm and the Perseus arm at dyx = 8-9 kpc
(Georgelin & Georgelin 1976). Hr at positive velocities is likely
to be related to the local arm (Cohen et al. 1980).

The bottom panel of Fig. 3 also illustrates the large uncer-
tainties in estimating kinematic distance along the line of sight
to [ = 61°, due to both the distance ambiguity and mainly to the
small velocity gradient for distances below 8 kpc.

For distances in the range 2—3 kpc, compatible with the dis-
tance to both the Of stars and the Hu regions (see Sect. 2), the
galactic rotation curve predicts velocities of ~22-29 km s,
A similar velocity is expected taking into account the observed
velocity pattern for this section of the galaxy displayed in
Fig. 2b of Brand & Blitz (1993). Consequently, in searching
for cavities and holes that may be associated with the Of stars,
we will pay particular attention to positive velocities.

For completness, we show in Fig. 4 the Hi emission
within the velocity interval —=37.3 to +52.4 km s~! at intervals
of 9.9 km s~!. Each image is the average of six consecutive line
maps. The images at different velocity intervals reveal Hr emis-
sion covering most of the surveyed field and a number of holes
and shells of a variety of sizes. Small scale structure is also
present within the cavities and shells.

BD +24°3866 and BD +24°3881 are seen projected onto
the inner part or the borders of some cavities. An Hr cavity is
present in the line of sight to BD +24°3866 in the image corre-
sponding to 22.0 to 31.9 km s~! (Fig. 4). This feature is delin-
eated by the larger ellipse in the image spanning that velocity
range. This star also appears projected onto the borders of large
holes in the images spanning the ranges (-37.3, -27.4) km s~!,
(-17.6,-7.7) km s~! and (+12.1, +22.0) km s~!. BD +24°3881
appears projected onto an Hr cavity in the image displaying
material in the interval (+2.2, +12.1) km s~!. Finally, both
BD +24°3866 and BD +24°3881 are seen in projection onto
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Table 2. O-type stars belonging to Vul OB1 within the field.
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Name Sp.T. RA (J2000) Dec (J2000) HRA COS O HMDec RVisr

hms e mas/yr mas/yr km s~!
BD +24°3866 08.511(f) 19 45 40.6 2507 36.1 -1.0+ 1.6 -1.6 + 1.6 94+ 1.7
BD +25°3952 08 1945 42.1 2521164 —42+1.8 -22+1.8 18.6 £ 3.1
BD +24°3881 06.5111(f) 19 47 02.7 24 50 55.6 —44+12 -1.1+1.1

a low Hr1 emission region in the image showing the emission
between +41.8 and +52.4 km s~!. As we show below, these
features are unrelated to the massive stars.

Based on the galactic rotation curve and previous molec-
ular and optical observations of the ISM at about 2.4 kpc
(see Sect. 2), we expect the signatures of the interaction be-
tween the Of stars and their local ISM to be detected at veloc-
ities of about +25 km s~!. These considerations strongly favor
the Hi feature detected in the velocity range 22.0to 31.9 km s™!
as being related to BD +24°3866. Galactic rotation models
predict kinematic distances dyx >9 kpc for the features at —32
and —12 km s~!, while velocities >35 km s~! are forbiden for
this section of the Galaxy. Thus, the structures at these veloci-
ties are most probably unconnected with the O-type stars.

To investigate the effects of the Of stars on the surrounding
gas in more detail and the possible existence of neutral gas in-
teracting with the Hu regions, we will focus on the Hi emission
in the velocity range from +10 to +35 km s~! using the full
velocity resolution images.

Figure 5 shows a series of images at constant velocity in
steps of 1.65 km s~!. For the sake of clarity, some of the radio
continuum contours at 1420 MHz along with the position of the
O stars are indicated in the images. As pointed out by Ehlerovd
et al. (2001), the neutral gas distribution within the velocity
interval +10 to +30 km s™! is quite complex, revealing a lot
of small scale structure with cavities and envelopes of varying
shapes and sizes.

A strong absorption feature is detected at the po-
sition of Sh2-88A and Sh2-88B (RA, Dec (J2000) =
19"46.8™, +25°106), within the velocity range (+1.4, +25.0),
suggesting that the neutral gas spanning this velocity interval
should be at distances < 2.5 kpc. It can be identified as the
white spot coincident with the Hm regions.

4.3.1. Hi related to BD +24°3866

Inspection of the Hi emission at +24.5, +26.2, +27.8
and +29.5 km s~!' (Fig. 5) discloses a region of low emis-
sion centered at RA, Dec (J2000) = 19M'45.5™, +25°15’9
that is surrounded by an almost complete envelope. The
later is clearly seen toward the north, east, and south
of BD +24°3866 as a bright arc extending from RA,
Dec (J2000) = 19746™, +25°30/0 to 19"45.5™, +24°50/0.
Toward the west, a patchy envelope is observed near RA,
Dec (J2000) = 19"44™, +25°15/0. The Of star BD +24°3866
appears projected closer to the southern border of the Hr min-
imum. This feature can also be seen in channel maps at both
lower (down to +22.9 km s™!) and higher (up to +31.1 km s™')

radial velocities. From here on, this feature will be called
Structure A. This feature is delineated by an ellipse in the im-
age at 27.8 km s,

The top panel of Fig. 6 displays the average Hr brightness
temperature distribution for this structure within the velocity
interval +23.7 to +30.3 km s~!. Structure A, indicated by an
ellipse, is about 1.1° x 0.7° in size. It is also delineated in
the bottom panel of the same figure after subtracting the large
scale structures from the top panel following the procedure by
Cichowolski et al. (2001).

As pointed out before, the systemic velocity of the structure
(vsys = +27 km s~!) is compatible with the published distance
to Vul OB1 and BD +24°3866. Thus, the location of the star
within the borders of the cavity suggests that Structure A may
be related to the star.

Additional support for this association comes from the
proper motion information. The arrow in the bottom panel of
Fig. 6 indicates the direction of the tangential motion of the
star and its uncertainty taking into account the quoted errors
(see Table 2). At the adopted distance of 2.4 kpc, the tangen-
tial motion of the star is ~22 + 19 km s~'. From the direction
of the proper motion, the eccentric location of the star can be
explained by the motion of the star toward the SE. Thus, a ge-
netic relationship between the star and the Hr feature can be
established.

The Hri bubble related to this star is slightly elongated.
Weaver et al. (1977) showed that an interstellar bubble linked to
a star with a relatively high spatial velocity becomes distorted
in the direction of the stellar motion. We note, however, that
the stellar velocity of BD +24°3866 is relatively low and does
not seem to have distorted the bubble. The elongated shape of
this bubble, in the SE-NW direction, could be explained by
an asymmetric stellar wind, the non-uniform local insterstellar
medium or the action of the local interstellar magnetic field.

As mentioned before, a number of Hr cavities are detected
in the line of sight to BD +24°3866 at different velocities
(see Sect. 4.3). However, based on their kinematic distances,
they are most probably unconnected with the Of star and are
not considered further in this paper.

4.3.2. Hi associated with Sh2-88 and Sh2-87

The comparison between the radio continuum emission
of Sh2-88 and the Hi brightness temperature distribution
(Fig. 5) reveals that this Hm region is seen projected onto the
innermost part of Structure A. Sh2-88 is closely surrounded
by a chain of cloudlets detectable along the range +21.2
to +24.5 km s~ northwards and eastwards of the Hu region.
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-37.3 < v < =27.4 km/s

-27.4 < v < —-17.6 km/s

C. Cappa et al.: The ISM near Of stars

-17.6 < v < =7.7 km/s

) v T T T T M il T

T T H T T T T . T

-7.7 < v <22km/s
H d T ] T T T T

12.1 < v < 22.0 km/s

26° 00'

30

25° 00' |

30'

DECLINATION (J2000)

-
24° 00'

41.8 < v < 52.4 km/s
] u T T T - T : T

19" 50™
RIGHT ASCENSION (J2000)

Fig. 4. Gray scale images showing the Hi within the velocity range —37.3 to +52.4 km s~

1

in steps of 9.9 km s~!. The velocity interval is

indicated in the upper left corner of each image. The large star marks the position of BD +24°3866, while the small filled in stars indicate the
position of the other two O-type stars in the area. The gray scale corresponds to —15 to 30 K in steps of 5 K. The ellipses in the image spanning
the range 22.0 to 31.9 km s~! delineate Hi features associated with BD +24°3866, Sh2-88 and G61.7+0.9 (see Sects. 4.3.1, 4.3.2 and 4.3.3).

This feature will be named Structure B and is delineated in the
image spanning the range 22.0 to 31.9 km s~! in Fig. 4 and in
the map at 22.9 km s~! in Fig. 5.

Figure 7 displays the radio continuum emission
at 1420 MHz (contour lines) superposed onto Structure B
(grayscale). The remarkable anticorrelation between neutral
and ionized gas is clearly seen in the figure.

The agreement between the systemic velocity of
Structure B (=23 km s7!) and the velocity of the Ha and
molecular lines in Sh2-88 (see Sect. 2), along with the
morphological anticorrelation between the Hr structure and

the Hu region strongly suggest that the Hi region is interacting
with the neutral gas.

The signature of the interaction of Sh2-88A and Sh2-88B
with the surrounding gas should be observed at velocities
~422 km s~! (see Sect. 3). However, from the present data,
it is difficult to draw firm evidence in favor of such interaction
because of the small size of the Hu regions and the presence
of strong absorption in the Hr maps at positive velocities up
to ~+25.0 km s~! (see Fig. 5). As mentioned in Sect. 4.3, the
absorption in the Hi line emission is seen as the white spot co-
incident with Sh2-88A and Sh2-88B.
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Fig.5. Overlay of 1420 MHz contour lines and gray scale images showing the Hr emission distribution within the velocity range 11.3
to 34.4 km s7! in steps of 1.65 km s~!. The central velocity of each image is indicated in its upper left corner. The large star marks the
position of BD +24°3866, while the small stars indicate the position of the other two O-type stars. The ellipses in the images at 17.9, 22.9
and 27.8 km s~! show the features related to G61.7+0.9, Sh2-88 and BD +24°3866. The gray scale corresponds to —15 to 25 K in steps of 5 K.
Contour levels are 9.0 and 10.0 K.
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Fig. 5. continued.

The Hu region Sh2-87 appears encircled by weak Hr emis-
sion in the images at 26.2 and 27.8 km s~! in agreement with
previous findings (Ehlerovd et al. 2000). However, the present
Hr data do not enable us to firmly identify neutral gas associ-
ated with the Hm region.

4.3.3. Hi associated with G61.7+0.9

Hi probably linked to G61.7+0.9 can also be distinguished
in the images corresponding to the velocity range 11.3
to 31.1 km s~!, where an Hi cavity and an envelope are clearly
seen. This feature will be named Structure C. It is displayed in
Fig. 8 and is delineated with the small ellipse in Figs. 4 and 5
(see the image at 17.9 km s~! in this last figure). The cavity
coincides with the radio emission at 21 cm, increasing its size
toward greater velocities, until it reaches a diameter of about
30’. The angular separation between Structures B and C is evi-
dent in the lower panel of Fig. 6. We note that for v > 23 kms™!,
the hole merges with Structure B.

Adopting Viys =~ 20 km s7!, the kinematic distance of
Structure C is ~2.0 or ~6.5 kpc (near and far kinematic dis-
tances according to the bottom panel of Fig. 3) or in the
range 1.2-3 kpc (based on the observed velocity pattern for
this section of the galaxy displayed in Fig. 2b by Brand &
Blitz 1993). Consequently, we adopted a distance d = 2.4 kpc
for Structure C, in agreement with the distances of the other
objects.

4.3.4. The ISM around BD +24°3881

BD +24°3881 appears projected onto the SE border of a small
Hi low emission region in the image at 22.9 km s~! (Fig. 5)
and onto an elongated Hi cavity within the velocity interval 2.2
to 12.1 km s~! (Fig. 4).

The former feature, of ~6!6 in diameter (=5 pc), is observed
within a narrow velocity range. The direction of the proper mo-
tion of the star (toward the SW, see Table 2) cast doubts on the
actual association between BD +24°3881 and the Hr feature.
The narrow velocity range also favors an interpretation as small
scale density inhomogeneities in the general ISM.

Regarding the second structure, two facts cast doubts on
its association with BD +24°3881. On the one hand, the kine-
matic distance derived for this feature is ~0.5 kpc, quite differ-
ent from the estimated spectrophotometric stellar distance. On
the other hand, the direction of the stellar proper motion would
indicate that BD +24°3881 is moving toward the center of the
cavity, thus making a genetic relation between the star and the
cavity unlikely. These facts preclude this feature as being re-
lated to the star.

The lack of a detectable feature associated with
BD +24°3881 could be explained if the ambient gas density
in the environs of the star were high. Confusion effects due to
the presence of foreground and background neutral gas with
velocities ~25 km s~! might also mask an Hr cavity related to
this star.

5. Discussion
5.1. The ionized gas

Tables 3 and 4 summarize the main parameters of the bright
small diameter sources and the Hm regions. Spectral indices «
are defined as S, a v“.

There are a number of small diameter sources projected
near Sh2-87, Sh2-88 and G61.7+0.9 and onto the faint plateau.
Their coordinates, along with their flux densities at 327
and 1420 MHz and spectral indices are listed in Table 3. The
sources are shown in Fig. 9. Flux densities at 327 MHz were
obtained from the compact source catalog (Taylor et al. 1996).
These observations have a synthesized beam of about 10 X
2’4 in this section of the Galaxy. Flux densities listed in the
NVSS catalog (Condon et al. 1998) are also included. Flux
densities at 408 MHz have large error because of background
emission and calibration uncertainties and are not included in
the table. The derived spectral indices indicate that sources 2, 6
and 7 are likely to be thermal, while the rest of the sources
are non-thermal and probably extragalactic in origin. Taylor
et al. (1996) found similar spectral indices for sources 6 and 7.
Source 2 is optically thick at 408 MHz as found by Reich
et al. (1986). It coincides with an IR point source (see Fig. 2
and Sect. 2). Source 6 is the UC region Sh2-87 and is projected



C. Cappa et al.: The ISM near Of stars

2550

S
o

DECLINATION (J2000)
>

1949 48 47 46 45 44 43
RIGHT ASCENSION (J2000)

2550
40
30 |
20 E
10
00
2450
40

1949 48 47 46 45 44 43
RIGHT ASCENSION (J2000)

Fig. 6. Top panel. Average Hi brightness temperature distribution for
Structure A within the velocity range 23.7 to 30.3 km s~!. The star
symbols indicate the position of BD +24°3866 and BD +25°3952.
The gray scale is 75 to 100 K. Contour levels are 75 to 90 K in steps
of 5 K. Bottom panel. Same as top panel after subtracting the large
scale structures. The gray scale is =5 to 20 K. Contour levels are —5
to 10 K in steps of 5 K.
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onto diffuse extended emission probably related to this Hu re-
gion. Sh2-88A and Sh2-88B are detected as two strong unre-
solved sources. They are definite thermal sources and are not
listed in the table. The contribution from non-thermal sources
was subtracted from the quoted flux densities of the Hn regions.

Emission measure EM, electron density n. and ionized
mass M; for the Hrr regions were obtained using the expres-
sions by Mezger & Henderson (1967) based on the measured
flux densities at 1420 MHz and the sizes listed in Table 4. The
adopted electron temperatures and volume filling factors were
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Fig.7. Overlay of the Hi column density distribution for Structure
B (grayscale) and the radio continuum emission at 1420 MHz
for Sh2-88. The Hi image corresponds to the velocity range
18.8 to 25.3 km s7!. The star symbol indicates the position
of BD +25°3952. The gray scale is (9.5-14.0) x 10?° cm~2. Contour
levels are 9.0, 10.0 and 11.0 K.
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Fig.8. Overlay of the Hi column density image for Structure C
(grayscale) and the radio continuum emission of G61.7+0.9 (contour
lines). The Hi image was obtained through the velocity range 15.5
to 23.7 km s~!. The gray scale is (13.5-18.0) x 10%® cm™2. Contour
levels are 9.0, 10.0 and 11.0 K.

T. = 10* K and f = 1, respectively. For the case of Sh2-87, we
have discriminated between the compact and the extended re-
gions. The derived ionized mass was multiplied by 1.27 to take
into account singly ionized He (see Goss & Lozinskaya 1995).
The distance to Sh2-87 and G61.9+0.9 is 2.4 kpc.

Based on Effelsberg data, Reich et al. (1986) found
a 1420 MHz flux density S, = 1.9 + 0.2 Jy for G61.7+0.7. This
value is larger than our estimate and is likely due to the pres-
ence of radio continuum emission unconnected to this source
(Effelsberg beam at 1420 MHz is 9”). The UV photon flux
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Table 3. Small diameter radio sources.
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# RA(JZOOO) Dec(JZOOO) S 327 S 1420 SNVSS @ Comm.
(hms) C'" (mly) (mly) (mly)
1 19 44 06.7 2548 39 218 £ 16 113+7 434 +2.0 -0.8+0.3 onto G61.7+0.9
2 1944 23.6 2548 52 69 £ 6 85+5 782 +£2.6 +0.11 £ 0.03 onto G61.7+0.9
3 194501.7 252017 363 +4 101 +£2 92.0+2.8 -1.0+£0.1 near Sh2-88
4 1945 56.4 244114 212+ 7 78 +£3 75.6 +2.3 —0.68 +0.03 near Sh2-87
5 1946 06.9 252810 695+ 6 263 +3 264.7+9.3 -0.8+0.2 near Sh2-88
6 1946 21.0 243513 3587 563 +3 5453 £204 +0.30 £ 0.02 Sh2-87 (UC)
7 19 48 00.2 2450 19 220+ 5 242 + 5 2199 £8.3 +0.03 £ 0.
Table 4. Hn regions: radio characteristics.
Hu region S 1420 Size Size EM ne M;
Jy)  (x) pc (102 pcem™®  (em?d)  (Mo)
Sh2-88 2.01 21 x9 147 x 6.3 114 9 410
Sh2-87 (UC) 0.56 2x09 1.4 x0.6 335 160 6.6
Sh2-87 (extended) 0.66 10x9 7.0x6.3 7.8 9 135
G61.7+0.9 1.06 11x6 7.7%x4.2 17.2 15 135
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Fig. 9. Radio continuum image at 1420 MHz showing the position of
the small diameter sources listed in Table 3.

needed to keep the Hu region ionized is, according to our re-
sults, Np ~ 2x10%7 s~! which can be provided by a B0.5V star
(Vacca et al. 1996).

5.2. The heated dust

Table 5 summarizes the flux density estimates at 60 and 100 um
obtained for the Hm regions present in the area. For Sh2-87 we
have discriminated between the extended and the UC Hu re-
gion. Based on the derived flux densities and standard dust
grain parameters (e.g. Draine & Lee 1984), rough estimates of

corresponds to 70 to 100 K.

the dust temperature and mass were obtained (see Cichowolski
et al. 2001). Dust temperatures are indicated for n = 1.5-2. This
parameter is related to the dust absorption efficiency «, o« V",
normalized to 40 cm? g~! at 100 um. The derived dust temper-
atures are typical for Hu regions (e.g. Fich & Terebey 1996).

5.3. Main parameters of the structures

It is clear from Sect. 4 that the whole Hi emission distribu-
tion reveals neutral material related to different astronomical
objects in the same line of sight and within similar velocity
intervals.
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The main parameters of structures A, B and C are sum-
marized in Table 6. The velocity interval vj,v, corresponds
to the interval where the Hr structures can be identified. The
systemic velocities vsy indicate the velocity where the fea-
tures present their deepest temperature gradient and largest di-
mensions. Kinematic distances for the three structures are in
the range 2-3 kpc, in agreement with photometric distances
to BD +24°3866, Vul OB1, Sh2-88 and Sh2-87. The semi-
major and semiminor axes of the structures (ry X ry,) are de-
fined by the position of the maxima in the shells. The equiva-
lent radius Rg was obtained as the harmonic mean of the two
axes. The neutral mass in the shells M;, was evaluated assuming
the optically thin case and a typical interstellar He abundance
of 10%. For Structure A, the associated neutral mass was esti-
mated from the bottom panel of Fig. 6.

The ambient density n, was evaluated by uniformly dis-
tributing the neutral mass M, and the associated ionized
mass M; over the volume of the structure. Ionized masses were
derived in Sect. 5.1. Although some molecular emission de-
tected in the environs of Sh2-88 by Helfer & Blitz (1997)
(see their Fig. 2) is probably associated with Structure B, its
molecular mass is difficult to estimate.

A lower limit to the expansion velocity of the structures can
be estimated as Veyp = (v2 —v1)/2 + 2.4 km s~'. Here v; and v,
are the lowest and highest velocities at which the structures are
observed. The extra 2.4 km s~! allows for the possible presence
of Hrin the caps of the expanding shell. For Structures A and B,
Vexp = 7 km s7!, while it is ~13 km s~! for Structure C. As a
working hypothesis we adopted a mean expansion velocity of
10 + 3 km s~!. We estimate the kinetic energy Ey of all struc-
tures taking into account the neutral and the ionized masses.

The major source of error in radii, masses and kinetic ener-
gies is the distance uncertainty. An error of 25% in the distance
implies a 25% error in radius and 50% error in the derived
masses. The uncertainty in the kinetic energy is at least 80%
assuming a 30% error in the expansion velocity. Uncertainty in
the derived ambient density is about 100%.

5.4. The origin of the structures

In this section we investigate the relation between the Hi struc-
tures and the optical objects. As a working hypothesis, we
assume that Structure A is an expanding feature related
to BD +24°3866. The systemic velocity of Structure B is
slightly smaller than the corresponding one for Structure A.
This fact, along with the projection of Structure B onto the cen-
tral region of Structure A suggests that Structure B and Sh2-88
are located in the approaching part of Structure A. In this
case both BD +24°3866 and BD +25°3952 (the exciting star
of Sh2-88) would be powering both structures. The difference
in the ambient density n, derived for Structures A and B also
supports the idea that Structure B is evolving in the envelope
of Structure A.

It is well known that massive stars possess strong stellar
winds which create relatively large cavities and shells in the
ISM. To test whether BD +24°3866 and BD +25°3952 can pro-
vide the energy to power Structures A and B, we have estimated

965

the mechanical energy Ey, released into the ISM during the dy-
namical age 74 of the structure and compared it to the kinetic
energy Ey of Structures A and B as a whole.

For an interstellar bubble, the dynamical age can be eval-
uated as 74 = 0.55 x 10° Rs/Vexp yr (McCray 1983), where
Rs is the equivalent radius of the bubble (pc), Vexp is the ex-
pansion velocity (km s™') and the constant represents a mean
value between the energy and the momentum conserving cases.
Adopting the radius and expansion velocity of structure A,
we find 4 = 1.0 x 10% yr. With an initial mass of 30-50 M,
for BD +24°3866 (Leitherer 1988), the estimated dynamical
age is lower than the time needed by the star to evolve to its cur-
rent phase ((3.5-6)x10° yr, Massey 1997; Meynet et al. 1994).
The uncertainty in the dynamical age is about 50%. With a tan-
gential velocity of ~20 km s™! (see Sect. 4.3.1), the time taken
by the star to cross the bubble is 2x10° yr. Consequently, we
can adopt #y = 1.5x10° yr as a mean value. The derived dy-
namical age indicates that the stellar winds from both the main
sequence phase of BD +24°3866 and its present evolutionary
phase contributed in shaping the Hi bubble.

To evaluate Ey(= Lyty = MV2t3/2) we assume that
only BD +24°3866 contributed to the formation of the bub-
ble. We adopt a terminal velocity V,, = 1500 km s~ and a
mass loss rate M = 1x107% M, yr~! in agreement with mean
values from Prinja et al. (1990) and with the expression by
Lamers & Leitherer (1993), respectively. The adopted values
are conservative estimates for O8V-O9V stars. Thus, E,, =
3.4x10% erg s~!, with an uncertainty of about 90% assuming
uncertainties of 50% in the mass loss rate and 30% in the ter-
minal velocities.

The ratio € between the kinetic energy Ey of Structures A
and B as a whole and the mechanical energy provided by the
massive star is € ~ 0.03. The uncertainty in this value is large.
Taking into account current evolutionary models of interstellar
wind blown bubbles, this value indicates that BD +24°3866
alone is capable of blowing the observed structure via stellar
winds.

The location of BD +25°3952, the exciting star of Sh2-88,
close to the center of the cavity and the direction of its tan-
gential motion indicates that this star have also contributed
in shaping Structure A. In addition, the UV photon flux
from BD +25°3952 (e.g. Vacca et al. 1996) suffices to keep
the diffuse Hu region ionized even if this star is placed close to
the center of the Hi bubble.

Bearing in mind the above results, an estimate of the gas-to-
dust ratio follows. According to Tables 5 and 6, the gas-to-dust
ratio for the case of Sh2-88 is in the range 65-280 (the total gas
mass is the ionized mass from Table 4 plus the neutral mass of
Structure B from Table 6). Within errors, the derived values
are compatible with the gas-to-dust ratio of 100, typical for the
ISM. In Sh2-87, the gas-to-dust ratio is particularly low (<20)
(here we only see the ionized gas in both the UC and the ex-
tended regions — see Table 4). This indicates that a large amount
of undetected or unidentified neutral and molecular material is
associated with the Hu region. On the other hand, the derived
ratio in G61.7+0.9 is high, probably suggesting the presence of
clumping (in this case, the gas mass is the ionized mass from
Table 4 and the neutral mass of Structure C from Table 6).
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Table 5. Hn regions: flux densities at 60 and 100 um and dust parameters.

Hu region S (60 um) S (100 pm) Tq(n=1.5) Ta(n =2.0) My
dy) Jy) (K) (K) Mo
Sh2-88 750 1420 32+6 29+5 2.0-8.7
Sh2-87(UC) 4320 5960 37+8 33+6 5.2-22.7
Sh2-87(extended) 1910 2440 38+9 34+7 1.9-8.3
G61.7+0.9 315 370 40+9 36 +7 0.3-1.1
Table 6. Parameters of the Hi structures.
Structure A Structure B Structure C
Center coordinates
RA(J2000) 1974575 19"45m8 19M4403
Dec(J2000) +25°1579 +25°20/0 +25°450

Vel. interval v, v, (km s™!) +21.6, +32.4 +18.3, +29.1 +10.0, +32.4

Systemic vel. vy, (km s™!) +27 +22 +20

Adopted distance d (kpc) 24 24 24

Semiaxes of the envelope (") 33 x 21 13 x 8 14

Semiaxes of the envelope (pc) 23 x 15 9%x6 10

Equivalent radius (pc) 19 7.4 10

M, (M) 760 150 200

M; (M) - 410 135

n, (cm™3) 1 14 4

Vexp (km s71) 10 10 10

E; (10*® erg) 0.76 0.15 0.36

Related object BD +24°3866 Sh2-88 G61.7+0.9

BD +25°3952

BD +25°3952

Blitz (1980) lists stellar winds from massive stars as a
mechanism to induce the collapse of interstellar clouds and
trigger star formation. Since there are signs of star formation
in the environs of the massive stars, this region seems ideal to
investigate a possible relation between star formation and in-
terstellar bubbles. According to Deharveng et al. (2000), the
Sh2-88 region as a whole presents a case of sequential star for-
mation. These authors have found that star formation seems to
have progressed along a southwest to northeast direction, from
the Hi region Sh2-88A to Sh2-88B. To investigate the presence
of young stellar objects associated with Structures A and B, we
analyzed the distribution of infrared point sources whose spec-
tra fit the selection criteria established by Junkes et al. (1992).
These radiation criteria allow to discriminate protostellar can-
didates from cold IRAS point sources related to planetary neb-
ulae, cirrus clumps and cool stars.

Infrared protostellar candidates are spread mainly over the
central and southern regions of the surveyed field. Three can-
didates are concentrated close to the center of Structure A.
Two of them are projected onto Sh2-88: one of these sources
is identified with BD +25°3952 (IRAS 19436+2514), the
other appears projected onto the Hm/Hr1 interface region in
Feature B (IRAS 19438+2505). The source IRAS 1944642505
is associated with Sh2-88B, where star formation is present,
and IRAS 19423+2541 correlates with the position of
G61.7+0.9. The IRAS candidates 1942742454, 19418+2455,

1945242511, 19454+2454 and 1943742532 appear projected
onto Structure A. The position of these nine infrared sources
is indicated in Fig. 10. Further observational studies are nec-
essary to analyze the presence of molecular material related to
Structure A and the possibility of star formation triggered by
the wind blown bubble shock.

6. Conclusions

Based on radio continuum data at 408 and 1420 MHz and neu-
tral hydrogen observations obtained with the DRAO Synthesis
Telescope (synthesized beams of 7’ and 1/5 at 408 and
1420 MHz, respectively) and high resolution infrared data, we
analyzed the interstellar medium in the environs of the massive
stars BD +24°3866, BD +24°3881 and BD +25°3952. The dif-
fuse Hu regions Sh2-88 and G61.7+0.9, and the compact Hn re-
gions Sh2-88A, Sh2-88B and Sh2-87 are projected within the
same area. The main findings of our study can be summarized
as follows:

1. The neutral gas data show an Hi bubble around the
08.511(f) star BD +24°3866. The massive star is close to the
inner border of the Hi shell. The slowly expanding shell is
24x15 pc in radius and its dynamical age is ~1.5x10° yr, lower
than the main sequence lifetime of the massive star.

2. The diffuse Hu region Sh2-88, excited by the OS star
BD +25°3952, appears surrounded by an almost complete
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Hi structure of about 9x6 pc in radius which consists of a chain
of cloudlets. The neutral and ionized masses associated with
Sh2-88 are about 150 My and 410 M, respectively, while the
dust mass is in the range 2.0-8.7 M. The rms electron density
is 9 cm™.

3. Sh2-88 appears to be evolving in the approaching cap of
the large Hi bubble. Thus, the total neutral mass associated with
the Hr bubble is about 1400 M. We interpret the Hr structure as
the neutral gas signature of the interaction of the stellar winds
of BD +24°3866 and BD +25°3952 with their surroundings.
Both stars are located inside the bubble, provide the energy and
momentum to drive the expansion and are responsible for heat-
ing the dust. The UV photon flux provided by BD +25°3952
alone is enough to keep Sh2-88 ionized.

4. Several infrared protostellar candidates were found pro-
jected onto the Hr bubble related to the massive stars, sug-
gesting that star formation may be taking place in the shell.
However, further studies are necessary to investigate the pos-
sibility of star formation triggered by the wind blown bubble
shock.

5. A small Hr shell was also found to be associated with
the Hi region G61.7+0.9. The shell is expanding at about
13 km s~! and is about 10 pc in radius. The associated neutral
and ionized masses are 220 and 150 M, respectively. A kine-
matic distance of ~2.4 kpc can be derived from the neutral gas
data.

6. We were unable to find a definite Hi feature related to ei-
ther Sh2-87 or to the O6.5111(f) star BD +24°388]1.
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