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ABSTRACT

We have carried out radio, near-infrared, and optical observations of the IRAS point source IRAS
19550+ 3248. '2CO J = 1-0 line observations revealed a high-velocity (HV) molecular outflow centered on
IRAS 19550+ 3248. The HV gas has a bipolar pattern with the blue and red peaks separated by 1’ along the
north-south direction. The mechanical luminosity of the HV molecular outflow is ~9 x 103'd, ergs s !, and
its dynamical age is ~5 x 10*d, yr, where d, is the distance to the source normalized to 2 kpc. Inside the
95% confidence ellipse of IRAS position, we have detected a nebulous K band source. The nebulosity extends
to 0.1d, pc in the east-west direction. In R and I bands, the source appears to be composed of two extended
weak peaks shifted toward the blueshifted CO lobe from the peak position in K band. These near-infrared
emission features are likely scattered stellar light. The infrared source has a steep spectral index between 2 and
25 pym (d log [vF ]/d log v = —0.93), which indicates that it is a protostar deeply embedded in a dense molec-
ular cloud core. The bolometric luminosity based on R, I, H, and K band photometry together with the IRAS
data is 150d2 L.

IRAS 19550+ 3248 is located at the center of a small (4 x 7) dense molecular clump. The clump is at the
tip of a long (~1°) filamentary molecular cloud. The molecular cloud is composed of clumps which are not
confined by gravity and nor, probably, by external pressure. The characteristic timescale for dispersal is
~6 x 10° yr. We suggest cloud-cloud collision as a possible mechanism for the disruption of the cloud and

for the formation of IRAS 19550 + 3248.

Subject headings: infrared: ISM: continuum — ISM: clouds — ISM: individual (IRAS 195504 3248) —
ISM: molecules — radio lines: ISM — stars: formation

1. INTRODUCTION

Star formation appears either to proceed spontaneously or
to be induced by some external perturbations. In a scenario of
“spontaneous” star formation, self-gravitating, magnetically
supported molecular clouds develop dense cores of sizes less
than 0.1 pc, a characteristic size below which ambipolar diffu-
sion is so effective that neutral particles do not experience
restoring magnetic forces (Mouschovias 1987). These cores,
either quasi-statically or dynamically, contract to reach the
supercritical mass-to-flux ratio and undergo inside-out col-
lapse to form low-mass stars (Shu, Adams, & Lizano 1987;
Mouschovias & Morton 1992a,b, and references therein). The
above scenario may be applicable to the formation of low-mass
stellar associations in dark cloud complexes such as the Taurus
complex (cf. Gomez de Castro & Pudritz 1992), or to the for-
mation of a single (or multiple) low-mass star(s) in an isolated
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small globule such as B335 (Zhou et al. 1990). Formation of
high-mass stars, on the other hand, has been speculated to be
induced by external shocks. The spatially and temporally
ordered subgroups in nearby stellar associations suggest that
the star formation has been induced by the ionization-driven
shocks, supernovae shocks, and stellar winds from a previous
generation of OB stars (Lada, Blitz, & Elmegreen 1978;
Blaauw 1991, and references therein). Star formation induced
by a cloud-cloud collision has also been proposed (Loren
1976). Analytical and numerical studies have shown that,
depending on various physical parameters of the colliding
clouds, star formation can be triggered by a cloud-cloud colli-
sion (e.g., Hausman 1981; Gilden 1984; Lattanzio et al. 1985;
Habe & Ohtka 1992).

In this paper, we report the discovery of a protostellar object
formed at the tip of a long (~ 1°) filamentary molecular cloud.
The distance to the object is uncertain. If we use the kinematic
distance 2 kpc to the cloud, the luminosity of the protostellar
object is ~150 Lg. The mass of the filamentary cloud is
~2100 M (Koo et al. 1993, hereafter KYHL). There is no
evidence for other luminous protostellar objects in the cloud.
Formation of a single (or multiple) star(s) at the tip of a large
filamentary cloud does not seem to be consistent with the sce-
nario of spontaneous star formation. We suggest that the for-
mation of the protostellar object was possibly triggered by a
cloud-cloud collision. The discovery of the protostellar object
was made by its CO bipolar outflow. We carried out molecular
line observations toward the bipolar outflow source, and the
results are summarized in § 3. Located at the center of the
bipolar outflow is the IRAS point source IRAS 19550+ 3248.
We carried out near-infrared and optical imaging of IRAS

© American Astronomical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1994ApJ...429..233K

234 KOO ET AL.

19550+ 3248, and the results are summarized in § 4. In § 5, we
discuss some dynamical properties of the filamentary molecu-
lar cloud and suggest a possible scenario for the formation of
IRAS 19550+ 3248. In § 6, we summarize our main results.

2. OBSERVATIONS

Molecular line observations were made using the 14 m tele-
scope (FWHM = 45" at 115 GHz) at the Five College Radio
Astronomy Observatory (FCRAO)® in 1991 October and
November. The 15 beam receiver QUARRY was used with
two 32 channel filterbanks, one with 250 kHz and the other
with 1 MHz frequency resolution and spacing. The 83 x 5’
area centered at (950, 01950) = (19"54™59%4, +32°48'21") was
mapped at 50” spacing in '2CO J = 1-0 (115.2712 GHz). The
central position was also observed in 13CO J = 1-0(110.20137
GHz), HCO* J =1-0 (89.18852 GHz), and CS J =2-1
(97.98101 GHz) lines. Additional 13CO J = 1-0 line observa-
tions with high-frequency resolution were made using the 14 m
telescope at Daeduk Radio Astronomy Observatory in 1993
Feburary. Typical system temperature was 700 K. The Daeduk
telescope is located at 110 m above sea level in Daeduk, Korea
(12724E, 36°4N). The telescope is inside a radome and has a
beam efficiency of 0.45 at 110 GHz. A 1024 channel autocorrel-
ator was used with a bandwidth of 20.48 MHz. Three positions
centered at IRAS 19550+ 3248, (2,950, 1950) = (19755™00%0,
+32°48'28"), were observed.

The near-infrared observations of IRAS 19550 + 3248 were
made on 1992 June 17 and 22 using the IR Imager (IRIM),
which contains a 58 x 62 (45" x 48”) InSb array on the 2.1 m
telescope of the National Optical Astronomy Observatories
(NOAO)'? at Kitt Peak. On both nights, a 3 x 3 mosaic was
made around the IRAS position of IRAS 19550+ 3248. On
June 17, the center-to-center distance for the mosaic was 10",
while on June 22, a 30” spacing was used in order to cover a
larger region. On each night, both H (1.65 um) and K (2.16 um)
bands were observed, and each position in the mosaic was
observed for 30 s in each filter. The seeing was about 18. The
observations were calibrated against standard stars observed
before and after observing the source each night. We estimate
that the uncertainty in both H and K magnitudes is about
+0.1 mag.

The optical (V, R, and I) observations of IRAS 19550+ 3248
were made on 1992 June 27 and 28 using a thinned Tektronix
1024 x 1024 (63 x 6!3) CCD camera on the Palomar 1.5 m
telescope. The exposure times were 180, 120, and 80 s for V, R,
and I, respectively. Seeing ranged from 1”3 to 177. The instru-
mental magnitudes of stars, obtained using the digital software
DoPHOT (Schechtor, Mateo, & Saha 1993), were then cali-
brated onto the VRI standard system using the standard stars
(Landolt 1992) observed on the same night.

3. RESULTS OF MOLECULAR LINE OBSERVATIONS

3.1. Bipolar Molecular Outflow

Figure 1 shows three 2CO spectra (solid lines) along the
north-south direction across IRAS 19550+ 3248. The spec-
trum at the central position clearly has a symmetric broad
wing extending from +8 to +18 km s~! in addition to a

9 FCRAO is operated with support from the National Science Foundation
and with the permission of the Metropolitan District Commission of the Com-
monwealth of Massachusetts.

10 The NOAO is operated by Associated Universities, Inc., under contract
with the National Science Foundation.
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FI1G. 1.—Three '2CO (solid lines) and *3CO (dotted lines) spectra along the
north-south direction across IRAS 19550 + 3248.

narrow (Avewpm = 2.7 km s™1) peak centered at +12.3 km
s~ 1. The northern and the southern CO spectra, on the other
hand, have mainly a blueshifted wing and a redshifted wing,
respectively. The high-velocity (HV) wing is not seen in the
corresponding '3CO spectra (dotted lines). If we take a flat
rotation curve with Ry = 8.5 kpc and vg = 220 km s™*, the
central velocity of the CO line, +12.3 km s~ !, implies a kine-
matic distance of 2.0 kpc (at I = 69?3). We adopt d = 2d, kpc
as the distance to the source.

The distribution of the HV gas is shown in Figure 2, together
with the distribution of the low velocity gas. Figure 2 shows
that the HV gas is centered on IRAS 19550 + 3248, which is
located in the core of a small (4’ x 7’) dense clump. The HV gas
has a bipolar pattern with the blue and red peaks separated by
1" along the north-south direction. The structure of the HV
molecular outflow is not resolved in our observation.

The mass of the HV gas is estimated by assuming that the
12CO line is optically thin and is in local thermodynamic equi-
librium (LTE) at T, = 8 K, which is the excitation temperature
of the low-velocity gas (see § 3.2). The comparison of the 12CO
and *3CO spectra at the central position, obtained by the same
FCRAO telescope, shows that T*%('2CO)/T*%(*3CO) ~ 40 at
vsr = +14.9 km s, which suggests that the 12CO emission
is optically thin in the HV wings. If we assume the abundance
ratio [H,]/[CO] = 1 x 10%, the masses of the blueshifted and
the redshifted HV molecular gas (including helium with [He]/
[H] =0.1) are 0.14 +0.04d? M, and 021 + 0.03d3 M,
respectively. If we further assume that the HV gas is moving at
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FI1G. 2—Top: Distribution of the HV gas (solid lines) together with the low-velocity gas (dotted lines). The coordinates are relative to IRAS 19550 + 3248. The blue
wing is integrated between + 5.5 and +10.0km s, and the red wing between + 14.6 and +204km s~ 1 The contour intervals (in K km s ™) arej' T,dv=104,038,
12,2, 3, 5, and 7. Bottom: A large-scale map showing the distribution of the total integrated CO J = 1-0 intensity in this region (see KYHL). In KYHL, the cloud
with a complicated structure near the central field of the map is called “ cloud A” and the cloud located at the southwest is called “cloud B.”

v, = 6 km s~ !, the momentum and the kinetic energy of the
HV gas are 2.2 + 0.4d2 Mg km s~ ! and 1.3 + 0.3 x 10*4d}
ergs, respectively. If we take 1’ (=0.58d, pc) as the character-
istic radius R, of the flow, then the dynamical age of the flow is
R,/2v, ~ 4.7 x 10%d, yr. The derived physical parameters of
the HV flow are summarized in Table 1.

3.2. Molecular Clump and Virial Equilibrium

The mass of the molecular clump, within which the bipolar
outflow source is located, is estimated in two ways. First, since
the 2CO line at the central position is optically thick, the
excitation temperature is T,, = 8 K (using the main-beam effi-
ciency of 0.7). By assuming LTE, the comparison of the '2CO
and the 13CO spectra at the central position yields the optical

depth of the 13CO line at each velocity interval, which ranges
from 0.2 to 0.9. If we use the abundance ratios [!2COJ/
['3CO] = 50 and [H,]/[CO] = 1 x 10%, the molecular hydro-
gen column density becomes 2.8 x 10*! cm™2. If we assume
that the clump is roughly spherical with a diameter of 5
(=2.9d, pc), then the mean density of the molecular hydrogen
is 310d;* cm ™3 and the total hydrogen mass of the clump is
190d%2 M. Second, the total CO flux in the rectangular area
bounded by (4950, 91950) = (197551533, +32°45'50") and
(19854™4335, +32°52'32") is [ T,dvdQ =64 x 10"° K km
s~ L. If we use the ratio of H, column density to integrated CO
J = 1-0 line intensity of Ny,/Ico = 2.3 x 10?° molecules cm ™2
(K km s~ 1)~ ! (Strong et al. 1988), then the hydrogen mass of
the clump is 130d2 M, which agrees reasonably well with the
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TABLE 1
PARAMETERS OF THE HV MOLECULAR OUTFLOW

Parameter Estimated Value Unit
Maximum velocity ~6 kms™!
Size ..ooviiiiiiiiint ~1(0.584d,) arcmin (pc)

ABE oot ~4.7 x 10*d, yr
MaSS ...t ~0.35d% Mg
Mass-10SSTate .......c.vvuernernennann. ~74 x 107%d, Mg yr!
Mechanical luminosity ............... ~9 x 1034, ergss™!

previous estimate. We take 220d3 M, as the mass of the molec-
ular clump.

In order to investigate the radial distribution of density in
the clump, we compared the observed distribution of H,
column density, which is assumed to be proportional to Io,
with that predicted from a spherically symmetric cloud with a
power-law radial distribution of density, i.e., ny,(r) oc r ~*. The
observed distribution is obtained by dividing the clump into
concentric rings with a thickness of 25” and by averaging the
column density inside each ring. The predicted column density
distributions are computed by integrating the density distribu-
tion along the line of sight and by convolving the result with a
Gaussian beam of FWHM = 50”. Figure 3 compares the two
for k =0, 1, and 2. The column density distributions are nor-
malized to have the same total mass. In Figure 3, the abscissa is
the distance from the clump center normalized by 2!5. The
density distribution with k = 1 seems to be consistent with the
observed column density distribution. This power-law index,
although uncertain because of our large beam width, is similar
to k = 1-1.3 in other molecular clouds (Cernicharo, Bachiller,
& Duvert 1985; Stiiwe 1990) but smaller than k = 1.6 in dense
cloud cores (Fuller & Myers 1992).

Toward the core of the molecular clump, we observed
HCO™ J = 1-0 line with negative results (AT, = 0.03 K), but
we detected the CS J =2-1 line. The peak antenna tem-
perature of the detected CS line is 0.24 + 0.02 K, and the inte-
grated antenna temperature is 0.63 + 0.05 K km s~ *. The CS
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FiG. 3—Observed H, column density distribution as a function of normal-
ized distance from the clump center. The lines represent the expected column
density distributions from a spherically symmetric cloud with k =0, 1, and 2,
where k is the power-law index of density distribution, i.., ny, o r~% The
column density distributions are normalized to have the same total mass.
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J = 2-1 line originates from the densest part of the cloud core,
where the molecular hydrogen density is typically between a
few times 10* and 10° cm™3 and the kinetic temperature is
typically between 10 and 20 K (Olano, Walmsley, & Wilson
1988; Blake, van Dishoeck, & Sargent 1992). A lower limit to
the mass of the dense core may be estimated by assuming that
the CS line is optically thin. If we assume that T, = 15 K,
[CS]/[H,]=1x 10"% and that the dense core is much
smaller than the main beam, then the mass of the dense core is
greater than 1d2 M. It should be noted that this is a lower
limit and that the mass of the dense core is probably much
greater than 1d3 M.

We now consider the dynamical equilibrium of the molecu-
lar clump. For an isothermal spherical cloud with a density
profile of p(r) oc r ¥, the virial equilibrium requires (e.g., Spitzer
1978)

4nR°P, = (B —KGM "
3Mc2,  3(5—-2kRck,

where R and M are, respectively, the radius and mass of the
cloud, G is the gravitational constant, P,,, is the external pres-
sure, and ¢, is the “effective sound speed ” including the non-
thermal contribution. In equation (1), the first and the second
terms on the left-hand side are due to external pressure and
self-gravity, respectively, whereas the term on the right-hand
side is from internal pressure. The c,,, is related to the observed
FWHM velocity Avgwpm by

Avg 1 1
c&.=w+kﬂ(———), @

8In2 m, Mg

where kg is the Boltzmann constant, T is the kinetic tem-
perature, m, (=2.33 amu for molecular gas with [He]/
[H] = 0.1) is the mean mass per particle, and m,, is the mass
of the observed molecule (Myers 1983). If we use, in equation
(2), the FWHM velocity Avpwyy = 1.2 km s ™! of the 13CO line
at the central position of the clump, we obtain ¢, = 0.53 km
s~ !, with the contribution from thermal motion being negligi-
ble. (The optically thick '2CO line is not adequate for estimat-
ing ¢, because it is saturated; neither is the CS line, for which
we could not obtain a spectrum sensitive enough to derive the
velocity width anyway, because it samples only the dense core.)

Using the power-law index k = 1, M = 220d% M, and R =
1.5d, pc, equation (1) becomes

Pexl/kB
4000 cm 3 K

where we normalized P, by a typical interstellar pressure (e.g.,
Kulkarni & Heiles 1987). The near equality between the inter-
nal pressure term and the sum of the self-gravity and external
pressure terms in equation (3) implies that the clump is close to
virial equilibrium.

0.31d2< ) +0.50d, =1, 3)

4. THE CENTRAL SOURCE IRAS 19550+ 3248

4.1. Morphology

Located at the center of the bipolar outflow is the IRAS
point source IRAS 19550+ 3248, which is almost certainly the
young stellar object driving the molecular outflow. We
obtained optical and near-infrared images of this region and
detected an infrared source with nebulosity inside the 95%
confidence ellipse of IRAS position. Figure 4 shows the I and
K images of the source. In K band, the peak occurs at
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(19"54™59370, +32°48'26"3). The coordinates were determined
using the Hubble Space Telescope Guiding Star Catalog
(GSC), and the positional error relative to the GSC position is
0?2 (1 ¢). Although the GSC has an estimated positional error
of 0”5, we found in this region a systematic difference of ~ 270
between the right ascensions of field stars given in the GSC and
those given in the SAO catalog. We have not incorporated this
systematic difference, and we quote 0”5 as the positional uncer-
tainty. In K band, the source extends ~10” (=0.1d, pc) along
the east-west direction, roughly perpendicular to the bipolar
axis. The weak extended emission toward the northwest,
however, is likely to be contaminated by another star (see next
paragraph).

In I band, we see three aligned peaks, A, B, and C (from east
to west). The brightest (I magnitude of 16.67 + 0.02), peak C,
lying outside the 95% confidence ellipse of IRAS position, is
located 45 off the peak position in K band. The large posi-
tional shift suggests that peak C is not directly associated with
IRAS 19550+ 3248. On the other hand, the a priori probability
for a field star to be aligned with the other two peaks A and B
might be very small. Furthermore, peak C has a color index of
V—I =258 + 0.04, which is considerably redder than the
typical ~ 1.5 value for other stars of similar magnitude in this
field. We are not certain whether peak C bears any relation to
IRAS 19550 + 3248. (Detailed photometric study of the stars in
this field will be presented elsewhere; Koo & Lee 1993.) The
other two peaks, A and B, are much fainter, with I magnitudes
of 18.16 + 0.05 and 17.48 + 0.03, respectively. (They are not
seen in V band, ie., ¥V > 21.5)) But they show profiles much
more extended than that of peak C or of other stars of similar
magnitude. Therefore, peaks A and B may be not stars but
extended objects. Both peak A and peak B are shifted from the
K band peak by 1”5 (0.015d, pc), which is significantly greater
than the relative positional uncertainty of 074 between I and K
images.

The two peaks A and B, separated by ~0.024d, pc, are
located to the north of the K band peak, i.e., toward the blue-
shifted CO lobe. In nearby protostellar objects, a similar geo-
metrical relationship has been found between the near-infrared
emission and the bipolar molecular outflow. For example, in

L1551 IRS 5, high-resolution imaging by Strom et al. (1985)
and Hodapp et al. (1988) revealed an extended conical H and
K emission opened toward the blueshifted lobe of the bipolar
outflow. A detailed astrometric study has shown that the near-
infrared and optical peaks are shifted systematically (with a
shorter wavelength peak further apart) from the radio contin-
uum peak, which is believed to be the true position of the
young stellar object (Campbell et al. 1988). The near-infrared
and optical emissions have been interpreted as the scattered
stellar light from the inner surface of a thick disk surrounding
the protostellar object. Hence, the near-infrared emission in
Figure 4 is likely the scattered stellar light, and the protostar
may be located slightly to the south of the K band peak.

4.2. Spectral Flux Density Distribution

The photometry has been done in R, I, H, and K bands, and
the results are given in Table 2, together with the IRAS fluxes.
In Table 2, the R and I fluxes are obtained excluding peak C.
Figure 5 shows the spectral flux density distribution. The lumi-
nosity integrated over the observed wavelength range (0.64—
100 um) with a linear interpolation is 100d3 L. The
long-wavelength bolometric correction is made by assuming a
blackbody curve with its peak at 100 um (see Myers et al. 1987,
hereafter MET87) and is equal to 47 L. Hence, the bolometric
luminosity of IRAS 19550+ 3248 is 150d3 L. Similar to other
HV molecular outflow sources, the radiation force of IRAS
19550+ 3248 is not sufficient (by a factor of 10d; !) to drive the

TABLE 2
PHOTOMETRY OF IRAS 19550+ 3248

Band Flux Density (Jy)

R (064 um) ............ 8.3(0.5) x 10~%
I 0.79pm) ............ 4.0 (0.14) x 10™#
H(1.65 um) ... .. 9.3(09) x 1073
K((2.16 um) ... 1.47 (0.15) x 1072

R2um ........ <0.29

25um .o 1.76 (0.11)

60pm ................. 10.2 (1.0)
100pum ...oovvnnnnn.. 22.1(2.2)
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2T LI I Y N TABLE 3
® this paper 7 PARAMETERS OF IRAS 19550+ 3248
4 IRAS Parameter Estimated Value
— (210505 B1050) «rveerveremeseserinsainnennes (19854m59570, + 32°4826"3)
= B Size oo <10” (0.1d, pc)
> i Bolometric luminosity ..................... ~150d% L,
Spectral index between 2 and 25 ym ...... —0.93
A . A L
[ Visual extinction® ..............cooeiueennen. 14 mag
o — Stellar temperature® ........................ 8300 K
o -
B ] * See text §4.2.
4 _ curve in Figure 5isfor p = 1.5(r; = 2.0 x 10'® cm) and T, =
N \ i 60 K, and it fits 25, 60, and 100 um flux densities reasonably
RTINS N A ENY) VORI B RN A well. The derived parameters of IRAS 19550+ 3248 are sum-
11 12 13 14 15 marized in Table 3.

log v (Hz)

F1G. 5—Spectral flux density distribution of IRAS 19550+ 3248. The line
at near-infrared represents the attenuated blackbody radiation, while the line
at far-infrared represents the reprocessed emission from the dust envelope (see
§ 4.2).

molecular outflow. It is unknown whether IRAS 19550 + 3248
has a neutral stellar wind, as do some other protostellar objects
(see references in Koo 1993).

The spectral index n between the near-infrared and mid-
infrared, defined by

n= d log (VF,) , @
dlogv
may be used to classify the nature of an infrared source
(Adams, Lada, & Shu 1987; Lada 1991). For IRAS
19550+ 3248, the spectral index between 2 and 25 um is
n = —0.93. This steep spectral index is typical for a protostar
deeply embedded in a molecular cloud core (MET87).

The spectral flux density distribution in Figure 5 is fitted
with a simple model where a point source is surrounded by a
dust envelope. The central point source is assumed to emit a
blackbody radiation corresponding to temperature T,. Most
of this radiation is absorbed by the dust envelope and reemit-
ted in the far-infrared. The escaping stellar emission appears in
the near-infrared and optical wavelength. A detailed explana-
tion of this model is given in MET87, and here we give only a
brief summary. By comparing the observed H and K flux den-
sities with the attenuated blackbody emission, we obtain the
temperature of the central protostar T, = 8300 K and the
visual extinction of the dust envelope A, = 14 mag. This visual
extinction is considerably smaller than the ~24 mag expected
from the correlation between the spectral index n and A, found
in MET87. As shown in Figure 5, the attenuated blackbody
emission fits the observed K, H, I, and R flux densities very
well.

The far-infrared portion of the spectrum of IRAS
19550+ 3248 has been fitted by the emission from a dust
envelope with inner radius r; and outer radius r, = 2 x 10!7
cm. The temperature distribution inside the dust shell is given
by T(r) = T,(r/r;)~%* The density distribution is given by
ny, = ny(r/ry) 7 with a mean density of {ny,> = 3 x 10*cm™>.
Once the power-law index p is given, the inner radius r, and
the density n, are determined by Ay, r,, and {ny,». As can be
seen from the results of MET87, the flux density distribution is
rather insensitive to p as it varies from 1.25 and 2.0. The solid

5. DISCUSSION

5.1. Filamentary Molecular Cloud

The molecular clump where IRAS 19550 + 3248 has formed
is connected to a long filamentary molecular cloud, called
“cloud A” by KYHL (see Fig. 2). Detailed study of this molec-
ular cloud might be essential to understanding the formation
of IRAS 19550+ 3248. Here we consider some of the cloud’s
overall properties. Cloud A extends ¢ ~ 40d, pc and has a
mass of M, ~ 2100d2 M, (KYHL). Figure 2 shows that the
structure of cloud A is complex: there are dense clumps, thin
filaments, and holes. The morphology of the cloud suggests
that it is not strongly self-gravitating. The relative significance
of self-gravity may be appraised by the dimensionless param-
eter P/Go2, where g, is the cloud surface mass density and P is
either external or internal pressure (e.g., Elmegreen 1991). The
mean surface density of cloud A is g, ~ 13 My pc™2. The
corresponding gravity “pressure” is Go2 ~ 5 x 107 '3 dyn
cm ™2, For a typical interstellar pressure (e.g., P, /k ~ 4000
cm 3 K) therefore, P,,/Go? ~ 1. For comparison, the ratio is
~0.006 for a typical giant molecular cloud in our Galaxy
(Solomon et al. 1987). In order to compare with the internal
pressure, we use a mean density of p = a,/D ~ 2.2 x 107224;?
g cm 3, where D =4d, pc is a characteristic thickness
obtained from the geometrical area A, = 160d} pc? divided by
the length /. If we use the effective sound speed c,,, = 0.53 km
s™1in § 3.2, the ratio is pc2/Go? ~ 1d; . Hence, the self-
gravity is not particularly dominant compared to either exter-
nal or internal pressure, for cloud A.

It is the supersonic motion of clumps that dominates the
dynamics of the cloud. The velocity structure of the cloud
along the right ascension is shown in Figure 6, which is
obtained by squeezing all the CO emission between
0 = +32°38" and 33°04'. Several points are to be made from
Figure 6. First, most molecular gas moves at ;g = +11.3 km
s 1. (The average velocity by is a mean, weighted by peak
antenna temperatures, i.e., Jisr = (Z Tpeak Vpear)/(Z Tear), Where
Tpeax and v, are the antenna temperature and the LSR veloc-
ity of the peak CO emission for a given pixel, respectively, and
the summation is over all pixels with T, > 0.5 K in cloud A.)
Second, the velocity dispersion among clumps is large. The
observed velocity dispersion of cloud A—defined by ¢2 =
[ET,cax(Vpeax — PLsr)*J(ZE Teai), Where, again, the summation is
over all pixels with T,,, > 0.5 in cloud A—is 6, = 2.2 kms ™'
The ratio of the ram pressure to the gravity pressure is
po2/Go? ~ 20d; '. In particular, note that there are clumps
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FiG. 6.—Right ascension vs. velocity diagram of cloud A, in Fig. 2. The
12CO emission has been squeezed in declination (§ = +32°38' to +33°04') to
show the variation of an average antenna temperature T, along right ascen-
sion. The contour intervals (in K) and 7, = —0.06, 0.06, 0.12, 0.2, 0.3, 0.5, 0.7,
and 0.9. Dotted lines represent negative antenna temperatures. (See also Figs. 5
and 6 of KYHL.)

moving at either v g = +7 or +16 km s~ ! (see also Figs. 5
and 6 of KYHL). For these clumps, the ratio is ~100d; 1.
Hence, the clumps in cloud A are not gravitationally bound to
form a large filamentary cloud. Also, the large ram pressure
(po/ky = 1-4 x 10° K cm™3) and the complex morphology
suggest that cloud A is probably not confined by an external
pressure.

A possible explanation for the physically associated, but not
confined either by gravity or by an external pressure, clumps in
cloud A is that they are products of a collision between two
clouds. Collision between two clouds has been studied by
several authors (e.g., Hausman 1981; Gilden 1984 ; Lattanzio et
al. 1985; Habe & Ohta 1992). The final outcome of a cloud-
cloud collision depends on the cloud densities, the cloud sizes,
the relative velocity of collision, and the impact parameter. It
also depends on the initial shapes of the colliding clouds. For
spherically symmetric clouds, it has been shown that non—
head-on collisions and large relative velocities tend to disrupt
clouds (Hausman 1981; Lattanzio et al. 1985). Although
detailed modeling is required, it seems to be quite possible that
highly irregular clouds such as cloud A can be produced from
disruptive collisions. The characteristic dispersal timescale for
cloud A is t, = (4,)"*/o, ~ 6 x 10° yr. It is worth mentioning
that the western portion of cloud A and cloud B form an
almost closed loop (see Fig. 2) and have a systematic velocity
gradient of ~0.2d; ' kms ™! pc™! (see KYHL). The loop struc-
ture and the systematic velocity gradient may be interpreted as
an expanding ring, with its line of nodes crossing from north-
east to southwest. The characteristic timescale for the expand-
ing motion is almost identical to t.. If we consider this
expanding loop to be produced by a collision, then a picture
emerges in which a small dense cloud penetrates into a rela-
tively large diffuse cloud (e.g., see Habe & Ohta 1992). Under
this picture, the cometary morphology of the eastern portion of
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cloud A suggests that the molecular clump where IRAS
19550 + 3248 has formed is the small cloud that has penetrated
the large cloud.

5.2. Formation of IRAS 19550+ 3248

We checked the positions of IRAS point sources in this
region (IRAS Point Source Catalog, Version 2 1988). There are
eight sources seen against cloud A. None of them has a spectral
energy distribution corresponding to “infrared protostars”
(class I sources; Lada 1991), except IRAS 19550+ 3248. The
clump where IRAS 19550 + 3248 has formed (hereafter “clump
IRS ”) seems to be the only region in cloud A where a luminous
protostar is deeply embedded. (The minimum luminosity
detectable by IRAS is 23d% Ly for n = —0.5; see MET87.)
What made clump IRS, located at the tip of a large filamentary
molecular cloud, separate to form a star? Based on our dis-
cussion at the end of § 5.1, we speculate that clump IRS is a
small compressed cloud that has penetrated a large diffuse
cloud. For such collisions, Habe & Ohta (1992) have shown
that the small cloud, initially at stable hydrostatic equilibrium,
develops a dense clump which may become gravitationally
unstable. If our speculative picture is correct, then we have a
remarkable example of star formation due to a cloud-cloud
collision.

There has been a claim that the ratio of the luminosity of a
young stellar object to the mass of the core of the parental
isolated globule may be used to characterize the different star
formation mechanism in globules (Sugitani et al. 1989). The
ratios in a sample of bright-rimmed globules, 3-13 Lo/Mg,
turned out to be higher than those of isolated dark globules
with similar masses, 0.03-0.3 L,/M , which led Sugitani et al.
to suggest that the young stellar objects in bright-rimmed
globules, presumably formed by ionization-shock implosion,
are more luminous and perhaps more massive than those
formed in isolated quiescent globules. For IRAS 19550+ 3248,
the ratio lies between 1 and 200, depending on how we define
the core. (For comparison with the result of Sugitani et al., we
used the mass of the molecular hydrogen.) The ratio is most
likely 5-10, if we define the core as the area to be seen in 13*CO
J = 1-0 line. The large ratio may be more evidence for the
shock-induced formation of IRAS 19550+ 3248.

6. SUMMARY

We have performed radio, near-infrared, and optical obser-
vations of IRAS 19550+ 3248, a protostellar object deeply
embedded in a dense molecular core. The distance to the
source is uncertain, and we used the normalized distance d, =
d/(2 kpc) in this paper. The molecular clump where IRAS
19550 + 3248 has formed is located at the tip of a long filamen-
tary molecular cloud. There is no evidence of other luminous
protostars in the cloud. The molecular cloud has a complex
structure composed of clumps, filaments, and holes. The
clumps are not confined by gravity and nor probably by an
external pressure. We suggest that the complex structure is
possibly the result of a collision between a small dense cloud
and a large diffuse cloud. An expanding looplike structure may
have been produced by the collision. The characteristic time-
scale for the collision event is t, ~ 6 x 105 yr. We further spe-
culate that IRAS 19550+ 3248 has formed within the small
shock-compressed cloud, which has penetrated the large cloud.
We summarize our main results below:

1. We have detected a bipolar CO outflow around IRAS
19550 + 3248. The mechanical luminosity of the HV molecular
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outflow is ~9 x 103'd, ergs s~ !, and its dynamical age is
2 g

~5 x 10*d, yr. Other physical parameters of the molecular
outflow are given in Table 1.

2. We have detected CS J = 2—1 emission toward the molec-
ular clump where IRAS 19550+ 3248 is embedded. A lower
limit on the mass of the dense core is 1d2 M . By analyzing the
physical properties of the clump, we found that the clump is
close to virial equilibrium.

3. In K band, IRAS 19550+ 3248 shows an extended emis-
sion along the east-west direction. Images in I and R bands
show the source is composed of two extended weak peaks
shifted symmetrically from the peak position in K band. The
two peaks, separated by ~0.024d, pc, are located at the north
of the K band peak, i.e., toward the blueshifted CO lobe. This
geometrical relationship between the bipolar flow and the
near-infrared nebulosity is similar to that other nearby proto-
stellar objects and suggests that the near-infrared emission is
likely the scattered stellar light.

4. TRAS 19550+ 3248 has a steep spectral index between 2
and 25 um, n = —0.93, which is typical for a protostar deeply

embedded in a molecular cloud core. The bolometric lumi-
nosity is 150d3 L, and is not sufficient to drive the molecular
outflow. The observed spectral flux density distribution is
explained by a simple model where a point source emitting
blackbody radiation is surrounded by a dust envelope. The
physical parameters of IRAS 19550+ 3248 are given in
Table 3.

5. The ratio of the luminosity of IRAS 19550+ 3248 to the
mass of the parental molecular clump is comparable to such
ratios found in bright-rimmed globules. The large ratio may be
more evidence for the shock-induced formation of IRAS
19550 + 3248.
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