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Tin; liigli-vclucily CîL 490 ouitlow has been observed at high spatial resolution with 

the .ICMT in three rotational transitions (J = 2-^1 ot’ MBBW = 21", J = 3-»2 of HPBW = 

15" and J = of '"CO and ‘\ ’0. A number o f moving clumps can be detected in the 

channel maps, which indicates that the ouitlow is bipolarity but complex in structure. The 

main red wing emission fiom GL 490 consists of two spatially separate clutnps of similar 

mass, I'he estimated masses of the clumps are found to be higher (from 0.01 to 0.5 solar 

mass) than those of previously .studied clumps from other outflows.

The moving clumps velocities exceed the estitnated escape velocity of the parent 

molecular cloud. ’I'otal clump mass is 0.3% of the cloud mass confined within a radius of 

0.4 pc and 15% of the total outflow mass. Therefore, the clumps represent a kinematically 

insignil leant component of the molecular cloud.

The detection of CO J = ft-^5 emission shows that warm rest velocity gas exists 

near Gl. 490. This warm region is estimated to be about 6000 AU in radius, assuming 

spherical geometry. Combined with infrared absorption spectroscopy data, the average 

density of this region is estimated to be ~ 1 0 ’̂  cnrA

I'he '-CO .1 = 6  -> 5 spectral line tiiap shows that line profiles changes markedly 

within 20" of GL 490. A strong blue wing emission is seen at the position of the main blue 

lobe. The line pi ofile displays no emission from the rest velocity gas at this location. This 

fact, coupled with the derived high temperature and density, is consistent with shocked CO 

in the blue lobe.



1. Introduction

(A ) CURRENT THEORY OF STAR FORMATION

Stars are bom out o f molecular gas. Giant Molecular Clouds (.GMC.'s) are some of 

the largest single complexes observed in the Galaxy, having dimensions up to - l ')0  pc. 

masses lO'̂  to 10® and average densities of about 50 cm (lilil/. and Tiiaddeus, IdSO). 

These interstellar nurseries contain, as the name implies, mostly molecular materials with 

molecular hydrogen as their major constituent. Observations of carbon monoxide (CO) 

emission indicate that these cloud complexes contain clumps of masses - lO' 1 0  ' 

sizes a few pc and temperatures about 10 K (e.g.. Blitz and Thaddeus, Id80). Within the 

clumps are more localized subcondensations called 'cloud cores' which have been mapped

with high density tracers like carbon monosulfide (CS) (Linke and Goldsmith, 1V80) and 

ammonia (NH^) (Ho and Townes, 1983). These cloud cores have typical sizes of about

0.1 pc, masses up to a few solar masses and densities greater than 10‘ cm \  Low mass 

star formation is thought to occur within these cloud cores.

Cosmic ray events maintain a low level of ionization in the cloud cores, permitting 

the process of ambipolar diffusion to occur in which neutrals slip past ions along magnetic 

field lines. An important result is that the magnetic field linc.s diffuse outward and the core 

becomes increasingly centrally concentrated. When magnetic support of a core decreases 

sufficiently, it w ill collapse dynamically. A protostar will begin to form at the centre of the 

core accompanied by the infalling envelope around it. This process is believed to form low 

mass stars. Predominantly low to moderate mass star formation is probably occurring by 

this mechanism in the Taurus-Auriga complex (e.g., Myers and Benson, 19X3 and I uller 

and Myers, 1987) and the Ophiuchus complex (e.g., Grasdalen et al., 1973 and Lada and



Wilking, 1984J. I f  the clump mass is greater than a critical mass, which Is the mass above 

which dynamical collapse v/ill be initiated, even with magnetic support taken into 

consideration the clump w ill rapidly contract to form relatively high mass stars. An 

example of a high mass star formation region is the Orion complex (e.g., Genzel and 

Stut/ki, 1989).

(B ) OltSICRVATIONAI. CHARACTKRISTICS OF YSOs

Since young stellar objects (YSOs) are located in the densest parts of molecular 

clouds, it is not surprising that most have no optical counterparts. They are usually 

observed to be very compact sources in the near- and mid-infrared and may have a 

surrounding dust shell several thousand astronomical units in dimension. Multiple systems 

within a molecular cloud are sometimes observed as distinct intensity peaks embedded 

within the cloud core. Presumably these intensity peaks form an association or a cluster 

like that seen in the Orion MolecuUu Cloud (CMC).

The spectra of these objects show strong absorption bands at 9.7 and 3.08 |am 

which are attributed to silicates and water ices respectively. Other absorption features are 

seen at 4,6,6.0, and 6 . 8  pm, but their identification is still uncertain.

Near-IR polarization is substantial in many YSOs, and two possible mechanisms 

arc thought to be responsible for it. Preferential extinction due to aligned grains may arise 

from the action of a magnetic field in the cloud causing nonspherical grains to align their 

major axes perpendiculai" to the field; alternatively, the polarization may be due to scattering 

by grains which are located in flattened clouds or biconical nebulae in the vicinity of the 

YSÜ.



Many YSOs show lines of the Pusclien, Braekett, and Pfiiiul soi ies of liydroyon in 

emission and/or weak radio continuum emission. Extended wings indicating velocities > 

1000 km .s’ ' are observed in the Brackett lines, suggesting that the emitting gas is being 

blown away. The intensity of the lines is best explained by an ioni/.cd stellar wind, with 

mass loss rates estimated to be on the order of 10^ to 10  ̂ rt/^/yr re.g. Xitnon ei a!,, 

1981b).

Water and/or hydroxyl maser sources arc often observed around luminous

embedded objects, which may indicate that the very den.se and compact maser knots are

being accelerated to high velocities in a strong stellar wind. I ’he niusers ofteit consist of

individual spots with diameters of about lO'’' to lO'"' cm forming groups that iiavc typical 

sizes of the order of lO'^ cm (~ 1000 AU). Other types of ma.sers such as SiO and

CH3 OH have been observed, but these are very rare due to the restrictive range 

conditions needed to produce them.

According to Wilking and Lada (1983) and Lada and Wilking (1984), the spectral 

appearattce of these objects can be divided into three classes on the basis of their 1 to 2 0  

micron energy distribution (Fig. 1). Class I young stellar objects shows broad IK emission 

that does not fall off towards long wavelengths, and hence there are huge IK exces.ses. 

This class is considered to contain the youngest protostars, and the large IK excesses are 

believed to be caused by the infalling envelopes. Class II YSOs show flat or slightly 

decreasing emission towards long wavelengths. Sources in this class are thought to be at 

the "T Tauri stage" of evolution, with IR excesses due to emission from the associated 

accretion disk. Class III YSOs have essentially a blackbody-type energy di.siribuiion with 

little or no IR excess. Objects in this cla.ss are presumably pre-main sequence stars that are 

about to started their main-sequence life as hydrogen-core-burning stars or have just done 

so. The fact that the spectra are close to blackbody distributions indicates that somehow
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the stai's have shed most of their citviimstellar material during ilte early stages of evolution, 

In this classification scheme, a YSO is thought to he evolving from a class 1 ohjeci to a 

class III object by accreting some percentage of the cloud core material and dissipating the 

rest as it evolves toward the main-sequence.

(C ) M o l e c u l a r  O u t f l o w s

After the detection of high-velocity CO in the core of the Orion A molecular cloud

by Zuckerman et al.(I976), high-velocity molecular gas has been detected toward many

young stellar* objects. CO lines towards embedded IR sources can display velocity widths

of over 100 km s'  ̂ (fu ll width at zero intensity). CO emission are usually found to be

highly localized (< 1'). Figure 2 shows a '^CO spectrum of Orion A, where line wings out 

to = ± 60 km s'  ̂at an antenna temperature of 100 mK can he seen. Since the sound

speed in cold ( 1 0  °K) molecular clouds is only a few tenths of a kilometre per second.

these observed gas flows are necessarily hypersonic in nature, The morphology of this

phenomenon is often bipolar, with blue- and red-shifted emission lying on opposite sides

of the central source. Figure 3 shows maps of seven high-velocity molecular flow sources,

Some flows show highly collimated lobes while the majority exhibit only moderate

collimation.

Lada and Harvey (1981), in a discussion on the nature of the high-velocity flow 

found in the vicinity of the infrai'ed source GL 490, examined whether rotation, collapse, 

or expansion can be the cause of the high-velocity flow. They argued that spheiically 

symmetric expansion or vollapse can be ruled out by the distinct bipolarity of the I'low. 

Rotation and anisotropic collapse are not feasible because the central mass required to 

explain the high velocities ob.served in the line profile is too large. Thereldre, they 

concluded that non-spherically symmetric expansion o f the molecular gas is the best
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moderately collimated. All maps are of the same scale.
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explanation for the daui obtained. This argument seem.s to be equally valid for most of the 

other high velocity flows observed (Lada, 1985b;. Hence, the phenomenon that was first 

detected in the Orion A molecular cloud is now widely accepted as 'Bipolar Molecular 

Outflow".

Lada (1985b) compiled a list of 67 high-velocity molecular flow sources from the

literature and discussed, amongst other things, the energetics of the outflows. In his

review article, two plots were di.splayed in order to delineate any relationship between the 

driving sources and the outflows. Flow mechanical luminosity, L ^ ^^  (i.e., the energy

supply rate), and average force required to drive the outflow, P (i.e., the momentum 

supply rate), are plotted against stellar luminosity, L , (Figs. 4 and 5) (note that the

subscript I IMF refers to High-Velocity Molecular Flow). As can be seen, there appears to 

be a weak but nonetheless apparent coirelation in the two diagrams in that the higher the 

luminosity of the infrai'ed source, tlie larger the flow energy supply rate and the greater the 

force required to drive the flow. These coirelations suggest that it is probably a good 

assumption that the embedded central object is the driving source of a molecular outflow, 

and that the mechani.sm that causes these outflows may be similai' for all sources.

'I'he two dashed stiaight lines representing the relations L^^^  = L , and P = L ,/c ,

where c is the speed of light, aie also plotted in Figures 4 and 5. The obsei'vation that all 

sources lie in the region L, |̂ ĵp < L, indicates that the embedded sources are energetically

capable of driving the outflows. However, Figure 5 shows that all sources lie in the region 

P > L,/c, indicating that radiation pressure cannot be the driving mechanism.

Shu et al. (1991) presented a model in which a protostar is accreting material from 

the flattened molecular cloud core, forming a thin rotating equatorial disk. A wind w ill
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eventually break out at the poles due to accretion ol rapidl> rotating material by the 

protostar. This wind moves into the ambient cloud (with density distribution 1/r'). 

sweeping up a shell of molecular material in a momentum conserving interaction. A shock

driven into the ambient cloud sets the gas in motion. They found that the molecular shell 

speed v̂  «« (av^^)''\ where a is the sound speed of the cloud core and v̂  ̂ is the velocity of

the wind. For values of typically a few hundreds of km s * and a sound speed typically

about 1 km s'', the velocity of the shell is about a few tens of km s '. This velocity width 

has been observed in some outflows, e.g., L1551-IRS5, Mon R2 and (!L  490 (Rally and 

Lada, 1983). However, this model cannot explain extremely high velocity outflows like 

Orion A, which has a full width at 100 mK of 127 km s ' (Rally and Lada, 19X3), or NGC’ 

7538 1RS 9, where the CO lines have a full width o f 150 km s ' (Mitchell and lla.segawa, 

1991). Shu et al. (1991) also predicted that, at a given time, the expansion velocity is 

highest at points furthest from the source. While some outflows do .show this trend, there 

are many more which display the opposite. That is, the highest velocity moving gas is .seen 

closest to the source.

Draine (1983) proposed a "magnetic bubble" model to explain the origin of the 

high-velocity outflows in molecular clouds. In his model, a high-mass, slowly rotating, 

pre-main-sequence star has strong coupling between core and envelope. I'his eau.ses the 

star to be in uniform rotation at all times. A magnetic field threading through the protostar 

has flux lines frozen into the protostar (due to ionized material in its interior). Recause the 

protostar is rotating, it w ill begin to wind up the magnetic field, producing a twisted 

magnetic field in the vicinity of the protostar. The magnetic pressure will increase rapidly, 

driving a shock wave into the ambient cloud and producing an expanding shell id' 

compressed molecular gas. The required magnetic field stiength in this model is consistent 

with what is known about magnetic fields of early-type stars. One of the advantages in 

using this model is that the shedding of angular momentum by a protostar is a natural
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cunscquünco of the coupling of the protostar with its suiTounding molecular cloud through 

magnetic field lines. In explaining the bipolarity of outflows observed, Draine utilized tlie 

mechanism proposed by Konigl (1982). Konigl suggested that there is a tendency for gas 

to flow along magnetic field lines. Therefore, gas in the vicinity of the protostar w ill tend 

to form an enhanced density region along the field lines. In Draine's model, therefore, a 

pressure-driven disturbance like a magnetic-bubble w ill tend to expand most rapidly in the 

orthogonal direction, i.e., in the direction of the magnetic field. The model is successful in 

explaining the observed high-velocity flow in OMC-1. The bubble's expansion velocity is 

of the order required to explain the shock speed inferred from the observed line emission 

from that region. However, the magnetic bubble model seems to work best for more 

energetic outllows ratlier than for low-velocity outflows.

Pudritz and Nonnan (1983) proposed a magneto-hydrodynamic disk wind model. 

The basic idea is that a massive, rapidly rotating and relatively large, magnetized 

circumstellar disk centrifugally drives the energetic mass outflow. A flux of ultraviolet 

photons arising from the accretion shock and is absorbed by the accretion disk surface 

layers, heating it to form a disk envelope. In the presence of an ionizing protostellar 

region, Pudritz and Norman find that magnetic flux and ions slowly drift outwards, along 

the rotational axis, due to ambipolar' diffusion. This outward drift becomes more rapid 

further away from the disk. On encountering the disk envelope, this flux slams into the 

envelope gas, heating and/or accelerating the gas and thereby feeding the centrifugal drive. 

One of the advantages of this model is drat the outflow properties derived are insensitive to 

the infrared luminosity of the central source. Therefore the model is able to explain 

outflows from low to high mass protostars. Also, the disk wind can cany o ff disk angular 

moirrentunr, solving the angular momentum problem in star formation.
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(D ) CARUON MONOXIDK as a  PROBK o f  MOLKCULAU Cl.ülJDS

Phenomena pertaining to star formation arc difficult to observe. This is because.

according to theory, protostars, which are stars not yet burning hydrogen fuel in their

centres, are objects in the process of accumulating material from their parent molecular

clouds in which they are embedded. The thick gas and dust shells that engulf them e.siend

for several thousand astronomical units causing these young stars to be invisible.

However, because these dust shells absorb radiation falling on them and re emit at infrared

wavelengths, it is possible to observe these young stelhu' objects in wavelengths longer

than the visible. In the 1970s, millimetre and submillimetre observations became important

probes of the dense regions, o f molecuUu' clouds. Many molecules that exist in the.se

regions emit at millimetre and submillimetre wavelengths via rotational transitions. 'I'he,se 

molecules, with assumed abundances relative to hydrogen, i.e., n(X)/NclI,), can be used

to obtain physical properties o f the gas, thereby providing useful information on the 

environment in regions of star fonnation.

Carbon monoxide (CO) is the most abundant cloud molecule after molecular 

hydrogen (H,). It is about an order of magnitude more abundant than the next most

abundant species, and is the most commonly u.sed tracer for II,. In addition, CO is

relatively easy to excite with its lowest rotational excitation energy just 5.5 K above ground 

level and a critical density for excitation < 10'̂  cm'^. Hence, CO can be seen even in very

cold molecular clouds (-10 °K). However, there are some drawbacks in using CO, so that 

other molecules may be more useful for ob.serving under certain conditions. These 

drawbacks include: CO lines are often saturated in molecular clouds, thereby preventing 

information on excitation temperature and column den.sities to be extracted. In this case, 

other isotopes may be used, such as *^C0, or Also, it i.s dilTicult to excite

CO to higher rotational states in order to probe high density gas. liven if the high-lying
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rotational .states can be excited, they are very difficult to observe with ground-based 

equipment because of their high frequencies. Hence, molecules with high critical density 

must be used (e.g., CS and NH,) to probe very dense regions.

(1C) AFG L 490

AF'GL 490 (or GL 490), located at a(1950.0) = 03‘’23‘"38!8, 6(1950.0) = 

58'36'39" (I = 142°, b = 2°), is catalogued in the AFCRL (A ir Force-Cambridge Research 

Laboratorie.s) Inirmed Sky Survey (Walker &  Price, 1975). This was the first IR all-sky 

survey acconiplisiied by rocket-borne systems operating at 11 and 20 |im. GL 490 has 

been well-observed from optical to radio wavelengths. It is believed to be a young stellar 

object deeply embedded in a dust cloud and evolving towards the main-sequence.

GL 490 is identified with a starlike object on the Palomar sky survey plates, and the 

surrounding fields are heavily obscured by dust (Cohen, 1975). CCD optical images 

(Campbell et al., 1986) show that the optical centroid is displaced by about l"5  to the 

southwest of the centre o f the 2 cm radio continuum emission map taken at the VLA. 

Ctunpbell et al. suggest that the radio centre is the true source position and the optical image 

is due entirely to the scattered light from the obscured source.

In the near infrared, ice and silicate absorption features at 3.1 and 10 |0,m, 

respectively, are observed, which indicate that the object is embedded in a dense dust 

cloud. B1 7  (Simon et al., 1981a) is found to have broad emission line wings with velocity 

at full-width-half-intensity o f -150 k m s '\ Assuming that the wings are due to 

gravitationally unbound ionized mass flow, Simon et al. estimate a mass loss rate greater 

than 3x10^ 'Mq  yr ' for GL 490. They note that such a large mass loss rate is similiar to 

what is found for 0  and B supergiants, but far exceeds that of main-sequence stars.
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Infrai’ed polarization measurements by Hodapp (.1984) show a polari/ation aiiÿik' of

115“ and a degree of polarization in the K band of 6 ,6 %. Tliis angle is almost

peipendiculai’ to the observed axis of bipolar outflow from GL 4‘X), as expected if the light

is scattered off the bipolar outflow gas. Minehin et al. (1991) confirm the existe nee of a

disc around GL 490 using the fact that the region of low percentage polarization is 
orthogonal to the outflow direction and parallel to the disc structure seen in C\S and Nil ^

emission.

Based on the HCN radial velocity measurement of Morris et al. ( 1974) and the 

Schmidt galactic rotation model, Harvey et al. (1979) estimated a distance of 900 pe to GL 

490. The observed infrared fluxes from 50-200 |4 in found by Harvey et al. therefore 

implied an integrated luminosity of ~ 1.4x10  ̂Lq, which corresponds to a zero-iige-main- 

sequence B3 star. Snell et al. (1984), however, pointed out that this distance estimate is 

very uncertain. They obtained a kinematic distance of 1.0+0.5 kpc as.suming a flat galactic 

rotation curve and a 6  km/s random motion for molecular clouds with diameters greater 

than 20 pc. Thus, tire luminosity derived by Harvey et ai. could be uncertain by a factor of 

at least 3. In the far infrared, the luminosity of GL 490 derived using the IRAS Ruim 

Source Catalog and a distance of 900 pc is 2200 Lq (Mozurkcwich et al., 1986). This 

value is in good agreement with that found by Harvey et al. (1979). In passing, we note 

that a better estimate of the distance of GL 490 has been previously found to be 870:1:40 pc 

based on photoraetiic and spectroscopic ob.servation.s of the members of the K association 

in the vicinity of GL 490 (Racine, 1968).

Mitchell et al. (1988, 1991b) observed GL 490 in the M-band using high resolution 

IR spectroscopy. They detected absorption in the '^CO fundamental vibrational hand v = I 

- 0  at two velocity components, one of which is blueshifted by 13 km s ' relative to ( 1 1  

490. They suggest that this component is a recently ejected shell and that the extended
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outJ'low results fVom a series of outburst from the central object. The fact that a 13 km s'  ̂

velocity component is not observed in CO emission spectra despite its high column density 

led them to the conclusion that the absorbing gas must be very close to GL 490.

VLA observations at 6  cm indicated an upper lim it o f about I mJy (Simon et al., 

1981a), which in turn leads to a maximum radius for an ionized core of about 40 AU. 

Simon et al. suggest that this source may have developed an ionized core which is still too 

compact to be detectable at radio wavelengths.

In the millimetre and submillimetre regime, HCN and CS were detected by Moms 

et al. (1974), indicating the presence of dense molecular gas around GL 490. Lada and 

Harvey (1981) found, using a 6 6 " half-power beam width, high velocity wings in both 

‘^CO and *^C0  emission spectra, and estimated the flow mass and kinetic energy to be 

about 30 and 2x10“̂ ’  ergs, respectively. They also found that the centres of the blue- 

and red-shifted components are separated spatially by 67", corresponding to 0.29 pc at a 

distance of 900 pc. This is an indication of the bipolarity o f the outflow. Snell et al., 

however, found, using a 48" half-power beamwidth, a 30" separation between the red and 

blue emission peaks.

Plambeck el al. (1983) observed GL 490 in CO J = 2 -> l and J = 1—>0, and 

indirectly inferred the existence of high density clumps in the molecular outflow. This 

inference is based on the fact that J = 2-^1 data indicated optically thick lines; in order to 

account for the low CO antenna temperatures observed in the line wings, the filling factor 

of the high-velocity gas must be small (f < 1).

An elongated structure of CS emission was found around GL 490 by Kawabe et al. 

(1984). This CS disk of dimensions 0.3x0.13 pc is oriented perpendicular to the direction
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of the CO bipolai’ outflow, anil is parallel to the angle o f polarization. ’I’his is eonsisient 

with the picture that the dense outflow gas emerges from the poles of the disk.

Nakamura et al. (1991) used aperture synthesis of the CS J = 1 ■-> 1 transition, and 

found dense gas in a disk structure which has a non-circular velocity of - I..S km s 

They attributed this motion to mass infall. They estimated the toupie reipiired in order for 

the gas to lose angular momentum and spiral inwmd, and suggested that magnetic toii|oe 

could be a candidate.

In this thesis we present high spatial resolution observations of CIL 490 in various 

CO lines. Our purpose is to probe the physical environment around GL 490. The 

observations confimi the clumpy nature of the GL 490 bipolar outl'low interred indirectly 

by Plambeck et al. (1983). The detection of the CO J = 6  5 line sugge.sts that warm gas

(10Ü °K) exists in the outflow. Additional IR absorption data indicate both warm and cold 

components in the rest velocity gas. The present data appear to support the .scenario of a 

wind accelerating a shell of ambient gas near GL 490.
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Il Observations and Data Reduction

( A )  OHSKRVATIONS

Ail lino oini.ssion spectra from the GL 490 région were obtained with the 15 m 

James Clerk Maxwell telescope on Mauna Kea, Hawaii. Observations of J = 2 1

and ' ^CO j  ~ 2 I were carried out by G. F. Mitchell and T. I. Hasegawa in 1989 

August. Results of the J = 2 - )  1 observations have been published (Mitchell et al. 1992). 

The ' ‘CO J = 3 - 4  2 spectra were obtained by G. F. Mitchell and S. W. Lee in August 

1991. The ' 'CO J = 3 2 spectra were obtained by G. F. Mitchell in December 1991.

The ' “C(J J = () -> 5 emission data were obtained by G. F. Mitchell in December 1991 

with the technical assistance of A. Hands and A. Russell of the Max-Planck Institute. The 

J -  () —> 5 data were obtained using receiver G (described below) which is on loan to the 

JCMT from the group at the Institut fiir Extraterrestrische Physlk in Garching under the 

direction of Reinhard Genzol.

For the 2 1 transition at 230 GHz, the "common-user" receiver A1 was used.

Receiver A1 employs a dual-channel Schottky mixer system which uses two mixers that 

nominally cover the frequency interval 220 - 280 GHz. The acousto-optical spectrometer 

(AOSC) provided a total bandwidth of (i50 km s'' at 230 GHz. The half-power beam width 

(IIPHW) at this frequency was 21 ". The beam efficiency was 0.71, with about 10% 

uncenainty.

For the 3 2 transition at 345 GHz, the "common-user" receiver B2 was used.

I he .‘\OSC provides a bandwidth equivalent to 435 km s ' at 345 GHz. The half-power 

beamvvidth was 15" and the beam efficiency was 0.55. The observed intensity for the two 

lower transitions is in the form of antenna temperature T^, which is antenna temperature
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coiTected for atmospheric and telescope losses and sideband imbalance. 'The accuracy ot the 

conversion to antenna temperature is estimated to be better than 15‘/<. Ob,sei \ations ofC'Ü J 

= 2 - 4  1 and J = 3 ^  2 were done in a position .switching mode in which the tele.scope is 

alternatively switched between the source and a nearby reference position.

For the 6  —> 5 transition, receiver G was u.sed operating at M{) G il/. 'I'iiis iecei\er 

is a high-frequency heterodyne system using liquid nitrogen cooled Schottky mi.scrs. It 

has its own spectrometer which has a bandwidth of 1100 M il/, equivalent to 470 km s ' at 

690 GHz. The telescope beam wa.s well represented by a composite of a diffraction limiietl 

beam of 7" FWHM and a pedestal of 30" FWHM.

’“CO J = 2 -> 1 observations consist of a V x 9 map on a 20" grid (.see Fig. 6 ) and 

an inner 3 x3  map on a 10" grid. ’^CO J = 2 -> 1 was only ob.served at the po.sition of the 

IR source. ‘^CO J = 3 2 maps were obtained for 106 position.s, some 10" apart and

others 20" apart (Figs. 7, 8 ). ^CO J = 3 - 4  2 maps were obtained for 30 positions on a 

10" grid (Fig. 9). ’^CO J = 6  ^  5 data (Fig. 10) were obtained for 10 positions with 1 0 " 

spacing. Table 1 contains a list of all the observed positions. In "̂ I'able 1 and .subsequently, 

positions are given as (ARA,ADec.) in arcseconds from GL 490 1 pointing centre was 

R.A.(1950) = 03’'23'"39^L decl. (1950) = 5K"36'35:'60|. Hast and North are po.sitive. 

The data reduction was carried out using the SPECX package. Only linear baselines weie 

lemoved from the spectra.

This thesis also makes use of a new high re,solution itifraied absorption spectrum in 

the M-band (4.7 pm), obtained by G. F. Mitchell and J.-P. Maillaid in (Jctober 1991 using

the Fourier Transform Spectrometer on the Canada France Hawaii Tele.scope on Mauna 

Kea, Hawaii. The spectrum covers the interval from 2080 to 2180 cm thus 

encompassing the fundamental band lines of and '^CG. The velocity resolution was
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6.9 km s"', Data reduction tor the infrared absorption spectroscopy was done by II. 

Mitchell and is briefly outlined in § lUB)^b).

TABLE 1 

L 1ST O B S K R V A r 10 N S

‘^co J = 2 1 81 position.s, 2 0 " spacing 

3 x3  map, 1 0 " spacing

‘^CO J = 2 -> 1 (0 ,0 ) only

‘“CO J = 3 2 106 positions, 1 0 " and 2 0 " spacing

‘^CO J = 3 2 5 x5  map, 1 0 " spacing

(-30,0), (-30,-20). (-30. 30), (■20,-30), (-10.-30)

*^C0  3 = 6 -4  5 (2 0 ,0 ), ( 1 0 ,0 ), (0 ,0 ), ( 1 0 ,0 ), (-2 0 ,0 ). (0 ,2 0 ), (0 , 1 0 ). 

(0 , - 1 0 ), (0 ,-2 0 ), (-2 0 ,-2 0 )
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(B ) D k r iv a t io n  o f  P h y s ic a l  P r o p k r t ie s

(a ) CO MillimetreASubmiUimetre Emission Lines

The mass contained in high-velocity gas is one of the most important physical 

parameters for understanding the nature o f molecular outflows. It is possible to obtain the 

gas mass from observations of two isotopic forms. The procedure for obtaining masses is 

shown in detail below. Optical depths and column densities are calculated for every step 

(km/s) in the velocity scale of the spectrum and integrals are obtained by summing over the 

full velocity intervals.

Optical depths can be obtained from the ratio o f radiation temperatures for the two

isotopes *^C0 and *'^C0. This is done by using the relation between the radiation 

temperature, T̂ ,̂ and the optical depth, i^ , together with the assumption that both species

have the same excitation temperature, T^^. Radiation temperature is defined by

2 v"
ly dv = -“j - k  Tj^ dv , ( 1 )

where 1  ̂ is the ob.served intensity of the source at frequency v,

c is the speed of light, 

and k is the Boltzmann constant.

The solution of the transfer equation in a uniform medium is

I^ = ( l-e - :v )  B / T J  , (2)

wheie is the optical depth at frequency v and B^(T^^) is the Planck function at the 

excitation temperature T^^ as given by
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2hv’ hv . ,
exp - ) - I

tiX

Equating (1) and (2) and substituting (3), we find

hv/k

(3)

Ty = (1 " e  ......— ------ . (4)

The radiation temperature is related to the observed antenna température by

T :

where is the antenna temperature conected for atmospheric and telescope losses,

Tig is the beam efficiency which takes the side-lobe losses of the telescope beam

into account

and f, the beam filling factor, is the fraction o f the beam filled by the source. 

Substituting equation (5) into equation (4) yields

Assuming the excitation temperature of each species to be constant, we can apply equation

(6 ) to each o f two species, e.g., J = 3 —> 2 and ’ ‘̂ CO J = 3 —> 2. If  we ignore the 

small difference in emitting frequencies of the two species, ratioing gives

t 13 T *  13 - 1 3 ’
Mt V  1-e'^
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in which I (which is unknown) and T]jj are eliminated.

If wc can further assume an abundance ratio for the two isotopes of—r: » 60 (Langer and
N

Penzia.s, 1990), then

(8)

and x'"̂  and x’ ’ can be obtained by substituting equation (8 ) into equation (7).

X
12 1

'I’iie excitation temperature can be found as follows once the optical depth is known. The 

equation of radiative uansfer for a plane-paiallel cloud is

dly
dz =

where and are the emission and absorption coefficients, respectively,

n̂  and n̂  are number densities of the upper and lower level molecular populations,

respectively,

A = |j, ’ is the rate of spontaneous deexcitation, (10)
3 lie fru

u and / are the rotational quantum number of the upper and lower state respectively,

(I is the electric dipole moment of the molecule, 

is the statistical weight of the upper level, 

is the rate of stimulated emission, 

and B̂ l̂y is the rate of absorption.

After substitution of the well-known relationships between the Einstein transition 

probabilities
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A 2hv’ and

the optical depth becomes
z.

t
z

J ' [

dz

hv
dz

0

01)

hv
4tc

0
^ 2 h v \

- n dz using 0 1 )

_£— \  f ^
8 ;cv“

Ô

- I
i f f

dz. 0 2 )

In local thermodynamic equilibrium (LTE), the Boltzmann equation is valid, hence

hv/k'l’ xtus V A

" lA

Equation (12) then becomes

( Id )

where = n^z = tlie column density of molecules in the upper level. 

Using equation (13) again, equation (14) becomes

(14)

( 15)

With equation (10) and g  ̂= 2u + 1 (for linear molecules), we have
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T, = Ni(v) ( l  ■_^-hv/kT,,^ (16)

Now, lût tlic rotation quantum number of the upper state (u) be Jj and for two different 

transitions of the same isotope. Their corresponding lower states are Ĵ -1 and Jj-l. The

ratio of the optical depth of these two transitions yields the excitation temperature as 

follows. Using equation (15),

(V) /v?  . A
W

1 .
(17)

After substitution of — = equation (17) is applied to the J = 3 -> 2 and J = 2 -> 1 to

obtain

3-)2 1 - e (18)

where ( V )  dv.

Trom equations (7) and (8 ), and can be obtained and hence T^  ̂can be found 

using equation (18).

I  he column density can be calculated as follows:

liquation ( 15) gives the lower state column density in some frequency intei’val:

8 j t V “ ê, 1

V  g u \  r'
N,(v) dv = „■ i '  ( l  - dv. (19)
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It is often preferable to consider velocity intervals rather than tVcqiicncy intervals.
dv dv 

Therefore, using — = ,
V ^

= 'I''-

is the column density o f molecules in rotational level /’integrated over some velocity

interval. To find the total column density (i.e. taking all transitional levels into account), 

the Boltzmann equation has to be used:

tut

For a linear molecule, the partition function, U, is given to good approximation hy the 

expression (T^^ + the energy of the lower state. F / . is equal to iiB / ( / ( - 1  ), and l i  is

the rotational constant of the molecule in question.

Substituting U, E^and equation (20) into equation (21) yields

N„,, 4 k ->  ( '  ■ j ' v  'IV

where v is velocity in km s’ * and i.s in cm *. In the case of C'O, B -  5 .75/II)"' 11/, 

-tvand n = I . l x l 0  ‘  ̂esu-cm.

For the *^C0 J = 3 2 transition, the total column density is:
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= Ü.KOxIO' * 0.92) (1 - dv. (23)

I'or the ‘ "̂ CO J = 6 -4 5 transition, the total column density is:

N, ,̂ = 4.00x10'^ (T^^+ Ü.92) e«2.S8/i;.x ^  . -̂33.22/Tex)-1 J x ‘̂ 2  j y  (24)

Since the main constituent of the interstellar medium is molecular hydrogen, it is necessary

to relate the column density of CO obtained above to the column density of in order to

N('^CO) N(^^CO)find the mass. Here, we have used the abundance ratios  -----  60 and -îbTiTT^ =N(13c q ) N(Hg)

1x10 to obtain 1.7x10'^. The relative abundance of *^C0 is actually

uncertain, but the assumed ratio of 60 w ill probably not introduce uncertainties much 

greater than a factor of 2 in the determination of the mass in the high-velocity flow,

I'inally, the mass may be found by multiplying the total column density by the assumed 

area of the clump, A , and the mass of a hydrogen molecule ihh, i.e.

M(H,) = ( N ( H J  X [2 X iTiHi X a ) / 2 x 10̂ -’ (25)

As an example, we evaluate equation (25) for the mass in a single beam. At the distance of 

GL 490, which is assumed to be I kpc, and for a beam size of 15" HPBW, we find

A = Jir‘

^ ^ ( 2 0 6 2 6 . 5  ^  ^  3 .09x10 '*

= 3.96x10^'* cm',

which yields M(H,) = 3,96xl0 ‘  ̂N('-’CO) -Mq from (23). (26)
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If a distance of 870pc is assumed, then M(H J  = 9.58x10 nO'^CO) :A/0). u factor of 

0.76 smaller then in equation (26).

To obtain the total mass of the clump, the fractional helium abundance (10% by number) 

must also be taken into account. That is

M = 1.4 X  M(H^

= 5.55 X IQ-i''N(‘^CO) !Mq . (27)

Note that with the data obtained for this project, "̂ ^^dcd foi the evaluation of '1̂ ^

using equation (18), can only be obtained at (0,0) because the '\x .)  J -  2 —> 1 data are 

only available at this position. At other positions must be lound by introducing an

additional assumption, for example that the filling factor is unity.

In the two extreme eases, i.e. optically thin and optically thick gas, the column density can 

be calculated using the appropriate approximations.

Where x « 1 is applicable, equation (4) becomes

-X Iusinge '■ = 1 - 1 4-^ - •••.

Together with equation (16), we find
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l ‘(jr twi; transiiions J, -» J, - 1 and -y  - 1. the ratio ^lives

/V

V 2/

/2 L -h

1 ' V ‘ J A v
(29)

Using hVj ..)j^= liBj^J,(Jj + l )  - J^CJj+U] and the Boltzmann equation, we have

g-ZhBĴ /kT.,

J r:^ e x p
“’ 2

2  exp r 2.76 (30)

I'Voni equation (3), Tj  ̂can be obtained observationally assuming the filling  factor to be 

unity (to be justified later). Hence, assuming is the same for both transitions, the

excitation temperature can be calculated from equation (30).

For the two transitions J = 3 -» 2 and J = 2 -> 1, equation (30) yields

= 9 -16.56/Te,
Tjj(2->1)

(31)

and for J = 6 - 4  5 and J = 3 2, equation (30) gives
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T^l3->2)

The column density in the optically thin approximation can be derived by substituting, 

equation (16) into equation (28) to yield

Rearranging, we have

N/v)dv =
' 8 rv |j^  hv "

dv dvUsing — = -—, equation (34) then becomes
V ^

3k 2r+l

1̂
Using the Boltzmann equation (equation (21)) with the partition function U ~ j^jj 1'.̂  in

equation (35) yields

3k^
tot Q w 3 u n ,ii i2

e(u+l)hv/2kT,x dv. (361
Sn^hBvp.'

For the transition '^CO J = 3 -> 2, equation (36) gives

N ,  , =  4 . 8 1 x 1 ü ‘ M \  f T , , ( v )  d v .  (.3 7 )LU L VrL J

and for the transition J = 6 -> 5, equation (36) give.s

=  1 .2 0 x l 0 ‘ 2 T . ^ e “ ’̂ -^ '̂‘'^* j T , ^ ( v ) d v .  ( 3 8 )



36

.12
In the optically thick regime, e' ~ 0, so equation (4j becomes

which yields directly.

Ivvaluating equation (3‘J) for the *^C0 J = 3 -4 2 transition,

w “ )

I he column density can be obtained using equation (23) with the optical depth derived from 

equation (7). It should be noted, however, that the optical depth is poorly determined from 

equation (7) in the limit X »  1.

In cases where x is of order unity (i.e., x does not fit into either the optically thin or the 

optically thick case), the column density is obtained from equation (22) using an optical 

depth obt tilled from equation (7).

(b) CO Infrared Absorption Lines

The first step in the reduction of the infrared absolution spectrum of GL 490 is to 

ratio it with a reference spectrum to remove telluric absorption. Specifically, the spectrum 

of GL 490 was divided by the spectium of the moon. Figure 11 shows a portion of the 

raiioed spectrum of GL 490. The strongest lines aie the ’ ‘ CO lines at rest velocity, which 

are clearly saturated. The feature immediately to the blue of the ’^CO line is an outflow 

feature moving at -13 km s’ ’ with respect to the rest velocity gas. There is another 

marginally detected absorption feature velocity shifted by -33 km s’ ’.
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Fig. 11 The spectrum of GL 490 is divided by the spectrum of the Moon to coneci Ibi 
atmospheric absorption. Lines of *"C0 v = 0 —> I at the cloud velocity are 
labeled. Two strong absorption components are present, one at the cloud
velocity, the other blueshifted by 13 km s *. Tiie weak blueshilied component 
labeled with aiTows has an outflow velocity o f 3.̂  km s



38

Column densities of the absorbing gas can be obtained using the curve-of-growth analysis, 

liy  definition, the equivalent width of the line is given by

rr I.
1 - p  dX,, (41)

c j

where is the intensity at frequency v

and is the intensity of the continuum.

Substituting d% = -  dv and 1̂  = I^e' '̂' (assuming no emission), we have

\ 2  r
W j ^ = J ( 1 -e-''^) dv. (42)

I f  the velocity distribution is Maxwellian, equation (42) can be written in the form

W.

I lere b = 'j is the Doppler broadening parameter,

(43)

AV|/, is the full width at half intensity level, 

t  J is the optical depth at line centre given by

= (44)

and l'(T J. by definition, is

= | l  1 - exp(-t^ e " ) dx, (45)

where N is the column density of the absorbing gas in the lower state and is the
J JK

upward absorption oscillator strength from transition level j  to level k.
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—  and b can be measured from the spectra, Fci is calculated using equation t.43) and 
“K

is obtained using equation (45). Equation (44) can then be used to derive the column

density of gas in the lower state. I f  rotational states are thennally populated, the Eolt/mann 

equation applies. In this case, a plot of ln[Nj/(2J+l)| versus exp(-E,/kT), where Uj is the

energy of the J rotational state above ground level, should yield a straight line with the gas 

temperature being simply the inverse of the slope.
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I I I .  Results

(A ) T h k  J = 3 ->  2 T r a n s it io n  : C lu m r s  in  t h e  O u t f l o w

'I'lie ‘ ‘ CO J = 3 -> 2 spectral line map (Fig. 7) shows that broad line wings exist 

within 40" of GL 490 except towards the south-east, where the line wings have diminished 

rather abruptly. Specifically, at position (10,-10), strong wings can still be seen but at (20, 

-20), the wings have almost disappeared (note that the first coordinate in (x,y) refers to the 

direction east (positive) or west (negative) of GL 490 and the second coordinate refers to 

the direction north (positive) and south (negative) of GL 490]. This indicates that either the 

outflow in this direction is somehow obstructed or the high-velocity gas does not flow in 

this direction. It is instructive to look at the J = 3 2 spectral line map (Fig. 9) as a

comparison to the ' ‘ CO line. The '^CO displays no sudden change in line shape in the 

south-east direction. However, the peak emission is significantly lower (T% < 3.5 K) than 

that shown in the spectral line at (-10,10) (T% -  4.8 K), which is on the north-west side of 

GL 490. 'I'his confirms that the physical environment on the southeastern direction of the 

source is different from the rest o f the molecular cloud, although the implication is not 

clew. Besides the sluup transition between strong and weak line wings in the SE direction, 

the spectral line map in Figure 7 also displays rapid changes in the strong wings with 

position across the map region. Typically, the appearance of the line wings varies 

noticeably on scales o f 10" to 20". Strong blue wings can be seen in the south-west 

direction near GL 490, while strong red wings are evident generally to the north near the 

source. This segregation of red and blue wings clearly reveals the bipolar nature of the 

outflow.

At tlie position of the source, the total velocity extent at zero intensity of the '^CO J

'"lsr= 3 -^ 2  line is 74 km s ' and the peak antenna temperature is T% = 15.3 K at V. = -14.0
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( d )
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V e l o s i t /  ( K . T i / s )

20 40 60

Fig. 12 Selected '^CO J = 3 —> 2 spectra. The map coordinates for each spectrum are 
given in arcseconds from GL 490. North and East are positive. 'Ihe straight
line drawn through the spectra indicates a velocity of -13.5 km s
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km s ' (seu l-'ig. 12(a)). This -14.0 km feature can be seen throughout the J = 3 -> 2 

line map (Mg, 7) but peaks at the position of the source. Measurements show, however, 

that this peak varies in velocity by about ±0.5 km s'^ in different spectra. Since our 

spectra have typical velocity resolution of 0.13 km this observed shift in velocity of 

peak antenna temperature is significant. There are two possibilities that can explain the 

variation of velocities for the peak antenna temperature. First, rotation o f the molecular 

cloud may produce die observed velocity shifts. Second, due to the overlapping absorption 

feature a t-IIkm  s ' (to be discussed in the next paragraph), the velocity of the peak seen in 

each spectrum is not tlie time velocity of the moleculai' cloud. The true velocity o f the cloud 

is tliercl'ore masked by the absorption feature. To assess the validity of the above two 

possibilities, we refer to at the '^CO J = 3 2 spectra (selected spectra are shown in

I'igurc 13). All the '^CO spectra have a velocity for the peak antenna temperature of -13.5 

km s '. This intensity peak at -13.5 km s'' is identified as the velocity o f the molecular 

cloud core by Lada and Hai^ey (1981) and Snell et al. (1984), as well as by Mitchell et al 

(1992). The '^CO spectra do not show any velocity shift of the peak, therefore, we may 

dismiss the first hypothesis, i.e., the velocity shift is not caused by the rotation of the 

molecular cloud. In view of the absence of the -11 km s'' absorption feature in the '^CO 

sjiectra, we believe that the second hypothesis is more likely. That is, -13.5 km s'' is the 

true velocity of the molecular cloud, and the velocity shifts seen in tlie '"CO specti'a are the 

result of the absorption feature a t-11 km s '.

An absorption feature centred a t-11 km s ' and about 3 km s '' wide occurs in all 

'"CO J = 3 -> 2 spectra within 40" o f GL 490 (Fig. 8). '^CO J = 3 2 spectral lines at

the source position as well as at all tlte other mapped positions do not show this absorption 

feature. However, at the velocity o f -11 km s'', almost all '^CO J = 3 2 spectra display

a "shoulder" which may correspond to the absorption feature in '^CO. These J = 3 -> 2 

observations are consistent with the '"CO and ' ^CO J = 2 -> 1 results published by
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Fig. 13 Selected *^C0 J = 3 -> 2 spectra. The map coordinates for each spectrum arc 
given In arcseconds from GL 490. North and East are positive. The solid 
straight line indicates a velocity of-13.5km s'* and the dotted line indicates a 
velocity of -11 km s '.
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Mitchell el al. ( 1VVZ). In the if paper, Mitchell et al. stated that the -11 km s'' feature cannot 

.simply he self absorption because the ' 'CO line peaks at the same velocity as the '^CO 

line, that is -13.5 km s '. The absorption features in our '^CO spectra at positions far from 

GL 490 (I'ig. 12(d)), as in the Mitchell et al. data, do not show Gaussian line profiles. 

These spectra are either Hat-topped or display multiple peaks, and are consistent with the 

blending of at least two emission components, one at the cloud's rest velocity and the other 

at - I I km s '. Hence, the two interpretations given by Mitchell et al. (1992) are still 

possible, namely, the dip in the *^C0 line a t-11 km s '' is caused either by an unrelated 

foreground cloud or by a colder outer region of the molecular cloud in which GL 490 is 

embedded.

Inspecting the line shapes in the '^CO J = 3 -> 2 map (Fig. 9), we see that, at the 

position of the source, the peak antenna temperature is 7.6 °K. The spectrum has broad 

wings with a velocity extent (at zero intensity) of ~ 27 km s''. At 30" west o f GL 490, the 

peak antenna temperature o f the '^CO line drops to 2.8 K, almost three times weaker than 

the peak antenna temperature at source centre. Towards the southwest (Fig. 13(c)), where 

strong blue wings are seen in the '"CO J = 3 2 lines, the '^CO line profile also displays

strong blueshifted emission. At (20,20), as well as the general region north of GL 490, the 

red wing becomes very strong and broad while the blue wing weakens. This trend is 

consistent with the bipolarity seen in other transitions.

Velocity channel maps (Figs. 14. 16) were made from both the '"CO and the '^CO 

J = 3 2 spectral line maps. Contour levels for the '^CO channel maps are listed in Table

2. A number of intensity peaks (hereafter referred to as 'clumps') are distinctly visible in 

the '"CO channel maps. Positions o f the most prominent clumps are listed in Table 3 

together with their conesponding velocity ranges. Positions of each clump are also marked 

on Figure 14 at their respective cenu'al velocities. At (-10,0), clump B2 first appears in our
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channel maps at -55 km s ' IFig. 14 UM and persists to Vj = -4Ü km s '. It is interesting

to note that clump B2 seems to move towards tite w est as the velocity dit't'ercnee relative to

the ambient cloud decreases, possibly indicating a decelerating flow. The transition 

between clump B3 at (-30.0), which first appears at Vj = -40 km s ‘ [lag. 1 li.))| and

remains visible to Vj = -30 km s’', and clump 132 is so smooth that the two clumps may

be components of a larger entity. Clump 131. at (-20.-20). is the main blueshifted outflow 

gas. It shows a fan-shaped structure with the vertex of the fan pointing away from il l .

.su
—  L'iy, /»iiin-\n Ra 'If rn nr

LSR

5/îrltl, /,f* 'lU rfllf ^ li'ltf u" 1 A f  fhi^ V
I.SK

14(29) to Fig. 14(32)], emission is dominated by the quie.sceni molecular cloud gas, in the 

velocity range -12 to -10 km s'', CO cmi.s.sion is not a measure of column density becau.se 

of the absorption feature a t-11 km s"'. The chaotic appearance ot the velocity channel 

maps in this velocity range (30 and 31 of Fig, 14) is not physically significant.

490, and persists over a velocity range of Vj = -36 to - IS km s ' [Figs. 14(6) to 14(2.1)1. 

At = -20 km s"', clump B4 at (0,0) begins to become visible [I'ig. 14(22)1 w ith a 

velocity width of about 5 km s '. At the velocity interval V ,, ~ -13 to -9 km s ' |Fig.

The redshifted gas also shows interesting structure in the ' “CO J -  3 —> 2 channel maps.

Mitchell et al. (1992) noted that the redshifted gas displays an elongated striiciure with the

long axis pointing east-west and the centroid roughly 20" north of (11. 490. From the

present '^CO J = 3 —> 2 data, this elongated structure is seen to consist ol two distinct yet

almost equally intense clumps. Of the two clumps, the eastern one IKl at (20,20), see

Figs. 14(36) to 14(54)1 is almost directly on the opposite side of (11. 490 relative to the 

main blue peak (Bl). Clump R1 is first seen at Vj = -5 km s ', and remains a strong

component to = +20 km s '. The western clump |R2 at (-20,20)1, located about 40"

north of the main blue peak (Bl), is first seen at Vj = -10 km s ' |l'ig. 14(32)|. it

persists strongly to = +7 km s ', weakens to become only an extension of clump 1< 1,

and then reappears as an intensity peak at velocity Vj = +16 km s ' |l ig. I4(53)|. The

centroid of R2 appears to shift with velocity and describes an arc as the v e lo c i ty  ch an g es
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•iÿ. 14 ‘ -’CO J -  3 -■> 2 channel maps of GL 490 showing the changing spatial
dislribution of CO emission as a function of velocity. Velocity intervals in km
s ' are shown on top of each map. and the contour levels are listed in Table 2. 
The lllM iW 1 15") is shown as a cross in the lower left hand corner. GL 490 is 
located at (,().()).
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TABLE 2

C ontour  M ap Parametkrs For F ig u r i: 14

CON1.0_UES_CK^kni_s:lL

M A I»__________________________ min________mjLS_______ Lalmal
1 -2.55 3.21 0.50
1 -1.62 2.75 0.50
3 -0.87 1.57 0.25
4 -0.47 2.18 0.25
5 -0.38 1.26 0.10
() -0.52 1.57 0.25
7 -0.49 1.79 0.25
M -0.46 2.17 0.25
V -0.61 2.45 0.25
10 -0.47 2.54 0.25

I I -0.50 3.19 0.25
1: -0.50 3.67 0.50
13 •0.26 4.04 0.50
14 -0.33 5.12 0.50
15 -0.52 5.88 0.50
Ih -0.59 6.56 0.50
17 ■0.86 7.46 0.50
IS -0.67 8.02 1.00
IV -0.65 8.53 1.00
20 -0.33 8.58 1.00

21 -0.31 8.65 1.00
2? -0.98 9.04 1.00
23 -0.71 9.39 1.00
24 -0,61 10.34 1.00
25 -0.40 11.54 1.00
2(1 0.02 12.87 1.00
27 2.31 14.24 1.00
28 4.68 14.64 1.00
2V 3.93 10.73 0.50

30 4.12 7.32 0.25
31 4.01 8.89 0.50
32 1.46 10.05 1,00
33 -0.42 9.95 1.00
34 -0.30 9.12 1.00
3> -0.21 8.47 1.00
3(1 -0.39 7.61 0.50
37 -0.54 7.35 0.50
38 -0.77 6.75 0.50
3V -0.51 6.15 0.50

40 -0.61 5.36 0.50
41 -0.77 3.83 0.50
42 -0.56 3.30 0.25
43 -0.57 2.95 0.25
44 -0.39 2.53 0.25



6 1

TABLE 2 (Continued)

M A P 111 i n

CONTOliRS (K -km s ' ) ______

________insL X_________ inUTxal

45 -0.52 2.59 0.25
46 -0.51 2.14 0 .25
47 -0.56 2.19 0.25
48 -0.77 1.86 0.25
49 -0.89 1.85 0 .25
50 -1.14 1.50 0.25

51 -1.23 2.94 0.2,5
52 1.02 2.87 0.25
53 -0,59 2.36 0.25
54 -0.89 1.82 0.25

TABLE 3

V E L O C I T Y  E X T K N T  O K  T l l K  C H i M P S

Feature Position

Velocity Range 

km s''

Rcd/Bluc-Shilteil 

(relative to rc.st 

veloeily gas)

B l (-20 ,-20 ) -36 to -18 Bluesliil'ied

B2 (-1 0 ,0 ) -55 to -40 Bluesliiried

B3 (-3 0 ,0 ) -40  to -30 Bhiesliilled

B4 (0 ,0 ) -20 t o -15 Blueshilted

R1 (20 ,20 ) -5 to +20 Redsliilted

R2 (•20 ,20 ) -10  to +20 Redshifted

R3 (0 ,0 ) -8 to -5 Redshifted
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(Fig. 15). The peak of R2 first appem's at (.-30, 10) at Vj -- -10 km s ', aiut then shifts 

roughly noilhwarti as velocity decreases. At " -3  km s t h e  peak is positioned at

(-20, 30) and proceeds southward as velocity cominues to deetea.se reaeltiitg (.-15, 10) at 

V|.sR= 18 km s"' IFig, 14(54)J. The implication of the movement of this intensity peak is 

not apparent, since it is neither a case of straightforward acceleration nor deceleration.

It is interesting to cctnpare the "C O  velocity channel maps with the ' ' \ ' 0  channel 

maps described in the proceeding paragraph. Velocity channel maps for ' *C'() .1 -  3 --> 2 

are shown in Figure 16, and corresponding contour levels are listed in Table 4. The area 

mapped by the '^CO transition is stnaller than the area mapped by the main isotope, hence 

only the inner 50"x50" region centred near G L 490 is displayed in the ' 'c'O .1 -  3 2

velocity channel maps. At velocities between -24 and -19 km s ' jlngs 16(1 ) iind (2)|, the 

same blue lobe at (-20,-20) .seeti in '“CO is also seen in "C U . There are dil'ferences in the 

'^CO and the '^CO channel maps at these velocities, however. In the '“CO channel maps 

[Figs. 14(18) to 14(22)1, the blue lobe is seen as a fan shape e.stending out to (20,40). 

while in the '^CO channel maps there is essentially no cmi.s.sion from climip BI near (0,0).

In Figures 16(1) and 16(2) there are two region.s, around (0,-20) and (0,-10), 

respectively, where the emission in velocity channel maps apparently becomes negative. 

However, the lo  uncertainty in the antenna temperature for the original .spectrum is ■ ± 0 .1 

°K for each frequency channel of 0.25 km s ', corresponding to - ±  0.4 "K km s ' for 

maps having a 4 km s ' velocity range. Contour levels reaching 0.7.5 K km s ' a r e  

correspondingly less then 2o below the null value, which is probably not signilicam. 

These areas could therefore be regions of very weak emission, which are l o s t  in the 

intrinsic noise of the observations.
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TABLE 4

CONJ OIJK M APPARAMKTICRS FOR FlGURK 16

 CONTOURS (K-km  s

M a i» m in m ax _ in terval

1 -0.69 1.91 0.25

2 -0.26 0.98 0 . 1 0

3 -0.23 0.97 0 . 1 0

4 -0.38 1.16 0 . 1 0

5 0.05 1.56 0 . 1 0

6 0.19 2.85 0.25

7 I . l l 5.90 0.50

8 2.49 7.47 0.50

V 2 . 0 0 6.50 0.50

1 0 1 . 2 1 2.84 0 . 1 0

1 1 0.56 2.05 0 . 1 0

1 2 0.07 1.87 0 . 2 0

13 -0 . 2 1 3.46 0.25
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At Vlsr = -19 to *18 km s"', the ' “CO luid '̂C(.) channel maps have similar 

appearances [Fig, 14(23) and Fig, 16(3)], both showing an extension lowaid.s the 

southwestern corner of the maps. There is a small displacement of the centroid ot'emi.ssion 

by about 8 " for the ^CO and ^CO channel maps, which is not significant since the beam 

size is 15", almost twice as large as the displacement. The ^CÜ channel maps from - IS to 

-12 km s'' [Fig. 16(4) to Fig. 16(9)] show the emission peaks to be within 7" of (().()). It 

is believed to correspond to the clump B4 seen in the ‘‘CO channel map.s. However, the 

centroids of emission in these ^CO channel maps arc not coincident with their counterparts 

in the '^CO channel maps. This difference in peak locations, if real, could be due to ga.ses 

emitting at different transitions that are segregated spatially. At velocities from 12 to II 

km s '\ Figure 16(10) shows a peak about 9" northwest of (0,0), while the ' ’Cü chantiel 

map is severely contaminated by the -11 km s ' ab.sorplion feature seen in the spectra. At 

velocities from -11 to -10 km s'' [Fig, 16(11)], the emission peak moves northward into an 

elongated feature. However, because of the small region mapped and the likcliiiood of self 

abosrption near-) 1 km s'', the implication of this elongation is not clear. In the redshiftcd 

velocities, from -10 to - 6  km s'' [Fig. 16(12) and (13)], the inien.sity peaks at (0,0), which 

is consistent with the clump R3 seen in '^CO.

(B ) T h e  J = 6 5  T r a n s i t i o n

Figure 10 shows a .spectral line map of the available data in the ' ('() J = 6  -> 5 

transition. The map consists of a nine point cross about (0,0) with 10" spacing, and a 

single spectrum at (-20,-20). The -13.5 km s ' peak .seen in ' ‘ CT) J - 3 ^ 2  can be seen 

throughout the J = 6  5 map, although in some lines the peaks are at -14 km s ', while at

(0,-20) the peak is at -16.5 km s '. The -11 km s ' absorption feature can also be seen in 

all spectra except at (-2 0 ,-2 0 ), where tire re is no emis.sion detected at velocities greater  tliaii 

-12 km s'' [Fig. 17(b)], Similarly, the -11 km s ' absorption feature is seen at a slightly
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(JiOercni velocity in each spectrum. The greatest difference is that the absorption is 

redshiftcd by 1.5 km s ' at (*20,0) and (0,10), i.e. the absorption is located at -9.5 km s'* 

instead of - I I kin s '. Since observations for the J = 6  -> 5 transition were done using 

chopping relative to a position 30" from the source, there is a possibility that self-chopping 

may have occurred causing the velocity variation described above. Therefore, the velocity 

shift may not be physically meaningful. At the position of GL 490, the total velocity extent 

of the J .-= 6  -> 5 line, at zero intensity, is about 30 km s '' [Fig. 17(a)]. The peak intensity 

across the '^CO J = 6  5 spectral line map does not drop monotonicaliy within 20" west

and north of GL 490. For example, the peak antenna temperature first drops from 15.3 °K 

at the position of the source to 8.5 10" west of the source and then rises again to 12 °K

2 0 " west of the source.

A CO J = 6  -> 5 spectrum was obtained at the centroid of the main blue clump B1 

at (-20, -20). Only the strong blue wing exists in this spectrum. There is little emission in 

the J -  6  -> 5 transition from the quiescent molecular gas. The remarkable shape of the CO 

J = 6  -■> 5 line at (-20,-20) is shown in Figure 17. The central spectrum is also shown for 

compaiison. The quiescent gas (centred at -13 km s ') does not emit in the J = 6  -> 5 

transition at B 1 either due to a drop in density below the critical density needed to excite the 

J = 6  —> 5 transition or due to a drop in temperature. The presence of strong blueshifted

emission in CO J = 6  —> 5 implies that the outflowing gas is both very warm (T~i00 °K) 

and very dense (n̂ .̂.̂  > lO** cirr’ ’ ). A plausible mechanism is compression and heating o f

the gas by a shock.
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IV Discussion

(A ) EXCITATION TlCMFERAlTJRIiS OF THF HlOH-VlCLOCITY G AS

(a) The J = 3 -■> 2 Lines

The exciiation leniperutures for tlie J = 3 2 emitting gas can be obtained by one

of the two equations given in § IIB(n). Where the '^CO line is not visible, the gas is 

assumed to be optically thin and the approximation that x «  1 is used, i.e., equation (31). 

Wherever '^CU is detected (inner part of the line), the optical depth x can be found using 

the line ratio ''^CO/'^CO, and equation (18) can then be used to obtain the excitation 

temperature. It should be pointed out that when X is large, the ratio *^CO/*^CO approaches 

1 and hence x is poorly determined at the x »  1 limit.

Excitation temperatures calculated at the source position, (0,0), are shown plotted

with respect to gas velocities in Figure 18. Since the equations derived in § IIB(a) are

based on the assumption that excitation temperature is constant throughout the line, this plot 

allows us to assess the validity of the assumption. The dots in Figure 18 represent

calculated using the x «  1 approximation and the crosses represent T^^ calculated using

equation (18). The gap from - 8  to -15 km s"' is due to the self-absorption feature in the

line, where excitation temperatures for the quiescent cloud cannot be obtained reliably. The 

error bars take into account the two uncertainties in obtaining the noise in the spectra

and the uncertainties in measuring the antenna temperatures. The 1 o uncertainty in a

spectrum is measured using one fifth of the peak-to-peak noise at the baseline of the

spectrum. The noise in the specü'um and the measuring uncertainty are combined using the

square root of the sum of their squares. The combined uncertainty is then used to find the 

uncertainties in T^  ̂contributed by the two eiTor sources. As can be seen in Figure 18, the
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ufn.-i;i laiinics in at the highest velocities afe Itu'ge. 'I'his is due to the low signal-to-noise

ratio (S/Nj at tiigli velocities. The error bars for data points near the line centre are large as 

well, becau.se the S/N ratios for the spectra are low.

I-or (0,0) (I ig. 18), taking the uncertainties into account, we can see that at the

blue wing is roughly con.stunt around 20 “K, This excitation temperature agrees quite well 

with = 15 "K u.sed by Snell et al. (1984) and T^^ found by Schella (1991). The red

wing, however, .shows a negative temperature gradient. The temperature in the red wing

decrea.ses from about 22 “ K at -2 km s ' to about 10 °K at +19 kan s '. At an adjacent

position, (•■1 0 ,0 ), data at the high velocity end of the blue wing have large uncertainties

which cau.se the excitation teiiiperature to be poorly defined. At lower velocities, there is a 

possibility that T_  ̂ decreases from -35 °K to -15  as velocity decreases. The

temperature of the red wing shows a dip to -15 and then a rise to -27 °K, after which it 

gradually decreases to - 1 0  °K.

At the centre of clump B l, (-20,-20), the blue wing cleai'ly shows a decreasing 

temperature towards higher velocities gas. The temperature ranges from about 30 °K to 

about 1 0  ‘’K. I'he red wing shows that the temperature decreases from 12 °K to 6  °K 

towards higher velocities. At the centre o f clump R l, (20,20), temperatures in the blue 

w ing deciea.se from 15 '’K to 10 °K as the velocity increases. The red wing temperature 

first increases from 20 to about 40 then stays roughly constant at around 30 °K 

before finally dropping to 10 °K  at higher velocities. At the centre of clump R2, (-20,20), 

the red wing shows a peak in temperature (-30 °K), and then drops to 12 °K for both 

higher and lower velocity gas. The blue wing does not show any clear' trend due to the 

large uncertainties. 'I'hcre is a possibility that temperature decreases with increasing 

velocities here. 1-rom the above discussion, we conclude, therefore, that a uniform 

temper.uure ,̂.is is probably not strictly valid. However, this does not pose a significant
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problem since the dependence of column density on excitation teinporaiuiv is small for 

= 20 to 50 °K.

(b ) The J = 6 ^  5 Linec

Excitation temperatures for the J = 6  —> 5 line at (OS)) are plotted against velocity in 

Figure 19. For this transition, the excitation tomperattires are calculated using the optically 

thin case for the line ratio T(65)/'i'(32) (equation (_M)). This procedure assumes that the 

gas has a uniform temperature. The error bars for the J -  5 data are typically larger

than those for the J = 3 -» 2 data due to a lower S/N (see Fig. 17), In the blue wing, the 

excitation temperature increases from 27 °K at -41 ktn .suupst i) to a peak of - 55 "K at 3  ̂

km s '\  then decreases to -35 °K near -22 km s '. There are only 4 data points on the red 

wing. They suggest that the temperature incrca.scs from 40 °K to -50 "K towards high 

velocities. At (0,10), the excitation temperatures .suggest that the temperature ot the blue 

wing is about 55 °K. Due to the low S/N, no clear temperature gradient can be .seen.

At (-20,-20), the blue wing suggests a possible increa.se in temperature from .50 "K 

to 100 °K towards higher velocities. This trend is opposite to that seen in the J -■ 3 > 2 

line at the same position. The fact that higher temperatures arc found for die J ■ b v 5 line 

while lower temperatures are found for the J = 3  — >  2  lines indicates that t h e  two diilereni 

transitions sample different gas. Thus, the assumption of uniform tempeititure is not valid.

At (-20,0). the red wing is consistent with a constant tempeiatme of 40 K. At 

(0 ,-2 0 ), the temperatures dervied for both red and blue wings increase towtirds lugliei

velocities. The temperature range i.s -50 ' ' K  to - - 1 1 0  K  for t h e  b l u e  w i n g ,  a n d  3 5  '  K  t o  

> 80 °K for the red wing.



76

110

(i()

10

;îo

0

%

! I I I I I I I I ! I- I . 1 . I ..1 .1 .-1

00 00 -10 - 3 0  •20 - 1 0  0 10 20  30
\ ' i ; l oo i l .y  ( k u i / s )

I'iy. h) of excitation températures with V(lsr) for the CO J =  6 —> 5 line at

(0.1)1, 1̂  ̂ is calculated using the line ratio of optically thin J = 6 - > 5 t o J  = 3

—> 2. 'I'hc gap between V  = -20 to +3 km s"' is where the J = 3 ->  2 line is 
optically thick and cannot be calculated.
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ExcitatiDii teinperiuiires tor tlie J = 6  •-> 3 lines may be indieatiny, ihat near ihe

main blue clump consisting of t-20,20) and (,0,-20) are higher (han (einperaiures near GL 

490. This can be understood if  the main blue clump consists of shocked gas and the high 

temperature results from a wind encountering the ambient gas,

(B ) MASSKS of THF MOMNO CLOMPS

In calculating column densities fand masses), each spectrum at the positions listed

in Table 3 is divided into 3 regimes: (1) when the optical depth cannot be obtained (i.e.. the 

line is nut visible), T^^ is found by the i  «  1 approximation and column densities

are calculated with equation (37), (2) for the inner wings (i.e. low velocity emission),

where the optical depths can be obtained but not the excitation temperatures (due to the lack 

of J = 2 - 4  1 data), '1̂  ̂has to be a.ssumed j Liquation (23) is used to find the caduiim

densities. Excitation temperatures can be calculated in tins regime only at the position 

(0,0), where spectral coverage of the ‘"’CO J = 2 —> 1 line is available j, (3) w here optical 

depths are found to be so large that e'  ̂ is essentially negligible, I can be found using the

optically thick approximation, with equation (23) again used to find the column densities. 

(As mentioned before, X in this regime is poorly determined because the line ratio 

approaches unity as x becomes very large.)

When T^  ̂ has to be assumed for the inner wing, a value of 20 "K is used. 1 his

value is consistent with the excitation temperature found by Snell et al. ( I0S4) and Schella

(1991). Although temperature gradients are found in the line wings, an accintiie lelatioii 

between T^  ̂and velocity cannot be predicted without higher S/.\ spectra. Here, we can

estimate the error in column densities that an error in T̂ _̂  would produce. II the. 

temperature decrea.ses linearly from 2 0  '^K to 1 0  K over a 2 0  km s ' intei val, then.



7 8

assuiiiing a con.stam tcinpuruturc of 2 0  "K, we underestiiiiate ihe column density by a factor 

of about 1.5.

At the po.sitioii of GL 490, filling factors can be calculated explicitly. This is done 

by first obtaining the optical depths for the two transitions J = 3 —> 2 and J = 2 1 using

eipiation (7|, then substituting the optical depths for the two transitions into equation (18) 

to obtain an excitation temperature. Finally, putting the optical depth of the J = 3 -4 2 

transition aid ilic excitation temperature into equation (6 ) yields the filling factor, f. Values 

of f  are found to be between 0.6 to 3.5 at velocities from -20 km s'* to -3 km s'*, excluding 

velocities between -9 km s ' and -15 km s'* where the line core is located. The mean value 

is I = 1.5. Filling factors greater than 1 are not physically meaningful for a uniform 

temperature gas. We assume that, for the velocities stated above, f  = 1. It should be 

noted, however, that filling factors greater than unity can be found from our formalism if  

there exl.sts a spatial temperature gradient in tlie cloud (Canto et al. 1987).

The masses of the high-velocity clumps given in Table 5 are calculated usittg the 

velocity intervals listed in Table 3. These masses are strictly lower limits for the following 

reasons: ( 1 ) due to contamination by the ambient molecular cloud emission and the 

ab.sorplion at -11 km s *. velocities near the line centre (from -15 to - 8  km s'*) are not 

included in the calculation of mas.ses whenever encountered. This implies that the 

calculated mas.ses are lower limits if the clump velocities overlapped with velocities near" the 

line centre. For higher-\ elocity clumps, however, this contamination does not pose a 

problem: (2 ) the projected area of the clumps is usually taken to be the area of the beam 

tllF llW  -  15" for the J = 3 2 transition) for simplicity. The true extent of the clumps is

larger than the beam area as seen from the velocity channel maps (Fig. 14), causing our 

mass estimates to be low. However, tb.e velocity channel maps also show a rapid decrease 

in intensity awa\ from the peak, w hich implies a density drop-off. Therefore, much of the



7 9

muss should be encompassed in the beam width. In order to estimate the I'raetioit oi' mass

of a clump outside the beam area, the column densities of the main blue clump t i l l )  are

found at two positions 20" from the peak, at (, 20,0) and (0,-20). I he column dettsity for 

only one velocity (at Vj = -25 ktn s ') is calculated for each of these positions. It i.s

found that, at both positions, the column densities are less than half the column density 

obtained at the peak, (-2 0 ,-2 0 ), for the same velocity. Therefoie, the mass calculated usin;: 

the beam area is underestimated by at least a factor of 2 . This uncertainty can he up to a 

factor of 7 i f  we assume a factor of 2 drop o ff in column density within the beam area and 

estimate the amount of beam area 'missed' in calculating the mass of the main blue clump.

The uncertainty in the calculation of masses depends on the column density

excitation temperature relation. In the optically thin regime, an increa.se of a lactoi o f }  in 

causes the column density to increase by only \%  if T,^ = 20 "k. In the i  - I regime,

however, a factor of 3 increase in T^^ leads to a factor of 4 inerea.se in the column density,

i f  = 20 '^K. One of the largest uncertainties in the calculation of lua.sses is in choosing

the boundary velocities, which are somewhat arbitrary. All possibilities included, the true 

masses of these clumps should be within a I'actor of 10 of the estimtiies given in Table .5,

Clumpy bipolar outflows have been ob.served in several other sources, e.g. IKA.S 

16293 (Walker et al. 1988), Orion B (Richer et ah. 1992), 1.1448 (Bachiller el ah, 1990 

and Bachiller et al„ 1991a) and 1RA.S 03282+3035 (Bachiller et ah, 1991 h). Their masses 

and characteristics arc listed in Table 6 . In addition, Mariin-Binuido et ah ( 1992) obsei ve.d 

SiO emission and other high density tracers towards the molecular outflows in 1.1418, 

Bernard 1, NGC 2071 and Cepheus A. They found that the gas density in the shocked 

regions (from observations of SiO and SO) is typically a few times larger than that derived 

for the quiescent gas, indicating cnhanced-density, slujcked clumps in these moleeulai 

outflows. It is interesting to note that our CO J -  6  / 5 line profile ;ii ihe mam
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TA B LE S

Clump Mass ( !̂ fQ)

Bl 0 , 2

B2 0 . 0 1

m 0 . 0 2

B4 0.5

Rl 0.08

R2 0 . 2

R3 0.3
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blue clump, 1-20,-20), is simi.ar to the SiO line profiles fourni by Uachillerei al, flW la) 

(see their Figure 1) and Martin-PintaUo ct al. ilV92) (see also their I'iguie 1). Both line 

profiles show no emission mising in the ambient cloud. The emission stops sharply at the 

ambient cloud velocity. Bachiller et al. suggest that such a line profile is expected if the 

emission were generated in a strongly shocked gas. 'I'herefore, it is possible that our 

clump Bi is also a shocked clump.

The oiigin of the high-velocity CO clumps (or bullets) is discussed in Bachiller et 

al. (1990). These authors suggest that the bullets have been ejected from the vicinity of the 

outflow source. Bachiller et al. propose that their observations can be explained by models 

of bipolar flows in which the wind originated from two sides of an accretion disk (Pudrit/., 

1985). This model can explain the ejection of two oppositely directed masses due to the 

instability of the accretion disk, which is tightly coupled across the width ol the disk, 

Richer et al. (1992), however, propo.se that the clumps .seen in the Orion B outflow may be 

formed locally from ambient molecular gas, After a radiative jet enters a cool molecular 

cloud, the shocked, swept-up gas cools rapidly forming a dense shell, which breaks up 

into clumps due to local hydrodynamic instabilities.

In the case of GL 490, the clumps seen in the J = 3 —> 2 channel maps a r e  found to 

be more massive than clumps (or bullets) listed in other sources ( I'able fi). The clumps 

observed in GL 490 are clearly not well aligned. There appear to he two red-blue paiis m  

the outflow, the main blue clump (Bl) and the eastern clump in the main red lobe (RI ; a n d  

the clumps B4 and R3 at the position of GL 490. Bl and Rl are located almost 

symmetrically opposite of GL 490, confirming it to be the source of the outflow. The other 

clumps however, are scattered around GL 490, 1 he spatial distribution of clumps in ( i i , 

490 is difficult to understand with the ejected bullet model. A disk-like structure m a y  exist 

around GL 490, as has been seen in observations of ( S ,  and this implies a p o s s i b l e



82

TA B LE 6

MASSKS AND C H A R A C TK K IS TIC S  OF C L U M P S  

l N..O:D.ll';iLBjJiOXAlL-Q.y..m.Q.ai5.

Sciurce

OULOIUS (iLQ im uzs

Masses of Red/Blue Collimation of

fW m ps M jc A0.tf.lQ3K

M^48/1RS3 8 Well-aligned a fewx 1 0 '"̂ Yes Well-collimated

IRAS 03282 

+3033

7 Not Pcifect 

alignment

a fewx 1 0 ’ '̂ Yes, except 

for 1 clump

Highly-

collimated

üt'ioii l i >4 Well-aligned ^ 0 . 0 1 No Highly-

collimated

p Oph A > 6 Well-aligned -  1 0 '^ Yes Highly-

collimated

IRAS 16293 9 Not aligned 1 0 '  ̂ to

3x10-

Not Apparent -

GL. 490 >7 Not aligned 0.01 to 0.5 B 1 and R 1 

only

Low collimation
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accretion disk as needed in the ejected bullet model. llo\ve\ er, according to Kawabe cl al. 

(1984), this disk cannot be collimating the bipolar outflow because the expanding 

momentum of the CS cloud in less than the outward momentum of the CO bipolar outflow. 

It is not clear whether the model proposed by Richer et al. (1992) can be applied to the 

observations here without a more detailed investigation. The lack of alignment for all the 

clumps may imply, for example, a precessing disk.

In order to estimate the relative density of clumps with respect to the surrounding 

molecular cloud region, column densities of regions outside clumps H I, B l and B3 have 

been estimated. If  the projected area of these regions are chosen to be one beam width, 

then the relative number density is simply the quotient of the column density of the clumps 

and the column density of the surrounding region, b'or clumps HI, B 1 and Bd, at 

positions (-2 0 ,2 0 ), (2 0 ,2 0 ) and (0 ,0 ), their respective velocity ranges were u.sed to find the 

column densities. Relative densities were found to be 3 , 7 and 2, respectively. The 

assumption made here is that the excitation temperature remains constant in the region 

mapped with the J = 3 -> 2 transition. Although warmer postshock gas is certainly 

present, as shown by the CO J = 6  —> 5 emission at (-20,-20), the bulk of the gas is 

probably cool, as shown by CO J = 3 -> 2 and J = 2 1. In other words, the intensity

peaks seen are not due to a temperature effect, but are a density effect. With the average of 

the relative densities calculated above, it seems that the clumps ob.served in CJL 490 are 

about a factor of 5 denser than the surrounding molecular cloud region. This den.sity 

enhancement of the clumps relative to the sunounding regions probably represents the true 

"dumpiness" of the outflow. Although the excitation temperatures calculated suggest a 

temperature gradient dependent upon gas velocity, the range in temperature <jf 2 0  to 50 K 

affects the column density by only 8 %, which is insufficient to explain the high contrast in 

column density between the dumps and the surrounding regions.
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In order to assess the dynamical importance of the clumps to the molecular cloud 

core, the mass of the molecular cloud core within the region mapped by our ' “CO J -  3 

2 observations has to be estimated. For simplicity, an average number density, n, of the 

cloud is assumed. A power law (e.g., n(r) «  1/r) is also physically reasonable, but w ill 

lead to a singularity when integrated from the centre o f the cloud. The average number 

density is given by n -  N/R, where N is the column density of the cloud and R is the 

assumed radius of the cloud. The region around GL 490 mapped by us is about 1.'4 (0.4 

pc at a distance of 1 kpc) in radius. Higher angular resolution CS observations o f GL 490 

by Kawabe et al. (1984) indicated that the size of the compact CS cloud is about 60"x30",

wiiich implies that the higher density gas is encompassed in the region mapped by us.

Lstimates of total cloud mass were obtained using column densities derived from

various studies. From infrared absorption spectroscopy by G. F. Mitchell, the column

density can be derived using the curve-of-growth analysis outlined in § II(B)b. The result

is N(' ’CQ) = 5.()xl0'^’ cm “ [for the low temperature component, T = 24 °K - see (b)

below]. This value reflects only the foreground absorbing gas, so if  a spherical geometry 

is a.ssumed, the total '^CO column density should be doubled. For a '^CO to

abundance ratio of N ('‘’CO) = 1.7x10'*’ NfH^) cm'^, the total H , column density is found 

to be 4.:5x!0"' cm'“ . This column density, together with the assumed radius of 0.4 pc, 

gives a mean gas density of 3.8x10“' cm and a cloud mass of 450

Kawabe et al. (1984) obtained an estimate for the hydrogen density in the CS cloud 

using the large velocity gradient (LVG) approximation. They found the hydrogen density 

towards GL 490 to be in the range 3x10'' to 3x10^ cm'^. Although the derived density is 

for a region smaller than that adopted here, it is nevertheless instructive to apply it here to 

gain a feeling for the lower limit to the cloud mass within 0.4 pc o f GL 490. With n =
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3.5x10^ cm‘ ,̂ the dervied maSvS of the cloud is 420 which agrees well with the IR 

absorption result.

Gear et al. (1986) mapped the 350 jam (857 GHz) emission from the Ul . 490 cloud 

using a beam size of 55". They estimated the source size to be 70"x30", similar to the size 

of the CS cloud found by Kawabe et al. (1984). Using the relations between and 

n(H,) derived by Hildebrand (1983), they found a hydrogen column density of .1 ,6 x 1 0  

cm’  ̂, which gives a mass of 360 using R = 0.4 pc.

Averaging the masses obtained from the three sets of observations above, we find 

the mass of the molecular cloud to be about 410 % .  The sum of the masses of all clumps 

in Table 5 amounts to 1.3 SVIq, which is only about 0.3 percent of the total mass confined 

within a radius of 0.4 pc. From Mitchell et al. ( 1992), the mass of the blue outflow lobe is 

3.9 M q  and the total outflow mass is 8.7 Mq . Hence the most massive clump ob.served 

here, at 0.5 about 13% of the mass of the blue lobe and of the total outflow

mass. It therefore appears that the clumps seen are not dynamically significant 

components.

At a distance of R = 0.15 pc from the source, where the peak of the blue lobe is 

located (without correcting for projection effects), the escape velocity can be calculated 

using the Newtonian equation Ve.scapc = (2 GM() where M,;js the ma.ss of the

cloud within 0.15 pc. This last value can be expressed as 37% of the mass within 0.4 jx 

calculated previously, i.e. 150 under the assumption of a uniform density cloud. The 

calculated escape velocity is therefore 1,8 km s '. It is clear that the clumps cannot be 

gravitationally bound to the parent cloud. If an inclination angle of 0  is taken into account, 

then the radius becomes R(.sec 9), which leads to larger true velocities and strengthens the 

above conclusion.
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(C j n o r  Q u i i:sci;nt  G as

The analysis in § II(Bjb has been applied to the v = 0 -> 1 absorption lines 

lb and in the 4.7 pin speetrum of GL 490. I f  LTE is a valid approximation, then the 

Bolt/mann equation Nj/(2J+1) = constant xexp (-E j/kT ) can be applied. A plot of

ln|Nj/(2J+0| versus (-Bj/k) should yield a straight line, with the gas temperature being

obtained from the inverse of the slope of this line. Figure 20 shows the column

densities in each n.tational sublevel as a function of the rotational energy. It is evident that 

the distribution of points has a break at -E^/k «= 50 ”K. A  linear least-squares fit to the low

J points gives a rotational temperature o f T = 24 °K for J ^ 4. For higher rotational states, 

J > 5, a straight line with gas temperature T = 107 °K fits well. From Figure 20. then, it 

appears that the molecular cloud has both a cooler (T = 24 "^K) and a warmer (T = 107 °K) 

component. The temperature of the T = 24 ‘’K component agrees quite well with the 

temperature of 20 '^K for the molecular cloud found by PI am beck et al. (1983) using 

J = 2 —> 1 and J = 1 0 transitions. Since collisional excitation of the J = 6  level requires

gas temperatures of about 116 °K above ground level, and the J = 6  -4 5 transition has a 

critical density of -lO^’ cm'^ in optically thin gas, the detection of *^C0 J = 6  —> 5 

emission in the region of GL 490 is an indication that hot, dense gas exist in the cloud. It 

is reasonable to assume that the emission seen in the '"CO J = 6  —> 5 transition is produced 

by the 107 component of the cloud.

The size of the J = 6  -» 5 emitting region can be estimated as follows. For a multi- 

component beam with Gaussian geometry, the equivalent main beam efficiency (i.e., 

coupling between beam and source) is given by
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from equation (.20) in A. I. Hants (1990). In the above equation.

T% is the antenna temperature corrected for atmospheric and telescope los.ses. and

sideband imbalance,

Tĵ  is the source radiation temperature,

"rimb is the equivalent main beam efficiency for the composite beam,

a, is the peak power amplitude of the i’th Gaussian beam.

8 i is the angular width of the i’th Gaussian beam,

fi is the geometrical filling factor in the i'tli beam,

(Uj(s) is the off-centre weighting factor normalized so that w(s-tl) = 1 .

s is the position off-centre from the source in arcseconds.

Since the observed temperature using receiver G is the main beam tcmpeiaiuiv, 

some modifications have to be made to equation (4b). 4’he relationship between the

source radiation temperature and the main beam temperatuiv can be written as

= (47)

T%
Using equation (5), i.e. T., = — . and equation (47) above, we have

ti„r

14»)
T„ X,.,e;

In equation (48), if we assume the ''CO J = 6  b transition to he optically thick, then '1'̂ ^

is calculated using equation (39), i.e. T., = — - . 'I'his gives 1,, -- VI.3 K for I
j . l i v / k lc x  .  I "

= 107 °K. the excitation temperature of the warm component t o u n d  from the IR a h s o i  piion 

data.
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At Uie time of these observations, the JCMT beam was well-fit by two components, 

a 7" main beam (Qj) and a broader component of 30" width (8 g). The peak amplitudes of

the two components were a,=0.3 and a^=0.7. The values of f. and cOj(.s) are given by 

equations (22) and (24), respectively, in A. I. Harris (1990). They are

and
.2

(üj(s) = exp -In 2
s (50)

where B is the FWHM diameter of a Gaussian source.
•S

Values of T were calculated with the above equations for T^ = 90 °K for various 

source sizes (8  ̂= 5" to 50") at s = 0", 10" and 20" and the results are shown in Table 7.

By comparing the observed main beam peak temperature at (0,0), (0,-10) and (0,-20) from 

the '^COJ = f i -> 5 spectra with T̂ ^̂  in Table 7, we found that T^gy(0") = 15.5 and

(10")= 14,2 °K for 8  ̂= 13" and T^^^(20") = 8.2 °K for 8  ̂ = 11" fit the observed 

peak antenna temperatures well. Therefore, we conclude that the region of CO J = 6  5

emission is -11"- 13" in diameter (FWHM), conesponding to 11,000 to 13,000 AU at a 

distance of I kpc.

If the J = b -> 5 transition is optically thin, a similar technique to the one applied 

.ibove shows that the source size must increase accordingly. For example, if x = 0.5, then 

the size is 17" to 20" FWHM, roughly a 50% increase. Also, it is assumed here that this 

region is spherically symmetric, which is probably not strictly true as it was already
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TABLE 7

PREDICTED M a in  b k a m  T k m p k r a t d r k  

FOR VARIOUS SOURCE SIZES

a, = 0.30 = 0.7 8 , =7" 6  ̂= 30" Tj  ̂= 90 °K

(arcseconds) T„,b(0 ") CK) T„,b(1 0 "> ("K) T„„,(20") C'K)

5 3.07 2.48 1.78

6 4.25 3.53 2.55

7 5.57 4.73 3.45

8 . 7.00 6.06 4.48

9 8.54 7.52 5.63

1 0 10.17 9,07 6 . 8 8

1 1 1 1 . 8 8 10.71 8,23

1 2 13.66 12.42 9.67

13 15,50 14.19 11.17

14 17,37 16.00 12.74

15 19.28 17.85 14.36

17 23.13 21.60 17.70

2 0 28.89 27.22 22.85

25 37.95 36.16 31.31

30 45.92 44.12 39.1.5

50 6 6 . 6 8 65.32 61.41
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mentioned in § IIKB j that the peak intensities in the J = 6  -4 5 spectra do not drop-off 

symmetrically.

Knowing the size of the J = 6  -> 5 emission region allows us to find the average

number density within this warm region. The *^C0 column density obtained from IR 

absorption data for the 107 °K warm component is N('*’CO) = 1.38x10^’  cm'^ This 

corresponds to N(H^) = 8.3x10"^ cm'^. The average number density is given by the

column density divided by the radius of the region, which is known from the previous 

calculation to be 6000 AU (or 9x10*^ cm). This gives a value of n = 9.2x10^ cm It is 

natural to .seek agreement between this value and the number density obtained directly with 

the IR absorption data. The number density can be obtained using the IR absorption data 

by fitting theoretically-calculated rotational CO populations per sublevel with the observed 

values (e.g. Mitchell et al., 1989). On the assumption that the lines are optically thin, a 

density for the warm component of n > 10  ̂cm'^ is implied. Tliis value is larger than that 

obtained using the size of the warm region. The apparent discordance may be reconciled 

by the fact that the lines are not completely optically thin (x is found to be between 0.5 and 

1.75), so a lower density will suffice to produce the observed level populations. A more 

elaborate calculation, including radiation transfer as well as the solution of the statistical 

equilibrium equations, is needed to veiify this.

One possibility of maintaining a high (100 °K) gas temperature is by gas-grain 

collisions. Infrared radiation from the source heats the dust grains near the core. In a high 

density cloud like GL 490(~ lÔ ’ cni'-^ ), collisions between molecules and dust grains 

occurs frequently, resulting in a high temperature gas.

Takano (1986) derived tlie relation



92

by balancing the heat gain from absoiption of tlie full stellar radiation against the radiation 

from the dust grains. In the above equation, T j  is the dust temperauirc. i is tiie disianee 

from the central heat source, and L  is the luminosity of the .source. 'I'he dtist temperature in 

the above equation is an upper limit because the model assumes that no intervening opacity 

between the central source and the grains. The gas temperature near an infrared source is 

expected to be lower than the dust temperature in order for energy to be transfetTcd. hetiee 

the above equation is also an upper limit for the gas temperature. Using litis relation, we 

find that at 6000 AU  (the radius of tlte warm legion), the upper limit of the gas temperalme 

is 40 ®K. It should also be noted that the above relation is based on the assumpiion that the 

dust cloud is optically thin at all wavelengths. This is clearly unrealistic since the dust 

opacity is usually high at wavelengths blueward of near-infrared. According to Scoville 

and Kwan (1976), reradiation from dust grains plays an important role in healing the dust 

in an optically thick cloud. Our tesult for the upper limit to the gas temperature, theieloie. 

is not strictly applicable because the estimated radius of the warm region was obtained 

using the optically thick line core.

Since the upper limit obtained above is less than 40 "K. additiomd heat sources lot 

the GL 490 cloud may have been overlooked. The possibility of an external heat .souice is 

rather unattractive becau.se the intensity of the J - 6 - ^ 5  emission weakens imirkedly over 

distances of 20" from the central source, indicating that no external heat source is in the 

vicinity.
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( I) )  I HK O L I l F h O W  COMI'ONKNT SKEN IN ABSORPTION

I'igurc 11 (p. 37) shows the existence of a strong infrared absorption component 

blueshifted by 13 km s ’ with respect to the quiescent cloud. It is natural to interpTt this 

hlucslufted feature us due to outflowing gas. In ’^CO absorption, this feature is found to 

he saturated, so no column density can be obtained. On the other hand, no *‘’CO 

absorption is detected for this component so tliat an upper limit to the density can be found.

The minimum equivalent width, is defined to be

The resolution of the infrared observations is 0.049 cm ’ , and the signal-to-noise (S/N) 

ratio at the lo  level is 10. Hence = 0.005 cm '. The Doppler broadening parameter

is b = .1.5 km s ’ . FTom equation (43)

W

= 0 .10,

where w = 2120 cm ‘ is the central frequency of the observed range. This value of Ffc^) 

gives ~ 0.12 from the tables for the curves of growth for a Maxwellian velocity

distribution (Spiizer, 197S). Using equation (44), we find

0.015V 

= 7.7x10'-' c m \
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where /  = 7.614x10"^ aiul 1/X = 2103.3 cm ' for the v -- 0-1 R1 line |i.e, the (,0.1 ) 

to (1.2) tran.sitionl, The total column den.sity, can he found by apply inn the partition 

function as described in § Il(B )a. and is given by 3.0x10'" cm for I' = 24 '"K.

Since the ^C O  line is not detected, the total column density obtained hciv i.s an 

upper limit. However, because the ' “CO line is .saturated, the " ( '(  ) line is probably on the 

verge of being detectable. Therefore, it is believed that the above column density for the 

outflowing gas at -13 km s ' with respect to the velocity of C l. 400 may. in fact, be a 

reasonable estimate, even though it is an upper limit.

Using an abundance ratio of '“CO to ''C O  of bO, we find N ( '“C'0) < l .Xxlo'^ 

cm'^. The total column density for '“CO can also be obtained from the J = 3 -> 2 emission 

at the position of G L 490. The velocity range used will be based on the observed velocity 

width o f the infrared absorption feature (Av„, = l.bb? x b ~ b km s '), centred on the 

outflow velocity (V j = -26 km s '), i.e. the velocity interval of Vj -  23 lo -29 km s '.

N ( '“CO) is found to be 2.6x10"’ cm “ based on the emi.ssion data.

The two column densities derived from the IR absorption and CO emission data are 

consistent, since we only obtained an upper limit to the IR absorption column density. 

This consistency is in agreement with the .scenario of a large-scale, expanding shell of 

ambient gas accelerated by a wind, in which case we should expect to obtain a similar 

column density whether we use either the IR absorption or the millimetre line emission. ( )n 

the other hand, as mentioned previously, the IR  upper limii is probably close to the actual 

column density of the outflow gas. In this case, the results from the IR absorption and the 

' “CO emissiondiffer by a factor of up to 7. The amount of outflowing gas seen in 

absorption, if  clo.se to the upper limit of l . Xx i O' ’  cm “, should have been seen as an 

enhancement to the millimetre emission. The fact that no individual emission spike is
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tlctecied al the absDibing outflow velocity implies that the outflowing gas seen in 

absorption is probably not the same gas that produces the emission lines. Mitchell et al. 

tlVVIbj suggested a plausible explanation for the non-detection of the outflow gas in 

emission, namely that the absorbing gas may be so close to GL 490 that only a small 

fraction of the 15" beatn is filled.

( K )  C o M i ’ A R i N t ;  o b s k r v a t i o n s  W i t h  E x i s t i n g  M o d e l s

l-roni the velocity channel maps in Figure 14, it is clear that the structure of the GL 

490 outflow is clumpy and complex. In the following, we shall argue qualitatively the 

inents and problems of two possible outflow models for the GL 490 region.

(a) The Momentum-Conserving Shell Model

The model constructed by Shu et al. (1991), which depicts a neutral wind moving 

into the ambient cloud sweeping up a shell of molecular material, is outlined in § 1(C). 

'I'his particular model has certain attractive attributes when applied to the GL 490 outflow. 

First, the observed CO velocity (-30 km s ') is roughly consistent with the terminal 

velocity predicted in the model (of the order of 10 km s '). Second, the distribution of 

clumps may be explained by the break up of the post-shocked cooling shell if  the opening 

angle of the wind is large. Third, the upper limit to the infrared absorption column density 

agrees with the CO emi.ssion column density. This is consistent with the shell model. It 

should be noted, however, that if the upper limit of the infrared absorption column density 

is close to the true column density, then the absorbing gas rnust be very close to the central 

.source, as described in the previous section. In this case, the .shell model cannot be used to 

explain the observations.
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On the other hand, an ionized wind is observed by Sinuni et al. ildSIat to originate 

from GL 490. Simon et al. deduced a mass loss rate which is two orders ol magnitude 

lower then that derived from CO emission. This fact implies that the ionized wind cannot 

be the cause of the outflow. It is possible that neutral gas may be the main constituent of 

this wind, which would argue in favour of the shell model.

Another argument against the Shu et al. model is that the predicted "Hubble Law", 

is not observed in the GL 490 flow. The "Hubble law" for the expansion of the shell .states 

that the expansion speed is larger in those directions where the shell has progressed farther. 

The largest CO linewidth is observed at the position of GL 490 [i.e. at (0,0)|, contiadiciing 

the prediction that higher velocity gas travels the furthest from the source, l-'inally, no 

cavity created by the wind is observed near GL 490, throwing .some doubt on the existence 

of a neutral wind.

If  the opening angle of the wind is small so that it is jet-like, the result is an 

entrained ambient gas scenario. The picture of a fast neutral jet moving into the ambieni 

gas has been applied by Richer et al. (1992) to the Orion B outflow. These authors 

envisage clumps forming when the dense shell at the working surface and along the side of 

the jet breaks up. This model predicts a time scale of a few x l(H years il the ambient gas 

density is 10̂  - lO^cm"^. Both of these properties are found in G L  490, However, there 

is no indication of the existence of a jet, nor is there evidence of a channel created by the 

jet. In addition, the model predicts a .series of clumps tnore or less aligned close to the How 

axis. This is clearly not the case in the GL 490 outflow.
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(b) The Ejected Clumps Model

The idea of the clumps being "bullets" ejected from the immediate vicinity of the 

central source is outlined in § 1(C). One major problem in applying this model to the GL 

490 How is that the expected alignment and pairing of the clumps is not observed.

We now consider whether the clumps in GL 490 will survive without dispersing in 

their ohsei-ved lifetime.s. The lifetime of a clump is obtained using the simple equation

I f t- -  Distance of clump from GL 490 
I e ime -  velocity of the clump

Using the infonnation in Table 3, we find the lifetimes of the clumps to be 5 years. If

we assume that each clump is a spherical body bound only by its own gravity, then the 

gravitational potential energy is
_ 3 CM-
bgrav = '

where M and R are the ma.ss and radius of the clump, respectively. We find Egrav to be

about fixlO^d gygs for M = 0.2 and R = 0.15 pc (the values for clump B 1). The bulk
1 -internal energy (due to the velocity of the molecules in the clump) is Ejm = where V

is the mean molecular speed in the clump. Hint is found to be 2 x 1 0 4 4  ergs for V = 10 km 

s '. Although the calculations made here are over-simplified, the large difference between 

the two energies leads us to the conclusion that the clumps are probably not stable against 

dispersion. We can also estimate a dispersion timescale for a clump using the sound 

crossing time.

_ Radius of clump 
“  Sound speed
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If we use the beam size (15") as an estimate of the clump size and a sound speed of I km 

s’ *, then ts is ~ 7xIQ4 years. This timescale is almost an order of magnitude longer than 

the estimated lifetimes of the clumps. Therefore, it is indeed possible for the clumps to 

survive under these conditions.

The ejected clumps scenario will produce observed blueshifted absorption lines if 

the absorption originates very near the central source. The circum.stellar disk required in 

this model may exist around GL 490. However, according to Gear et al. 1 1VK6 ). this large 

disk is incapable of collimating the outflow associated with GL 490.

In conclusion, our observations appear to be fairly consistent with the shell model 

proposed by Shu et al. (1991). An attempt to detect the required neutral wind would he 

very useful for constraining the GL 490 outflow to this particular model.
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V . Summary

In this thesis, the high-velocity bipolar molecular outflow source GL 490 has been 

observed in five CO transitions: the ‘^CO and J = 2 -> I and J = 3 -> 2 transitions as 

well as the ' “CO J = 6  -> 5 bansition. Data obtained by IR spectroscopy are also available 

for analysis. The purpose of this project is to probe the physical environment in the cloud 

where GL 490 is embedded as well as the nature of the bipolar outflow.

The results of our study can be summarized as follows:

1. 'I’he ' “CO J = 3 2 spectral line map shows that broad wings to the line profiles 

occur within 40" of GL 490. In the south-east direction, broad line wings vanish rather 

abi-uptly, indicating a sudden change in physical environment in this region. The stiong 

wings in the line profiles display marked changes across the map region. Strong blue 

wings are found in the south-west while strong red wings are found to the north-east and 

north-we.st of GL 490.

2. An absorption feature at -11 km s'', seen in all ' “CO J = 3 -> 2 spectra near GL 

490, can be caused by either an unrelated foreground cloud or by the outer and cooler pan 

of the molecular cloud.

3. Velocity channel maps made from the ' “CO J = 3 —> 2 spectral line maps show 

several intensity peaks (clumps). Positions for the most prominent clumps are listed in 

fable 3. In particular, the main blue clump has a fan-shape and is centred at (-20,-20). 

I he main red emission consists of two equally intense clumps located at (20,20) and 

(20,-20). I'he Clump called B2 (see Table 3) appears to move westward with decreasing 

velocity, possibly indicating a decelerating flow. The location of the centroid of clump R2
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appeal’s to ti’uce an arc as the velocity changes. The implication of this movement is not 

clear presently. The centres of clumps R 1 and B 1 are .symmetrically located on either side 

of GL 490. This red-blue pair of clumps resembles the well-aligned outflow clumps 

observed in other sources. However, the other clumps are neither aligned nor have a 

red/blue couiiteipart on the other side of GL 490. This misalignment of clumps may he the 

result of a precessing disk around GL 490.

4. In the '^CO J = 3 2 channel maps, tlie centroid of emission of clump H4 appears 

to be slightly offset from that in the '^CO map. If real, this could he due to the spatial 

segregation of the *"C0  emitting gas from the ^CO emitting gas.

5. The ^CO J = 6  5 spectral lines peak at a velocity of -1 .T5 km s which agrees

with the results found for the lower transition lines. The - 11 km s ' absorption feature is 

also seen in the J = 6  —> 5 transition. The peak intensity across the *“('() J -  6  —> 5 

spectral line map does not drop off monotonically within 20" of (11. 490, I’his indicates 

that the physical environment is not .spherically symmetric about 01. 4 9 0 .  At ( 2 0 ,  2 0 ) .  the 

strongest blue clump, only a strong blue wing exists in the J= h  ^ 5  spectrum: Theie is 

little emis,sion from the quiescent ga.s. This .spectral line profile is similar to the profiles of 

SiO lines seen in the outflow source L1448, in that the quiescent g a s  d o e s  not emit in the .1 

= 6  —> 5 transition. According to Bachiller et al. ( 1991a), this is t h e  sig n a tu re  o f  strong ly  

shocked gas.

6 .  Excitation temperatures for the blue wing of the emission at ( 0 , 0 )  a r e  l o n g h l y  

constant at 2 0  while temperatures decrease with velocity for the red w i n g s  o f  the 

profiles. At the centroid of the main blue clump, the temperature o t  t l i e  b l u e  w i n g  emission 

decreases at higher velocities. Excitation temperatures dervied for the J O »  5  l i n e s  

show large scatter due to a low S/N ratio. The average temperature dervied toi the J (> >
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5 lines is higher than the average temperature for the J = 3 -> 2 lines, indicating that the 

two different transitions originate in different gas. The excitation temperature dervied for 

the region near clump B1 appears to be higher for the J = 6  -> 5 transition. This high 

temperature may arise when a wind encounters the ambient gas resulting in a shock. This 

is fruther evidence that clump BI may be a shocked clump.

7. The masses of the clumps listed in Table 3 are in the range 0.01 to 0.5 These 

masses are larger than the masses of clumps seen in other outflow sources. The

number density of these clumps are roughly 5 times larger than those derived for the 

quiescent gas.

X. The total cloud mass within -0.4 pc of GL 490 is about 410 ^̂ {Q. Therefore, the 

clumps observed are dynamically insignificant. The outflow gas is not gravitationally 

bound to the parent cloud.

9. The data from Infrared absorption spectroscopy show that the quiescent cloud 

consists of two components, a cooler (T=24 °K) and a warmer (T=I07 ®K) component. 

'I’he IR .spectrum of GL 490 also sh^ws the existence of an outflow component blueshifted 

by 13 km s^ with respect to the quiescent gas.

10. The size of the region emitting in the J = 6  5 lines is estimated to be of the order 

of 11,000 to 13.000 AU.

11. The average number density for the gas within the warm region (based on the 

estimated size o f the region) is found to be less than the number density implied from IR 

absorption data. This apparent discordance may be removed i f  the *^C0 absorption lines 

arc not optically thin.
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12. The upper limit to the gas column density for the blueshifted component seen in 

absorption is found to be consistent with the column density obtained from the .1 = 3 2

emission data. This consistency supports the scenario of a large-scale expanding shell of 

ambient gas accelerated by a wind. However, if the upper limit is close to the true column 

density, then the absorbing gas is probably very close to GL 400 in order to remain 

undetected against the emission lines.

13. Our observations of the GL 490 outflow appear to be fairly consistent with the 

momentum-conserving shell model proposed by Shu et al.. However, more observations 

are needed in order to address some of the problems that art,se in attempting to apply this 

model to the obsei-vations reported here.
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