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ABSTRACT

The Westerbork Synthesis Radio Telescope has been used at A 6 cm to obtain higher-resolution
maps (779X 9"0) of the H 11 region G 134.2+0.8. The H 11 region is produced by a young BO0.5
star which has formed in the dense region ahead of a shock front which is being driven by
stellar winds, and which is moving into a molecular cloud. The front has passed over the star
which is now situated in the ionized shell behind the front. The resulting drop in ambient
density probably accounts for the anomalously low electron density of the H 11 region. The

parameters of the region are determined.

I. INTRODUCTION

The general problem of how and where stars of var-
ious types form is somewhat complex. Some progress
has been made observationally in the case of early-type
stars which seem to form toward the outside of clouds,
disperse their surrounding gas comparatively quickly,
and appear optically together with their associated H 11
regions. B-type stars are often embedded in dark molec-
ular clouds, but can be detected by observing both the
radio emission from their optically obscured H 11 re-
gions, and the associated infrared emission. More pro-
gress has been made on the theoretical side. In a large
number of cases, external pressure from a shock wave
appears necessary to initiate the self-gravitational col-
lapse of part of a cloud. In one mechanism Woodward
(1976) has shown theoretically how condensations can
form on the ouside of a cloud owing to the passage of the
shock associated with a galactic spiral density wave. In
other mechanisms, induced star formation could be pro-
duced by cloud-cloud collisions (Loren 1976), by the ex-
pansion of both supernovae remnants (Wootten 1977,
Herbst and Assousa 1977) and H 11 regions (Elmegreen
and Lada 1977), or in ionization fronts (Chevalier and
Theys 1975; Giuliani 1980).

Recently, Hughes and Vallée (1978) have demonstrat-
ed that for a number of sources the infrared luminosity
near A 100 um (Fazio et al. 1975) is nearly equal to the
total luminosity of the star required to excite the radio
H 11 region. This near equality suggests that most of the
radiation from the star is absorbed by the surrounding
dust, and implies that the physical parameters of the
exciting star—spectral type, mass, and luminosity—can
be inferred with some certainty even though the star is
optically obscured.

One source of particular interest is that designated
IRS 5 by Fazio et al. or as infrared source AFGL 333 by
Price and Walker (1976). In this paper it is referred to as
G 134.240.8. It shows evidence for the formation of an
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isolated BO.5 star (Vallée and Hughes 1978) as a result of
the influence of the shock front centered on the OB asso-
ciation within IC 1805 (Vallée, Hughes, and Viner 1979,
hereafter referred to as VHV). The OB association ap-
pears to have formed about 10° yr ago and to have dis-
persed its surrounding gas either by the continuous ac-
tion of stellar winds or by a single supernova event early
in its history.

Further infrared measurements at A 50 and A 100 um
by Thronson, Harvey, and Gatley (1979) essentially con-
firmed that the infrared luminosity indicated a spectral
type for the exciting star which was similar to that de-
duced from the radio results. But they pointed out that
the star appeared to be young and thus could be assumed
to have condensed out from a molecular cloud with den-
sity > 107 cm ™3, yet the electron density of the H 11 re-
gion was less than 1000 cm™>. A number of possible
explanations were given, namely, that the star con-
densed from a low-density region, that the star could be
very much older, that the star has moved from its place
of birth, or that the stellar formation efficiency is low.
Since the detailed mechanisms of star formation are of
considerable importance, the region has been reexa-
mined with the greater angular resolution (about 9”) of
the Westerbork Synthesis Radio Telescope at A 6 cm.
The observations and results are described in Secs. II
and III and discussed in Sec. IV. It is concluded that the
star probably formed in the dense region ahead of the
shock front, but that this shock has now moved across
the star and is being maintained by stellar winds from
the OB association in IC 1805. Parameters for the region
are derived.

II. OBSERVATIONS

The observations were made with the Westerbork |
Synthesis Radio Telescope (WSRT) at A 6 cm (4.995
GHz)on 1980 February 10. The source was observed for
a total of 12 hr with the two movable telescopes posi-
© 1982 Am. Astron. Soc. 685
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tioned 36 and 108 m beyond the westernmost telescope
of the fixed array; a total of 18 interferometers was used
with spacings of 36-1260 m in steps in 72 m. A more
detailed description of the WSRT has been published
elsewhere (Baars et al. 1973; Hogbom and Brouw 1974;
van Someren Gréve 1974). The data were Fourier trans-
formed (Weiler 1973), the CLEAN procedure used (Hog-
bom 1974), and the map restored using a beam in the
form of the synthesized beam between first zeros. The
map thus contains a spectrum of angular frequencies for
the area from the highest frequency, which corresponds
to the synthesized beam of 7799”0, to the lowest,
which corresponds to the minimum spacing or about 3'.
This means that, for example, a Gaussian source with a
half-power beamwidth of 2’ will have a visibility of only
0.6. The instrumental data are summarized in Table I.

III. RESULTS

The basic results are shown in the map of the area
covering 9’ X9’ (R.A. X Dec.)in Fig. 1, and the enlarged
map of the area covering 25 X 2'5 in Fig. 2. In addition,
a further map was produced but convolved with an an-
tenna beam 23" X 26", which is the same resolution as
that of the A 21-cm map obtained by VHV also using the
WSRT. However, apart from minor variations in the
lowest contour levels, it wasidentical to the A 21-cm map
and is not shown here.

TABLE I. Equipment parameters.

Observing wavelength 6 cm
Single-dish beam pattern HPW 11
No. of spacings 18
Minimum baseline 36m 599.94
Maximum baseline 1259.9 m 20992.44
Incremental spacing 72m
Highest resolution (R.A. X Dec.) 7°9%9'0
Radius of first grating response
(R.A. X Dec.) 29%33
Observing time 12"
rms noise at field center 0.1 mJy
Field center, R.A. X Dec. (1950) 2h24™35°  61°15'00"

The map of Fig. 1 shows the isolated H 11 region G
134.2 +0.8 together with some low-level contours to the
north and south of it. Some of the emission at a distance
of about 3’ from the H 11 region could be the result of the
first-order grating response, the second-order grating
response being seen in the southeast corner of the map.
However, the emission within 3’ from the H 11 region
appears to be real and exists also in the A 21-cm map,
where the first-grating response is at a radius of 20". The
ridgeatA 6 cmisless extended thanatA 21 cm, principal-
ly as a consequence of the virtual rejection of angular
components greater in extent than about 3'. There is also
a small decrease with distance from the center of the
map since no correction was applied for the fall offin the
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primary beam. The fact that the emission breaks up into
a large number of small regions could indicate small
blobs or instabilities, but more likely they are the peaks
of noise fluctuations on top of a ridge of low-level emis-
sion running north-south. This is discussed further in
Sec. IV. :

In the enlargement of the central region, as shown in
Fig. 2, the H 11 region is lacking in structure except for
the distinct compression of the contours to the east. In
Sec. V we attribute this to the stellar wind produced by
the OB association which has driven a shock front from
east to west across the map.

Thus, qualitatively, the present A 6-cm results, when
combined with the previous A 21-cm results (VHV),
show a simple H 11 region which has been identified with
aB0.5V star both by VHV, and by Thronson et al. (1979)
in the infrared. The H 11 region is situated near a weak
ridge of emission which runs approximately from north
to south, and which is attributed to ionized gas. The
A 4.6-cm map obtained at the Algonquin Radio Obser-
vatory (ARO) with a resolution of 4.6 (VHV), also shows
a ridge but somewhat to the east of the WSRT one. It
will be shown in Sec. IV b that both are produced by the
same ionized shell.

IV. ANALYSIS
a) The H 11 Region G 134.2+0.8

The total flux density of the H 11 region G 134.2+-0.8
at A 6 cm was determined by integrating over the sur-
rounding region of size 11X 1'1. The result was 173
mJy. However, there appears to be a low-level plateau at
0.5 mJy/beam area which could be associated with ei-
ther the H 11 region or, quite possibly, the ridge of emis-
sion. If we correct for the latter, the flux density is 154
mlJy, compared with the value of 146 + 10 mJy obtained
at A 21 cm. The results are consistent with the fact that
the H 11 region is thermal and optically thin, shows no
obvious complications, and is the result of the presence
of a single early-type star situated at its center. If we
adopt a distance to the H 11 region of 2.3 kpc (Georgelin
and Georgelin 1976), then its radius is approximately
0.15 pc, or 31 000 AU. A simple analysis can then be
carried out to determine the type of star responsible for
the ionization.

It can easily be shown that for an ideal spherical and
optically thin H 11 region, the flux density is given by

S =3.88X10°[17.7 + In(T>"%/%)]T ~'2U3D ~2, (1)

F1G. 2. Enlargement of the
central 25X 2'5 of the map in
Fig. 1. Contour values are as
- in Fig. 1. The size of the an-
tenna beam is shown by the
shaded area in the bottom
right-hand corner.
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where S is in mJy, T (K) is the temperature of the H 11
region, U (pc cm~?) is the excitation parameter, and D
(pc) is the distance. Then assuming 7 = 10* K,
D = 2300 pc, v = 4.995 X 10° Hz,

§=6.7X10"2U?, (2)
and for § = 140-157 mJy, U = 13. The value of U is
fitted to the stellar models by Panagia (1973) to deter-
mine the spectral type and total luminosity; the mass of
the star is determined from the commonly assumed rela-
tionship that log(L /Lg)~4 log(M /M). Given the
mass, the time taken to contract onto the main sequence
is obtained from the work by Iben (1965). Parameters
derived for the H 11 region and exciting star are shown in
Table II.

The small-scale fluctuations, chiefly to the north and
south of the H 11 region, show up at the 1-mJy level in
comparison with the estimated rms noise of 0.1 mJy.
However, such fluctuations could be produced by noise
peaks sitting on top of a ridge of emission. If they are
produced by weak H 11 regions, then 1 mJy corresponds
to U = 2.5 pccm ™2, which in turn corresponds to a B2V
star with mass of 8M,, luminosity 4.4 X 103L®, which
would take about 1.6 X 10° yr to contract onto the main
sequence. The presence of such a large number of stars
in the region seems unlikely.

b) The Ionized Shell

The ridge of emission running almost north-south
through the H 11 region, shown weakly in the A 6-cm and
more strongly in the A 21-cm results, is probably due to a
shell of ionization produced by the OB association at its
center, and an estimate can be made of the electron den-
sity. Since the width of the ridge is about 1'5, or 1 pc, and
the radius from the OB association is about 31', or 21 pc,
the maximum path length through the shell is 13 pc.
From the maximum contour levels of about 2 mJy and

TABLE II. Parameters of H 11 region and exciting star.

H 11 region G 134.2+0.8
Coordinates (1950.0)

(of radio peak)

R.A. = 02"24™35526 + 0515
Dec. = + 61°15'1471 + 03

Total flux density 173 mJy
Corrected for ridge 154 mJy
FWHM (R.A. X Dec.) 25" %29"
Linear size 0.28%0.32 pc
Excitation Parameter 13 pccm™2
Electron density 450 cm™?

Infrared luminosity * (A>30 m) 1.4 X 10°L,

Exciting star

Spectral type BO.5

Mass 13M,
Luminosity 3.0X10°Lg
Time to contract onto MS 5.5%10%yr

Ionized shell
Thickness of shell 1pc
Electron density 50cm—?

*Thronson et al. (1979).

the beamwidth of 779 X 9”0, the maximum brightness is
2.3X10° Jy st !. The corresponding emission measure
is E = 2.7X10* pc cm ™%, and for an electron tempera-
ture of 10 000 K, the rms electron density is n, = 46
cm ™3,

The ARO dataatA 4.6 cm, with an angular resolution
of 46 (VHYV), also shows a wide ridge running north-
south, but displaced to the east of the WSRT position by
about 6!5. However, though a thin shell will produce a
peak when its rim is observed with a narrow beam—as is
seen with the WSRT observations—if the beam is so
large that it cannot resolve the rim, the maximum flux
will be expected to occur when the antenna is pointing
inside the projection of the shell. To test this, a hypo-
thetical shell of radius 31'S and thickness 1!6 was con-
volved with an antenna beam of diameter 4'7. As expect-
ed, the maximum signal occurred with the antenna
pointing inside the tip of the shell and at a point where
the path length through the shell was about 40% of the
maximum. Thus, if we assume that the ridge at 4 4.6 cm
is due to the shell, the flux density of about 1.1 mJy per
beam corresponds to a brightness of 1.12 10°% Jy sr !,
or an emission measure of E = 1.3 X 10* pc cm~*. Since
the path length is only about 40% of 13 pc, the corre-
sponding electron density in the shell is 7, = 50 cm ™3,
assuming, as appears to be the case, that the electron
density behind the shell is very much smaller (VHV).
This is in remarkable agreement with the value deter-
mined from the WSRT data, and gives confidence that
the ridges of emission seen in the data are due to a shell
of ionization of thickness 1 pc with an electron density of
50 cm~?, based on an electron temperature of 10 000 K.

It can be shown that, assuming no absorption behind
the shell, the total La continuum flux, S, originating at
the OB association and required to produce the ioniza-
tion is given by

S, =47R*N’a (photonss™!), (3)

where R is the radius of the shell, ¢ is its thickness, NV the
electron density, and a~2.6XxX 107" cm™3s~! is the
recombination coefficient of hydrogen to all states but
the ground state. Inserting the values for the shell, we
obtain S, = 10°° photons s ~'. Since the OB association
contains about nine O stars, and the value of S, for, say,
an O6V star is S, = 1.7X10* s~ !, the ionization can
clearly be produced by the OB association. These results
lead to a somewhat more refined model than that postu-
lated by VHV.

V. DISCUSSION AND CONCLUSIONS

The above analysis, when combined with that by
VHYV, has shown in some detail the physical conditions
that exist near a newly formed star. The star is identified
from its excitation parameter, which in turn is deter-
mined by the radio emission from the H 11 region, and
confirmed from infrared observations. It is situated in or
close to a thin shell of ionization due to the La emission
from an OB association. This shell is not powering the
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expansion but is on the inside of a larger-diameter,
denser region, which is produced by a stellar wind from
the OB association. That the shell is powered by stellar
winds rather than by an old supernova explosion is evi-
denced by the compression of the H 11 region in the di-
rection of the OB association. According to VHYV, the
present expansion velocity of the stellar wind bubble
would be about 19 km/s.

In a previous analysis, Hughes and Vallée (1978)
showed that the luminosity of the star, as derived from
the parameters of the H 11 region, approximated the
A 100-um luminosity as derived by Fazio et al. (1975).
However, more recent observations by Thronson et al.
(1979) revised the value for luminosity to 1.4 X 10*L; at
A 100 pm, compared with the value of 3.0 10°L , from
the radio results. But they show also that the radio
source is biased toward the west of the infrared source,
toward denser regions of the expanding shock wave.
This immediately suggests that the difference in the two
luminosities could be due to leakage of the infrared radi-
ation to the east, where the density of absorbing dust will
be much smaller.

Thronson et al. point out that the electron density of
the H 11 region is remarkably small if it reflects the
atomic density of the region from which the supposedly
young star formed. However, since the excitation pa-
rameter is known, we can use the normal physical treat-
ment for the expansion of an H 11 region (e.g., Spitzer
1978) to estimate the original density if the age is known.
Thus, if NV is the present density, N, the original density,
U the excitation parameter, and ¢, is the age in 10* yr,

N2 9NYTUSI7t =67 e =3
~26N "t 7% cm™3,

assuming that U= 13 pc cm ™2 If N = 450 cm—?, and
t,=6,then N, =2.8X10*cm 3, orif £, = 10, then N,
= 7.7X 10* cm 3. However, subsequent to triggering
formation of the BO.5 star, the shock front would have
moved at least 1 pc to the west, leaving the newly formed
star in a lower-density region of about 50 cm™?, into
which it would have expanded more rapidly. Hence the
above equation is not applicable, and the “problem” of
the low density at the H 11 region has a natural explana-
tion. Some evidence for this expanding gas may be seen
around the H 11 region where the emission from the
ridge is somewhat reduced.

The scenario for star formation in this particular case
appears to be one where an expanding shock wave, pro-
duced by stellar winds from an OB association, moves
into the denser region of a molecular cloud, leading to
the collapse of a small region ahead of the front to form a
star. The shock wave continues to move ahead and

across the star, which is now situated close to the ionized
shell on the inside of the expanding gas produced by the
La radiation from the OB association. Thus it seems
likely that star formation occurred at the edge of the
molecular cloud where it is compressed to quite high
densities by the shock wave, as shown by the fact that
there is at least 12™ of extinction in the direction of the
H 11 region (Vallée and Hughes 1978). It was not in the
center of a molecular cloud, nor was it in an ionization
front as is suggested in the mechanism by Giuliano
(1980), or at a shock front with subsequent forward pro-
jection as suggested from the mechanism by Chevalier
and Theys (1975). It should be noticed that only one
B0.5V star appears to have formed, whereas a number of
earlier-type stars appear to form when shock fronts on a
larger scale occur, such as those associated with galactic .
spiral arms.

Two other observations of star formation in shock
fronts have been reported. Loren and Wootten (1978)
have observed a bright infrared source within a bright-
rimmed dust cloud at the edge of the IC 1848 H 11 re-
gion, which they attribute to a BO.5 or B1 star. The star
is associated with the position of the greatest CO excita-
tion in a dense molecular cloud. More recently Felli,
Johnston, and Churchwell (1980) have detected a radio
point source in M17 which they associate with a BO star

- that has been induced to form by a partially focused

shock front, preceding the ionization front, which is
propagating into a molecular cloud. The particular case
mentioned in the present paper gives more detail of the
region of star formation. Of additional interest is the fact
that all three observed cases of star formation are in
small-scale shock fronts, and it is stars of spectral type
BO-BI1 that are formed. Some stars of later type may be
forming, but if so they do not have sufficient La output
to produce a detectable H 11 region, and in any case they
would not yet be expected to have come onto the main
sequence. It would appear that stars of earlier spectral
type form elsewhere, probably at larger-scale shock
fronts at the leading edges of spiral arms, as has been
seen in a number of cases.
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lands Organization for the Advancement of Pure
Research (ZWO). Most of this work was carried out
when on sabbatical leave at Leiden Observatory; some
was under an Operating Grant from the Natural Sci-
ences and Engineering Research Council of Canada.
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