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ABSTRACT 

How are stars formed? This is one of the most fundamental questions 

m astronomy. It is therefore ironic that to date, no object has been unam

biguously identified as a true protostarj an object which derives the bulk of 

its luminosity from accretion. While this may be ironic, it is not surprising. 

Stars are believed to form as a result of the gravitational collapse of a portion 

of a molecular cloud. Theory 'predicts that the cloud core in which the star 

is formed will be cold, dense and possess hundreds of magnitudes of extinc

tion, rendering it opaque at visible and near-infrared wavelengths. Continuum 

observations at far-infrared, submillimeter, and millimeter wavelengths can be 

used to identify candidate protostars, but spectroscopic observations are needed 

to detect infall. The difficulties arise when there are systematic velocity fields 

present in the cloud core which are not the result of infall, such as would be 

produced by either a molecular outflow or rotation. In this dissertation we use 

both observations and theortical models to sort through' these problems and 

develop a strategy which could be used to identify and study protostars. 
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INTRODUCTION 

An object can be identified as a candidate protostar from continuum 

observations in the far-infrared and sub millimeter . Due to their large accretion 

luminosities and location in dense dust cores, the peak in the energy distri

bution of protostars is expected to occur at these wavelengths (Larson 1969). 

When far-infrared and submillimeter observations are available, this property 

makes candidate protostars relatively easy to idenitfy. In addition, these ob

servations can be used to estimate the size, mass, luminosity, temperature, 

density gradient, and grain properties of the central condensed region. These 

estimates are needed to constrain collapse models. However, to unambiguosly 

identify an object as a protostar requires the direct observation of collapsing 

or infalling gas. This in turn requires spectroscopic observations. Molecular 

line observations offer the best opportunities for identifying such gas motions. 

Methods of detecting infall using molecular line observations have been dis

cussed by several authors (Walker et al. 1986, Leung and Brown 1977, and 

Snell and Loren 1977). In each of these techniques a careful study of high 

signal-to-noise asymmetric emission line profiles is required. If infall were the 

only source of systematic motions in the cloud cores which harbor the candidate 

objects, the task of detecting infall using these techniques would be difficult, 

but straightforward. However, Mother Nature has not been so kind to us. It 

has become increasingly apparent over the past few years that a large number 

of young stars undergo a period of mass loss characterized by cold, energetic 

outflows of molecular gas (Lada 1985). In fact, outflow may play an important, 



11 

if not essential, role in the mass accretion process (Draine 1983; Pudritz and 

Norman 1983). Furthermore, evidence for rotation has been found in many of 

the dense cloud cores which may contain protostars (Goldsmith and Arquilla 

1985). Before one can be certain that the infall interpretation of molecular 

line data is unique, the effects of outflow and rotation on line formation must 

be understood. 

From the above discussion it is clear that to identify protostars requires 

observations and analysis of the millimeter, submillimeter, and far-infrared 

continuum emission of star formation regions, and an understanding of how 

molecular outflows, rotation, and infall can effect line formation. In Chapter 

1 we present and analyze continuum observations of 12 objects suspected to 

be protostellar in nature. In Chapter 2 we present observations of the dense 

gas associated with two objects from our sample (16293-2422 and Cepheus 

A) which possess asymmetric line profiles and molecular outflows. From these 

observations we discuss the morphology and derive mass and energy estimates 

for each of the outflows. In Chapter 3 we develop a simple conical LTE 

outflow model which allows us to determine what types of line profiles can be 

produced in the low velocity, swept-up shell of an outflow. We then compare 

the results of our model and the results of the rotation model of Adelson and 

Leung (1988) with observations of 16293-2422, Cepheus A, and B335. Finally, 

in Chapter 5 we discuss two spectroscopic techniques for determining infall 

from millimeter and submillimeter observations. When used separately in the 

presence of outflow and/or rotation, the two techniques may not be able to 

unambiguously detect infall, but, when used together, the presence of infall can 

be uniquely determined. 
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CHAPTER 1 

1.3mm CONTINUUM OBSERVATIONS OF 

COLD MOLECULAR CLOUD CORES 

Introduction 

In all current theories of star formation, protostars form from the grav

itational collapse of cloud cores containing gas and dust. A large amount of 

observational data has been collected about the gaseous component of these 

cores. Observational studies of the submillimeter and millimeter wave proper

ties of the associated dust are relatively few. This is particularly unfortunate, 

since in this wavelength range the dust emission becomes optically thin, and 

coupled with infrared observations made by other observers and IRAS, can be 

used to estimate physical conditions in cloud cores. 

We have conducted a 1.3 mm continuum survey of 12 cold IRAS sources 

which possess outflows or are suspected of being protostellar in nature. Some 

of the objects in the sample are regions of high mass star formation and 

contain multiple sources. Other objects in the sample appear to be regions 

of low mass star formation and may have only one embedded source. In this 

chapter we present energy distributions and 1.3 mm continuum maps for each 
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of these objects, and use them to derive source parameters. We then look for 

similarites and differences in the properties of these diverse regions. 

Observations 

Our observations were made during the last week of 1986, the second 

week of February, 1987, the last week of 1987, and the first week of 1988 using 

the 12 m NRAO telescope located on Kitt Peak. 

To date, most millimeter and sub millimeter observations of thermal 

dust emISSIOn have been made with broad-band bolometer systems. While 

these systems have the most sensitive detectors available, they suffer from 

the disadvantage that due to their large bandpass, they may be sensitive to 

molecular line emission as well as thermal dust emission. Bolometers usually 

use a bandpass filter to block all but the desired range of frequencies. If this 

filter is too wide or is "leaky" it may permit unwanted line emission to hit 

the detector. If the extra line radiation is not accounted for, it may lead to 

an overestimate of the continuum flux. 

In order to circumvent this problem, our observations were made with a 

dual-channel, double-sideband, Schottky diode heterodyne receiver system. The 

receiver had a bandwidth of 600 MHz, an IF frequency of 1.5 GHz, and was 

operated in continuum mode at a frequency of 231.6 GHz. At this frequency 

the telescope had a beamwidth of :::::: 30" and a r.m.s. pointing accuracy of 

about 10". The subreflector was nutated at a frequency of 4 Hz and had a 2' 

throw. 
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A few of the sources were also observed at 103.5 GHz on the 12 m 

using a dual-channel, single-sideband, SIS receiver with the same IF frequency 

and bandwidth as the 1.3 mm system described above. Here the telescope 

beamwidth was 60". The subreflector's nutation frquency and throw were the 

same as at 1.3 mm. 

To correct for the effects of atmospheric extinction, the atmospheric 

optical depth was frequently measured by tipping the telescope. Absolute cali

bration was achieved by observing Venus, Mars, Jupiter, and Saturn, for which 

brightness temperatures of 317 K, 210 K, 165 K, and 149 K were adopted 

(Ulich 1974). We estimate the absolute calibration error to be ~ 20 %. 

Results 

A total of 13 objects were detected at 1.3 mm in our survey. Of these 

all but 3 are known or are suspected to possess molecular outflows, and 2 

have water masers associated with them. The presence of outflows and masers 

suggests that these objects are sites of recent star formation. In Table 1 these 

objects are listed along with their positions, adopted distances, and integrated 

1.3 mm and, where measured, 3 mm flux. The uncertainties listed in the table 

are the statistical uncertainties of the measurement. 

When possible we estimated the free-free contribution to the flux at 

1.3 mm and 3 mm from centimeter wavelength observations made by other ob

servers (see references in Table 2). The radio data were scaled up in frequency 

using the relation (JobtJ/ fR)-o.l, where fobtJ is the observed millimeter frequency 

in GHz, and fR is the centimeter wave radio frequency in GHz. This expres-
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sion is valid when the free-free emission is optically thin. Most of the sources 

that were observed at centimeter wavelengths were mapped. In these instances 

the total integrated flux over the region we observed was used in the calcu

lation. The only source which was found to have significant free-free emission 

at 1.3 mm was Mon R2, with an estimated value of 5.3 ± 0.35 Jy. During the 

analysis of the Mon R2 region we will subtract this value from our observed 

flux. 

In Figure 1.1 we present 1.3mm maps of each object (accept B335 where 

only one position was observed). During the mapping of L1551 and IRAS 

16293-2422 observations were made at IS" spacings. In all other maps 3D" 

spacings were used. The positions of the known infrared sources are indicated 

with a triangle. The contour interval arid the lowest contour level of each map 

are at the 10 and 20 noise level of the observations. The fluxes listed in Table 

1 were obtained by integrating the flux for each source over the corresponding 

map. Some of the sources are only partially mapped. No attempt was made 

to estimate the flux outside the mapped area. 

Analysis 

Spectral Energy Distributions 

By combining our observations with those of other observers and IRAS, 

we can plot energy distributions for each of the objects in our sample. Plots 

of the spectral energy distributions for each object are given in Figure 1.2. 

When not given, the intergrated flux was derived by planimetering published 
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maps. When IRAS data were used, they were taken from the point source 

catalogue. Since the IRAS beams are on the order of the measured source 

sizes at 1.3 mm, and the source sizes at shorter wavelengths tend to decrease 

for centrally heated sources, a direct comparison of IRAS flux values with the 

integrated fluxes should be valid. The integrated fluxes used for each object 

and the references from which they were obtained are given in Table 3. 

To gain insight into the physical conditions in eath dust core, the energy 

distributions were fit with an expression of the form: 

(1) 

where, Bv (T) is the Planc~ function and ne is the source size. Tv is the dust 

optical depth which we model as 

(2) 

where f3 is the spectral index governing the grain emissivity and Vo is the 

frequency at which the dust becomes optically thin (i.e. Tv ~ 1). Scoville and 

Kwan (1976) have shown that in most sources Vo corresponds to the peak in 

the energy distribution. We have assumed this to be the case in each of our 

fits. 

The results of the fits are shown graphically in Figure 1.2, and numeri

cally in Table 3. All the sources in our sample have central heating sources. As 

described by Leung (1975) and Scoville and Kwan (1976), this will lead to the 

presence of temperature gradients in the cloud cores. We have only attempted 

to fit the thermal emission from the cold dust responsible for the majority of 

the observed millimeter flux. The derived values of T are interpreted as mean 

temperatures of this cold dust. 
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The far infrared luminosity of each source was determined by integrating 

equation (1) over frequency and using the following relation. 

L = 3.1 X 10-10 D2j Fvdv (3) 

where, L is in L0 , D is in pc, F is in Jy, and v is in GHz. The "dumpiness" 

of the dust cores can be estimated by defining a dust filling factor 

(4) 

where 0" is the source size derived from equation (1) and nm is the half-power 

source size measured from the maps of Figure 1.2 (Gordon 1987). Both the 

luminosity and filling factor of each source is given in Table 3. 

Dust Optical Depth, Column Density, and Mass 

The dust optical depth, Td, in each cloud core can be estimated using 

the following relation: 

(5) 

where, Fv is the 1.3 mm flux and 0" is the solid angle subtended by the source. 

where, 

The dust mass can be found from the expression (Hildebrand 1983), 

M _ FIID2 4 
d - QIIBv(T) 3ap 

~ 

(6) 

(7) 

and a and p are the grain radius and density respectively. If a gas-to-dust 

ratio, I, is assumed, then the average gas mass (MH2)' column density (NH2)' 

and density (nH2) can also be determined. 

(8) 
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(9) 

(10) 

where R is the half-power radius of the source. The visual extinction All can 

be derived from the column density using the conversion, All = 1.1 X 10-21 N H2 

(Bohlin 1978). 

We have used the above expressions to calculate Md, Q", M H2 , NH2' 

nH2' and All for each object in our sample. In these calculations we have 

assumed p = 3gcm-3 and a = 0.1J.Lm (Hildebrand 1983). The tabulated values 

are given in Table 4. 

Temperature and Density Distribution 

As discussed by Westbrook et al. (1976), the distribution of the 1.3 mm 

emission around a centrally heated dust core can serve as an indicator of the 

radial dependence of the dust density. This is largely due to the small optical 

depths which allow grain emission throughout the core to be observed. If the 

dust temperature, Tdl is > 25 K, the optically thin emission E(r) varies with 

radius from the central heating source as 

(11) 

where, p(r) is the density of grains (ex: r-n ), and Td(r) is the radial dependence 

of the dust temperature. 

H a dust core is optically thin to UV and visible photons, Td(r) ex: r-m , 

where m is 0.4 for Q" ex: v1 ((3 = 1) and 0.33 for Q" ex: v 2 ((3 = 2) (Emerson 1988 

and Leung 1976). Optical depth effects and thermal reradiation by dust grains 
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tends to flatten out the temperature gradient further (Leung 1976). How the 

apparent size of a source changes with wavelength can serve as an indicator of 

the steepness of the temperature gradient (Thronson et al. 1980). From Wien's 

displacement law we know that longer wavelength photons are preferentially 

produced at lower temperatures. Since the characteristic temperature of dust 

grains will, in general, decrease with radius, the apparent size of a dust emission 

region is expected to increase with wavelength. 

Substitutiion into equation 11 yields E(r) ex r-k , where k = n + m. 

In order to estimate the radial dependence of grain density in our survey 

objects, we have developed a spherically symmetric model for dust cores using 

this expression. The model is similar in form to that of Westbrook et al. 

The model calculates the intensity along lines of sight through the core and 

convolves the results with any designated telescope beam size. With the model, 

it is possible to make simulated strip maps through a source of any diameter 

with any telescope beamsize. 

Since the density gradient in a source determines the extent over which 

emission is observed, it is difficult to determine uniquely the form of the density 

law simply by mapping the source. However, it is possible to determine lower

limits to the source size and the value of the density power law exponent n 

(= k - m). To do this we have made theoretical strip maps through dust cores 

of different sizes assuming different values of k. These plots are shown in Figure 

1.3. In generating these plots we have employed the antenna beamsize used 

during our observations (30") and have assumed a Gaussian response pattern. 

From Figure 1.2 we have made north-south and east-west strip maps for each 

source (see Figure 1.4). The source size and exponent of the model strip map 



20 

which bests fits the observations are lower-limits to the actual quantities. In 

most instances the north-south and east-west strip maps indicate that the 

emission is not spherically symmetric. If the heating source or sources are 

indeed centrally located, then the observed asymmetry in the strip maps may 

be due to variations in the density gradients in different parts of the dust core. 

In this case the models of Figure 1.3 can still be used to estimate lower limits 

to the source size and the density power law exponent n along each direction. 

The best fit lower limits are given in Table 4. 

If the dust-to-gas ratio is constant in these dust cores, then the inferred 

dust density distributions also describe the radial dependence of the gas. Since 

the objects in our sample are all thought to be relatively young, it is probably 

reasonable to assume that the derived density distributions indicate the core 

conditions when they were formed (Westbrook et al.). Many of the objects in 

our sample have density profiles which are consistent with what is expected in 

a collapsing cloud core ( 2.0 < k :::; 2.5). As discussed by Westbrook et aI., 

while this result is interesting, it is not unique, since other physical processes 

could also produce similar effects. 
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Discussion 

Individual Sources 

16293-2422. 

IRAS 16293-2422 is a young stellar object located in the eastern streamer 

region of the Rho Ophiuchi molecular cloud complex. It is enshrouded in a 

cold, dense dust and molecular cloud core, and possesses an unusual quadrupo

lar outflow (Walker et al. 1985, Walker et al. 1986, Mundy, Wilking and 

Myers 1986, Fukui et al 1986, Wooten et al. 1987, and Walker et al. 1988). 

16293-2422 is also the site of water m:aser emission (Wilking and Claussen 

1987) and two centimeter radio sources (Wooten 1987). The positions of the 

radio sources are indicated on the map. 

The 2.7mm continuum map of Mundy, Wilking, and Myers shows a dust 

core that is elliptical with a half-power size of u" by < 5". This structure is 

unresolved in the 1.3mm map of Figure lola. However, comparison of E-W 

and N-S intensity profiles with those of our spherical dust core models indicates 

that the 1.3 mm emission is extended to ~ 60". This extended structure would 

be "filtered- out" by the interferometer in the 2.7 mm map of Mundy, Wilking, 

and Myers. It appears that the small elliptical dust core is located at the peak 

of the density distribution of a more extended dust emission region. 

16293-2422 has an energy distribution which can be modeled by a 

single-temperature, diluted blackbody. The results of our model fit and derived 

source properties are consistent with those of Mundy, Wilking, and Myers if the 
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difference in the filling factors of the two telescope beams is taken into account. 

The similarity between the core mass estimates, which for an unresolved source 

should be identical, suggests that most of the mass is contained in the region 

marked by the elliptical dust core. 

GL2591. 

GL2591 is a well studied near infrared source that has been found to 

possesses both a molecular outflow and a water maser (Bally and Lada 1983; 

Lada et al. 1984; Wynn-Williams et al. 1977). It is also the site of several 

centimeter radio sources (Campbell 1984). The object is located just northeast 

of the bright HI! region IC I3I8c in Cygnus (Wendker and Baars 1974). Our 

map of this object is given in Figure 1.Ib. The positions of the embedded 

infrared, maser, and radio sources are shown. Lada et al. propose a model 

in which a single infrared source is the dominant energy source in the region. 

This source would be the driving source for the outflow. In this model the 

outflow, in effect, pokes holes or channels through the surrounding dust shell 

and leaks out UV radiation or an ionizing stellar wind which in turn ionizes the 

surrounding compact HI! regions. As shown on the map in Figure 1.1b, the 

embedded objects are located in the densest part of the dust core, suggesting 

that if the outflow is in the process of destroying the dust core, it is just 

beginning to do so. Lada et al. estimate that GL2591 is obscured by 26-50 

mag of visual extinction. However, from our analysis we estimate the visual 

extinction to be ~ 136 magnitudes. As discussed by Mezger et al. (1987) for 

the case of 8106, the larger extinction at millimeter wavelengths may be due 

to the presence of larger than average dust grains. 
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GL2591 has also been mapped in both the es J= 2 -+ 1 and J= 1 -+ 0 

lines by Yamashita et al (1987) using the NRO 45m, and in the es J= 5 -+ 4 

and J= 2 -+ 1 lines by Walker et al. (1988) with the NRAO 12m. Yamashita 

et al. find the es J= 1 -+ 0 emission to be elongated N-S and the es 

J = 2 -+ 1 emission to oriented E-W at the emission peak and N-S overall. In 

each transition the emission is ~ I' in extent. Our 1.3 mm continuum dust map 

has an E-W morphology similar to that of the region around the es J = 2 -+ 1 

emission peak. This is not unexpected, since the es J= 2 -+ 1 transition is 

more sensitive to high density regions then the J= 1 -+ 0 transition. Yamashita 

et al. use their es line ratios to estimate a core mass of 500 M0 . This is in 

good agreement with our estimate of 613 M0 . 

20126+4104. 

This source was first observed by IRAS, and was detected in the 100, 

60, and 25 J-tm bands. There are no other infrared observations available. It is 

located almost due west of GL2591, to the northwest of IC 1318c. The dust 

core associated with 20126+4104 is only marginally resolved by our telescope 

beam and has only 1/16 the mass and about 1/3 the luminosity of GL2591. If 

there is only one embedded object, then its luminosity is consistent with that 

of a BO ZAMS star (Panagia 1973). 

21391+5802. 

21391+5802 is located at the top inner edge of the Horseshoe nebula 

(Ie 1396). The only infrared observations that are available are those of IRAS, 

which indicate that there is only a small amount of emission from warm dust. 

This is also suggested by the H2CO absorption line measurement made toward 

this object by Heshe and Wendker (1985) using the 3' beam of the MPIfR 100m 
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telescope. (They refer to this object as DC E1.) It had one of the deepest 

absorption lines in their sample and shows no sign of saturation, suggesting 

a very low excitation temperature. Using the absorption line data and the 

abundance ratio N(H2CO)/N(H2) = 4 X 10-9 (Evans et al. 1975), they derive 

a H2 column density of 3.2 x 1023 cm-2 over the 3' region covered by their 

beam. This is ~ 20 times larger than our estimate. 

Our 1.3 mm map indicates that the IRAS source is located approxI

mately 30" to the west of the peak column density of dust, but still well 

within the boundary of the emission region. This offset should be rechecked 

to insure that it was not due to a pointing error. However, since we use in

tegrated intensities in the energy distributions and the observed offset is small 

compared to the beamsizes of IRAS, the offset does not affect the results of 

our analysis. 

S140 IRS. 

The S140 region (a.k.a. CRL 2884) possesses a well known molecular 

cloud core that contains a cluster of at least 3 infrared sources (believed to 

be early B stars) and two centimeter radio sources (Harvey et al. 1978, Blair 

et al. 1978, Beichman et al. 1979, and Schwartz et al. 1983). S140 IRS! is 

believed to be the driving force behind a molecular outflow that is also found 

in the region (Bally and Lada 1983). A triple component water maser has also 

been observed at the position of IRS!. 

The cloud core is bounded to the southwest by a bright Ha rim which 

shows up prominently in the molecular maps of the region (Blair et al. and 

Mundy 1984). The presence of the ridge is also in evidence in our 1.3 mm 

continuum map of the region (figure 1.1e). As in most of the molecular maps, 
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the ridge has the effect of compressing the lower-level contours to the southwest 

of IRS!. The peak in the dust emission is in the vicinity of the embedded 

sources. Schwartz et al. has mapped S140 IR at 62, 140, and 300/-Lm. The 

half-power size of the !.3 mm map is larger than that of the 62/-Lm map, 

and approximately equal to that of the 140 and 300/-Lm maps. As discussed 

earlier, we expect the size of an emission region to increase with wavelength. 

The similarity between source sizes at wavelengths ~ 140/-Lm suggests that the 

temperature gradient through the dust core is shallow. 

Our estimate of the total luminosity of the region is within a factor of 

two of that derived by Schwartz et al. (1983). The estimated visual extinction 

(23 mag) is in agreement with that of Beichman et al. Mundy has used a LVG 

code in conjunction with his multi-transitional CS observations to produce a I' 

resolution map of the gas density distribution in the region. Over the central 

arc minute of his map (which corresponds to the half-power size of our map) 

the density estimated from CS is a factor of 8 lower than that derived from our 

dust observations. This may be due to a difference in filling factors between 

his I' and our 30" beam. Also, Mundy's map indicates that the gas column 

density falls off much more slowly with radius than the dust column density, 

although the general morphology of the two maps is similar. 

5338-0624. 

This object was detected by IRAS in all four bands, indicating the 

presence of both cold and warm dust. It also appears in the near infrared 

survey of the L1641 dark cloud conducted by Nakajima et al. (1986) and 

is associated with a Herbig Haro object (Ogura 1985). Further near infrared 

observations of this region have been made by Greene, Walker, and Young 
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(1988) using the Steward Observatory 60" x 60" 2 ILm infrared camera. The 

pixel size was ~ 1". The camera image reveals only one 2ILm source within a 

square arcminute box centered on the IRAS position. The detected source has 

a diameter of about 4.5". This result is consistent with our map in which the 

dust emission is nearly point-like in our 30" beam. 

The region surrounding 05338-0624 was mapped with a 2.7' beam in the 

J = 1 -+ 0 lines of CO, 13CO, CIBO, HeN, and HCO+ by Takaba et al. (1986). 

The IRAS position corresponds to a strong peak in the molecular emission. 

The CO line profiles in the region surrounding the source show significant wing 

emission, suggesting the presence of a molecular outflow. From their CO and 

CIBO observations, Takaba et al. determined column densities in the vicinity 

of the core. Their estimated column density toward the IRAS source is within 

a factor of two of ours. They also estimate that the radial density distribution 

varies as r-1.5 • Since the dust emission region was ~ our beam, we were not 

able to estimate the density distribution from our data. However, the density 

distribution derived by Takaba et al. is similar to what we find toward other 

dust cores. 

Cepheus A. 

Cep A is a well studied infrared source in the molecular cloud located 

near the Cep OB3 association. It was identified by Sargent (1979) as a possible 

birthplace of a new subgroup of the association. Observations by Beichman et 

al. indicated the presence of a strong 20 ILm source and a group of centimeter 

radio sources. Lada et al. (1979) found a cluster of H20 masers in the same 

vicinity. Rodriguez et al. (1980) and Ho et al. (1982) have also found a Type 

I OH maser and a molecular outflow in the area. There are also Herbig Haro 
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objects in the region (Hartigan 1987). Far-infrared observations have been 

conducted by Koppenaal et al. (1979) and Evans et al. (1981). 

The 1.3 mm map of Cep A has a morphology similar to the 400 p,m 

map made by Evans et al. with a resolution of 1'. By comparing their 55, 

125, and 400 p,m maps, Evans et al. find that the size of the emission region 

decreases with decreasing wavelength. This is what one would expect from 

a centrally heated source with a temperature gradient. However, the 1.3 mm 

map is no more extended at the half-power level than the 400 p,m map. This 

suggests that the temperature gradient has leveled-off in the outer layers of the 

dust core. 

Our luminosity estimate is twice that found by Evans et al. Since the 

primary contributor to the total source luminosity in Cep A is the far infrared 

emission, this discrepancy may be due, at least in part, to the larger range of 

frequency over which the energy distribution in Figure 1.2g was integrated. 

NGC 2264 IR. 

NGC 2264IR was first detected in the near-infrared by Allen (1972). 

It is located in the molecular cloud complex associated with the open cluster 

NGC 2264. It was first observed in the far-infrared by Harvey et al. (1977) 

and later by Sargent et al. (1984) and IRAS. Harvey et al. found the source 

to be unresolved in their beam, and deduced a source size of < 20" at 100 p,m. 

Greene, Walker, and Young observed a l' region around NGC 2264 IR using 

the 2.2 p,!n camera described above and found only one source in the area. 

It has an apparent source size of ~ 4". Harvey et al. estimate a 2-200p,m 

luminosity of 3500 L0 . This is about a factor of 2 greater than our estimate 

which does not include the substantial amount of emission from warm dust in 



28 

the near-infrared. The larger luminosity is consistent with that expected from 

a ZAMS B2 star (Panagia 1973). 

NGC 2264 IR has also been observed at 1.3 mm by Chini et al. (1986). 

With a 90" beam they measure a peak flux which is ~ 60 % of the va.lue we 

find by integrating the flux over our map. A 3.3 mm map of the region has 

been made by Schwartz (1980). The 3.3 mm emission is about a factor of 2 

more extended than at 1.3 mm. The large increase of source size from 100 to 

.3300 J.Lm may indicate the presence of a steep temperature gradient in the outer 

layers of the dust core. 

00494+5617. 

00494+5617 is located in the molecular cloud adjacent to the optical 

emission region NGC 281. CO and H20 observations were first made in this 

region by Elmegreen and Lada (1978). They found a H20 maser and the 

largest observed CO line widths at a position which is coincident with that of 

the IRAS source. 00494+5617 was first observed in the far-infrared by Wright 

et al. (1981) and then later by IRAS. Wright et al. discovered a cold dust 

core with a FWHM size of < 17" at the maser position. Greene, Walker, and 

Young (1988) observed this region with the Steward Observatory 2 J.Lm camera 

and found at least 9 sources within a square arcminute box centered on the 

IRAS position. 

Our 1.3 mm map shows the dust emission to be slightly elongated E

W, with the position of the IRAS source located ~ 30" to the west of the 

emission peak. Unfortunately, the position of the dust core as measured by 

Wright et al. is not known to an accuracy better than 30", so we are unable 

to cross-check our positions. 
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From their 100 pm observations, Wright et al. estimate a dust mass of 

44M0 , a value 2.5 times lower than our mass estimate. This difference may 

be due to the higher optical depth of the 100 pm emission as compared to 

that at 1.3 mm or the presence of a free-free emission component in our flux 

measurement. The region surrounding 00494+5617 lies near a centimeter radio 

continuum peak (Caswell 1968, Israel 1976). Some fraction of our measured 

1.3 mm flux may be due to the presence of free-free emission. In order to 

determine the amount of this contribution, a high resolution radio map is 

needed. Therefore, our estimated core mass is best viewed as an upper limit. 

From integrating the function describing the energy distribution we 

derive a source luminosity within a factor of two of that of Wright et al. 

The observed luminosity could be due to an embedded ZAMS B1 or B2 star 

(Panagia 1973). 

Mon R2. 

Mon R2 is an association of reflection nebulae studied by van den Bergh 

(1966), Racine (1968), and Downes et al. (1975). Millimeter-wave observations 

have shown that one 10' by 10' region between two reflection nebulae is a strong 

source of molecular line emission (Beckwith et al. 1976, Kutner and Tucker 

1975, and Loren, Peters, and Vanden Bout 1975). Within this very active 

region there is a cluster of five near-infrared sources (Beckwith et al. 1976), 

several H20 and type I OH masers, a compact HI! region (Downes et al. 1975; 

Brown, Knapp, and Kuiper 1979), and a molecular outflow (Bally and Lada 

1983). 

Thronson et aI. (1980) have made far-infrared maps of the region at 30, 

50, 100, and 1000 pm. From their observations they suggest a model in which 
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the star (or stars) associated with the infrared source IRS 1 dominate the far

infrared luminosity of the region. The increase in source size with wavelength 

led Thronson et al. to the conclusion that there is a temperature gradient in 

the source. Our 1.3 mm map (which was made with the same resolution as 

their 30, 50, and 100 J-Lm maps) has size scales and a morphology very similar 

to the 100 J-Lm emission. This suggests that the temperature gradient flattens 

in the outer regions of the dust core. The molecular column density derived 

by Thronson et al. from their 1 mm peak flux measurement over the central 

arcminute of the source is in good agreement with ours, as is their estimate 

of the total far-infrared luminosity of the region. However, their dust core 

mass estimate is about a factor of three higher. This is due to the larger 

characteristic size they chose for the region. 

L1551-IRS5. 

This source was first observed in the near-infrared by Strom et al. 

(1976). It was the first source to be identified as possessing a molecular out

flow (Snell et al. 1980) and appears to have two Herbig-Haro objects (HH28 

and HH29) receding from it (Cudworth and Herbig 1979). It is located at a 

peak in the molecular line and centimeter radio emission in the region. Fol

lowing its initial detection, L1551 was observed by Fridlund et al. (1980), 

Beichman and Harris (1981), mAS, and others. It has also been observed 

in the submillimeter with an 86" beam at 377 and 811 J-Lm by Phillips et al. 

(1982) and at 2.7mm by Keene and Masson (1987). Emerson et al. (1984) 

found the bolometric luminosity of the source to be 38 L0 . From our fit to 

the energy distribution, we find that half of this luminosity appears in the 

far-infrared. Recently Greene, Walker, and Young (1988) have made a 2 J-Lm 
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image of the region. The only source within a l' region around the position 

of L1551, is L1551 itself. It is found to have a source size of ~ 7". 

Our 1.3 mm map shows the source to be about l' in extent, with a fairly 

fiat, east-west plateau of emission at its center. The increase of source size 

with wavelength suggests the presence of a temperature gradient. The source 

size measured by Keene and Masson (1987) at 3mm with the Owens Valley 

Interferometer (FWHM < 3") is far smaller than the 1.3 mm source size. This 

difference may be due to the interferometer filtering out the extended emission 

seen at 1.3 mm. However, the 3 mm flux we measure with a 60" beam is only 

40% higher than that of Keene and Masson, suggesting that the majority of 

the 3 mm dust emission is contained in the 3" core. This would explain. the 

similarity between the gas mass derived from the 1.3 mm observations and the 

interferometer observations (0.63 and 0.80 M0)' 

B335. 

B335 is a large isolated dust globule that was first detected in the far

infrared by Keene et a1. (1980). It is also the site of molecular line emission 

and possesses at least one molecular outflow (Cabrit et al. 1988). Using higher 

quality observations, Keene et al. (1983) were able to derive a more accurate 

and complete set of dust core properties. 

Due to low signal level and limited observing time, we were only able 

to make a single 1.3mm observation of this source. We have combined this 

measurement with the 3.3mm data from Schwartz (1980) and the data points 

given by Keene et a1. (1983) and have rederived the source spectrum. The 

replotted spectrum is shown in Figure 1.21. The longer wavelength points tend 

to "flatten out" the dust emissivity law and push the estimated source tem-
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pera.ture up. These two effects both tend to reduce the value of the estimated 

core mass. This may explain why our mass estimate is a factor of 6 lower 

than that of Keene et al. (1983). 

General Comments 

While the luminosity of the sources in the sample vary from 8 to 

51640 L0 , the far-infrared dust temperatures only range from 25 to 61 K, with 

a mean value of 42 K. There also does not appear to be a strong correlation 

between source temperature and luminosity. Comparison of our 1.3 mm source 

sizes to those at other wavelengths suggests that in most cases there is a 

temperature gradient, with the temperature increasing toward the core center. 

Since our far-infrared dust temperatures represent mean values for the whole 

dust core, these results together indicate, as expected, that our observations 

are dominated by emission from cold extended dust envelopes which envelop 

the warmer regions of the cores. The measured temperatures are > the gas 

temperatures observed in CO, suggesting that in these regions dust-gas collisions 

could be heating the ambient gas to the observed temperatures. 

By comparing our model dust core emission profiles with our observa

tions, we find that each of the mapped sources has a density gradient which 

peaks near the position (or positions) of the embedded sources. This sug

gests that the embedded sources are relatively young, since they have niether 

dispersed or moved far from their parent clouds. The derived source column 

densities are found to be similar, ranging from 1022 to 1023 cm -2. From the 

ratio of the observed source sizes to those derived from fitting diluted black 
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bodies to the energy distributions, we find that all the sources have filling 

factors < 1, indicating the dust cores are clumpy. 

In all the surveyed sources the spectral index f3 is less than 2. As 

discussed by Emerson (1988) and Tielens and Allamandola (1987), a value of 

f3 < 2 implies that the grains are composed of layered amorphous materials, 

such as amorphous carbon and layer-lattice silicates, or that the grains are 

extremely small (say < 30A). Using polarimetry, Carrasco et al. (1973) have 

shown that the mean grain radius in dark clouds may be as high as 0.2 p,m. 

This suggests that it is the grain material, not the size, that is responsible for 

the low values of (3. It is also interesting to note that the highest values of 

f3 occur in the most luminous dust cores. Since high luminosities indicate the 

presence of massive young stars, this could mean that the UV radiation field is 

modifying the grain chemistry in such a way as to increase the grain opacity 

at far-infrared wavelengths. However, one could argue that the low values 

of (3 we derive from our energy distributions are due to the presence of an 

additional cold « 35 K) dust component to which our observations combined 

with those of IRAS are relatively insensitive. In some sources (i.e. 5338-0624 

where f3 = 0.87) this may be the case. But it should be noted that in our 

sample sources where submillimeter data are available, like B335, Cepheus A, 

and LI551-IRS5, there does not appear to be any evidence for an additional 

cold dust population. 



34 

Conclusion 

In this chapter we have presented the results of a 1.3 mm continuum 

survey of 12 cold IRAS sources. Each source possesses an outflow and/or 

is suspected to be protostellar in nature. From the energy distributions and 

continuum maps the dust core properties were derived for each source and 

compared to the work of other observers. In general, we find the millimeter 

and far-infrared emission to be associated with cold (~ 40K), extended, dust 

envelopes which envelop the embedded IR sources. Each of the mapped ob

jects has a density gradient which peaks in the vicinity of the embedded IR 

source or sources. This suggests the embedded sources are relatively young. 

All the surveyed sources have similar H2 column densities and a dust absorption 

efficiency with a spectral index f3 < 2. 
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Table 1 

Observational Results 

D Flux (Jy) 
Source Q1950 0'1950 (pc) 1.3mm q 3mm (J 

16293-2422 16:29:20.9 -24:22:13 160 6.97 0.85 0.600 0.0083 
AFGL2591 20:27:35.8 40:01:15 2000 5.74 1.07 
20126+4104 20:12:41.0 41:04:20 2000 1.93 0.58 
21391+5802 21:39:10.2 58:02:29 750 3.57 0.63 
S140 22:17:41.0 63:03:41 910 15.93 1.27 
5338-0624 05:33:52.6 -06:24:02 440 2.05 0.46 0.484 0.110 
Cep A 22:54:20.2 61:45:55 725 27.04 1.63 
NGC 2264 IR 06:38:26.2 09:32:25 800 21.81 1.52 
00494+5617 00:49:27.8 56:17:28 2100 3.07 0.54 0.680 0.210 
MonR2 06:05:20.3 -06:22:31 950 16.58 1.85 
L1551-IRS5 04:28:40.2 18:01:45 160 4.26 0.92 0.240 0.050 
B335 19:34:35.3 07:27:24 400 0.77 0.26 
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Table 2 

Free-Free Emission 

Flux (Jy) 
Source 1.3mm (j 2.9mm (j References 

16293-2422 0.0018 0.00012 0.0019 0.00013 1 
AFGL2591 0.057 0.00136 0.063 0.0015 2,3 
S140 0.014 0.00255 0.016 0.0029 4 
Cep A 0.017 0.00068 0.018 0.0007 5 
NGC 2264 IR ~0.0007 ~0.00074 6 
MonR2 5.37 0.37 5.82 0.398 7 
L1551-IRS5 0.002 0.0002 0.0022 0.00022 8 

Table 2 Notes: 

1) Wooten 1987 
2) Wendker and Baars 1974 
3) Campbell 1984 
4) Schwartz et al. 1983 
5) Rodriguez et al. 1980 
6) Schwartz 1980 
7) Downes et al. 1975 
8) Bieging et al. 1984 
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Table 3 

Parameters of Energy Distribution Model Fit 

Source T (K) T {3 Ob Os Oa/Ob L (Le) 
16293-2422 31.9 2.97E-03 1.27 5.33E-08 2.67E-09 20.0 29.3 
AFGL2591 42.7 1.23E-03 1.78 7.55E-08 7.28E-09 10.4 48336 
20126+4104 60.7 6.05E-04 1.22 3.50E-08 5.42E-I0 64.5 18011 
21391+5802 35 9.S4E-04 1 7.39E-08 9.55E-I0 77.4 368 
S140 46.01 1.42E-03 1.55 1.67E-07 1.24E-OS 13.4 24318 
5338-0624 41.7 2.06E-03 0.87 1.66E-08 5.54E-I0 30.0 164.3 
Cep A 42.4 1.60E-03 1.79 2.77E-07 6.12E-08 4.5 51638 
NGC 2264 IR 40.82 1.56E-03 0.933 2.39E-07 1. 79E-09 133.8 1588 
00494+5617 37.18 1.76E-03 1.214 3.32E-08 1.64E-09 20.2 6401 
MonR2 51 9.71E-04 1.52 2.27E-07 9.37E-09 24.2 3283 
L1551-IRS5 47.66 4.S1E-04 1.175 1.27E-07 2.72E-I0 467.4 19.4 
B335 25.38 1.39E-03 1.065 1.66E-08 3.29E-I0 50.5 7.97 
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Table 4 

Source Properties 

Source Q M (Me) NH2 (em 2) n (em 3) Av (mag) 
16293-2422 3.S5E-05 2.02 9.27E+22 2.72E+07 100 
AFGL2591 1. 17E-05 613.04 1.27E+23 2.67E+07 137 
20126+4104 4.33E-05 37.58 1.68E+22 1.29E+07 18 
21391+5802 7.24E-05 10.86 1.63E+22 5.98E+06 18 
S140 2.00E-05 188.94 8.55E+22 6.33E+06 92 
5338-0624 9.81E-05 1.30 2.52E+22 3.07E+07 27 
Cep A 1. 14E-05 391.49 1.68E+23 7.78E+06 181 
NGe 2264 IR 8.46E-05 54.13 2.21E+22 7.25E+05 24 
00494+5617 4.39E-05 112.73 4.81E+22 2.51E+07 52 
MonR2 2.15E-05 178.12 5.43E+22 3.95E+06 57 
L1551-IRS5 4.81E-05 0.63 1.20E+22 3.54E+06 13 
B335 6.22E-05 1.14 2.68E+22 7.75E+07 29 
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Table 6 

Source Flux 

Source ).(lLm) Flux (Jy) q Beam. References 

16293-2422 2730 0.550- 0.083 5.3" x 16.2" 1 
1300 6.97- 1.63 30" 2 

100 840 126 3' x 5' 3 
60 248 37.2 1.5' x 4.75' 3 

AFGL2591 3300 0.115 0.034 75" 4 
1300 5.74- 1.57 30" 2 

160 3400 680 49" 5 
110 5500 1100 49" 5 
95 5800 1160 49" 5 
60 4600 920 49" 5 

20126+4104 1300 1.93- 0.70 30" 2 
100 1947 292 3' x 5' 3 

60 1381 207 1.5' x 4.75' 3 
25 108.9 16.3 0.76' x 4.1' 3 

21391+5802 1300 3.47-' 0.63 30" 2 
100 410.2 61.5 3' x 5' 3 
60 146.2 21.9 1.5' x 4.75' 3 

S140 3350 0.514- 0.132 75" 6 
1300 14.9- 3.38 30" 2 

140 11840- 2423 49" 7 
100 13000 1950 3'x 5' 3 
60 11380 1707 1.5' x 4.75' 3 

5338-0624 2900 0.484- 0.110 60" 2 
1300 2.67- 0.681 30" 2 

100 486 73.0 3' x 5' 3 
60 248 37.2 1.5' x 4.75' 3 

Cep A 30 27.04- 5.65 30" 2 
400 2570- 741 50" 8 
550 27900- 6300 50" 8 
150 23400 6800 4.5' 9 
125 33100- 9170 50" 8 

85 46500 12900 4.5' 9 



Source A (JLm) 
NGC 2264 IR 3350 

1300 
175 
100 
60 

00494+5617 2900 
1300 

148 
100 
84 
60 
56 

MonR2 1300 
200 
100 
60 

L1551-IRS5 2900 
1300 

377 
810 
100 
60 

B335 3350 
1300 
1000 
450 
400 
235 
200 
190 
180 
140 
110 
100 

Table 5 
(continued) 

Flux (Jy) 0-

0.98- 0.22 
21.81- 7.22 
1530- 306 
1560 234 
911 137 

0.68 0.21 
3.07- 0.82 

704 141 
1166 175 

757 151.4 
329.5 49.5 

373 74.6 
16.58- 4.76 

3300 830 
20200 3030 
13070 1961 

0.24 0.05 
4.26- 1.25 

107 27.0 
15.0 3.0 

456.0 68.4 
373 56.0 

0.116- 0.039 
0.72- 0.262 

1.8 0.7 
34 11.0 
20 4.0 
61 14.0 
67 14.0 
84 24.0 
80 18.0 
38 9.0 
35 9.0 

7.0 2.0 

40 

Beam References 
75" 6 
30" 2 
46" 10 

3' X 5' 3 
1.5' X 4.75' 3 

60" 2 
30" 2 
50" 11 

3' X 5' 3 
30" 11 

1.5' x 4.75' 3 
50" 11 
30" 2 
60" 12 

3' x 5' 3 
1.5' x 4.75' 3 

60" 2 
30" '1 

~ 

36" 13 
36" 13 

3' x 5' 3 
1.5' x 4.75' 3 

75" 6 
30" 2 

102" 14 
53" 14 
48" 14 

102" 14 
90" 14 

102" 14 
90" 14 
42" 14 
42" 14 
33" 14 



Table 5 Notes: 
41 

* Integrated Intensity 
1) Mundy et al. 1986 
2) This work. 
3) IRAS Point Source Catalogue 
4) Schwartz and Spencer 1977 
5) Lada et al. 1984 
6) Schwartz 1980 
7) Schwartz et al. 1983 
8) Slovak et al. 1981 
9) Koppenaal et al. 1979 

10) Harvey et al. 1977 
11) Wright et al. 1981 
12) Thronson et al. 1980 
13) Phillips et al. 1982 
14) Keene et al. 1983 
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Table 6 

Source Size and Density Law 

Source Direction Size (") k Direction Size (") k 

16293-2422 N -. 60 2.5 S 60 1.5 
E 60 1.5 W 60 2.0-2.5 

AFGL2591 N 60 1.0 S 60 1.0-1.5 
E W 60 1.0 

20126+4104 N 60 2.5 S 60 ~1.0 

E 120 1.0 W 60 2.0 
21391+5802 N 90 1-1.5 S 60 1.5-2.0 

E 60 1.5 W 120 :::;1.0 
S140 N S 60 ~1.0 

E 180 1.0-1.5 W 60 1.5-2.0 . 
5338-0624 N 30 S 30 

E 60 1.5-2 W 60 2.0-2.5 
Cep A N 60 1.0 S 60 1.0 

E 180 1.0 W 60 1.0 
NGC 2264 IR N 30 S 

E 180 1.0 W 180 :::; 1.0 
00494+5617 N 60 2.0 S 60 2.5-3.0 

E 60 1.5 W 120 1.0 
MonR2 N 60 1.5 S 180 1.0 

E 120 1.0 W 90 1.5-1.0 
L1551-IRS5 N 90 1.0 S 90 1.0 

E W 
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Figure 1.2: Far-infrared energy distributions of each object in the survey. 
The value of each individual data point und the telescope bearnsize used in each 
set of measurements is given in Table 5. 
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Figure 1.3: Model strip maps through a spherical dust cores with radii R of 
(a) 30", (b) 60", (c) 90", (d) 120", (e) 150", and (f) 180". In the model the in
tensity drops off with a radial dependence given by r-k. At each radius synthetic 
strip maps are shown for k = 1.0 (squares), 1.5 (triangles), 2.0 (diamonds), 2.5 
(x's), and 3.0 (+'s). The model strip maps were generated using a 30" (Gaussian) 
telescope beam. The intensity scale is normalized so that the intensity measured 
along a line of sight through the center is one. 
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CHAPTER 2 

OBSERVATIONS OF THE DENSE GAS 

IN THE 1629A AND CEPHEUS A OUTFLOWS 

Introduction 

It has become increasingly apparent over the past few yaers that a 

large number of young stars undergo a period of mass loss characterized by 

cold, energetic outflows of molecular gas (Lada 1985). In this chapter we 

will present molecular line observations of two outflow regions, 16293-2422 

(hereafter 1629a) and Cepheus A. We have partially mapped these outflows in 

the CS J= 2 -.. 1 transition. Unlike the lower l2CO transitions which are most 

sensitive to the outer cloud layers, CS is a density-sensitive molecule which, 

even in the J= 2 -.. 1 line, can serve as an effective probe until densities 

of around 6 x 105 cm-3 are reached (Snell et al. 1986). Therefore, our CS 

outflow maps should only be sensitive to the dense parts of the outflows. In 

this chapter we will analyze the morphology and properties of the dense gas in 

each of the outflows and compare them with those derived using CO. We have 

also mapped the molecular cloud core associated with 1629a in the J = 1 -.. 0 
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transition of CISO. elSo is also a density sensitive molecule and will be used 

to analyze some of the effects the outflow has on quiescent cloud material. 

Observations 

All observations were made with the NRAO 12m. The J= 2 ~ 1 C32S 

and C34S observations were made toward 1629a in October 1986, February 1987, 

July 1987, and June 1988. The 1629a J= 1 ~ 0 CISO observations were made 

in June 1985. The Cepheus A C32S and C34S J= 2 ~ 1 observations were made 

during June 1988. The data were calibrated using the chopper wheel technique 

of Ulich and Haas (1976) and by frequently observing standard sources. The 

spectra and maps are presented in terms of TR.- At the line frequencies the 

telescope beam was about 60". Since we were interested in studying the shapes 

of the line profiles, the CS data were taken using the 128 channel 100 and 

30 kHz filterbanks. The CIS 0 observations were made with the 128 channel 

250 kHz and 100 kHz filter banks. 

Results and Discussion 

Morphologies 

C32S J= 2 ~ 1 observations were made toward 70 positions around 

1629a and 28 positions around Cepheus A. The Cepheus A data and the central 

25 positions around 1629a were taken at 30" spacings (fully sampled). The 

balance of the 1629a observations were made at 40" intervals. The individual 
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spectra observed toward these positions are shown in Figure 3.13 (1629a) and 

Figure 3.18 (Cepheus A). The 1629a spectra are, in general, double-peaked 

and asymmetric, with the sign of the asymmetry changing across the source 

both on an east-west and north-south line. Most spectra show a deep, narrow 

self-absorption feature near the rest velocity of the cloud (4km/s). Many of 

the Cepheus A spectra are also double-peaked and self-absorbed. Here the 

asymmetry changes across the source in an east-west direction. C34 S J = 2 -I- 1 

spectra were also taken toward 24 positions in Cepheus A (Figure 3.19) and 

14 positions in 1629a (Figure 3.14). In both sources the spectra are almost 

always found to be single-peaked. These spectra will be used in Chapter 3 to 

develop dynamical models for each source. In this chapter we will concentrate 

on determining the properties of the outflowing gas. Towards this end, we have 

made long integration C34S observations toward the central IR source in each 

outflow system. These spectra are plotted in Figures 2.1 and 2.2 along with the 

corresponding C32S spectra. For each source we show both the 0.3 km/s and 

0.09 km/s resolution spectra. The lower noise level of the 0.3 km/s spectra is 

useful for determining the extent of the line wings, while the higher resolution 

spectra are better for examining the detailed velocity structure of the line. 

Probably the most significant feature of Figures 2.1 and 2.2 is the extent 

of the wings in the isotopic lines and how they correspond to the emission 

in the core of the main CS lines. The isotopes are single-peaked and occur 

close to the velocities of the self-absorption dips of each line. The interesting 

thing to note is that the emission peaks in the main CS lines occur in the 

wings of the isotopic lines. This suggests that the line core emission may be 

dominated by outflow. (This will be discussed at length in Chapter 3). Using 
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the isotope as a guide in determining which parts of the emission lines are 

due to outflow, inspection reveals that the C32S lines appear to be composed 

of a blue and red shifted low velocity (LBW and LRW) component, and blue 

and red shifted high velocity (HBW and HRW) component. The emission from 

the low velocity components is associated with the emission peaks and drops 

off rapidly with velocity from line center. The high velocity emission is what 

has traditionally been classified as the wing emission due to the outflow and 

drops more gradually with velocity. The morphological distinction between the 

different parts of the line profiles is most clearly seen in the high spectral 

resolution spectra of Cepheus A (Figure 2.2). 

To investigate the spatial distribution of the outflow material, contour 

maps of the integrated intensity of each of the velocity components was gen

erated and are presented in Figures 2.3 and 2.4 for 1629a and Cepheus A 

respectively. The velocity interval over which the integrations were performed 

are shown on the figures. Figures 2.3a and 2.4a are maps of the outflow emis

sion integrated over the full range of observed velocities and are made from 

the lower spectral resolution data. The low and high velocity wing maps are 

given in Figures 2.3b, 2.4b and 2.3c, 2.4c respectively. 

1629a. 

Even though the spatial resolution is only half as good, inspection 

of Figure 2.3a reveals that the CS outflow emission has the same general 

morphology as the CO J= 2 --+ 1 maps made by Walker et al. (1988) (see also 

Wooten and Loren 1987 and Fukui et al. 1987). For completeness, these CO 

maps are presented in Figures 2.5 and 2.6. Figure 2.5 is the CO full wing map 

with the associated C32S J= 5 --+ 4 emission core shown in projection. The 
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outflow is found to have 4 emission lobes instead of the usual 2. These lobes 

are labeled on Figure 2.5 as NER (northeast-red), SWB (southwest-blue), WR 

(west-red), and EB (east-blue). Figure 2.6 is composed of CO channel maps of 

the outflow region. These maps indicate the presence of high velocity clumps in 

the outflow lobes. The clumps are labeled A through I. The velocity interval 

over which each map was made is given in the figures. As in the CO maps, 

the red-shifted CS emission is more or less centered on the position of the 

IR source with an elongation to the northeast. The blue-shifted emission is 

found to be strongest to the east and south. Both the blue- and red-shifted 

low velocity emission have large scale morphological features similar to what 

is seen in the full wing map of 2.3a, but lack sharp emission peaks and, as a 

result, appear smoother. Emission at velocities where the self-absorption dips 

occur was not included in the maps. Therefore the brightness and extent of 

these maps should be considered as lower limits. The high velocity blue wing 

map looks even more like the blue-shifted gas on the full wing map. It has 

a similar spatial extent and a sharp emission peak located in about the same 

place. Unlike the red-shifted gas in the full wing map, the high velocity red 

wing emission is confined to a small 120" X 40" ridge located just to the north 

of the IR source. The presence of sharp emission peaks in the higher velocity 

maps suggests that this material may be clumpy. This is consistent with the 

CO outflow analysis of Walker et al. (1988) in which sharp emission peaks in 

the outflow are interpreted as clumps. 

Walker et al. (1988) concluded that the low velocity CO emission from 

1629a came from an extended swept-up shell, and the higher velocity emission 

came from within the shell boundaries. This could also be true for the CS 
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emission. The large scale morphology and smoothness of the low velocity gas 

is what one might expect from a swept-up shell. Since the velocity over which 

this is seen includes all but the self-absorbed portions of the line core, we are 

led to conclude that the line core, as well as the line wings, could be dominated 

by outflow emission. 

At low contour levels both the red and blue wing maps of Figure 2.3a 

show significant emission features to the east of the main body of the outflow. 

In addition, the blue and red emission peaks appear spatially separated. One 

interpretation of these data is that there is a second outflow. There are two 

drawbacks to this conclusion. The first being there is no known infrared source 

in the area, and the ammonia cores discovered by Wootten and Loren (1987) 

(which could harbor extremely young p·rotostellar objects) lie about l' to the 

west of the most likely position for a driving source. The second drawback 

is that in the high velocity wing maps of the area we see only blue-shifted 

emission. The low velocity maps, on the other hand, do show the presence 

of both red- and blue-shifted gas. These observations suggest that the eastern 

emission region is not a separate outflow, but a redirected and collimated 

extension of the main blue outflow lobe associated with 1629a. In which case, 

the low velocity blue and red-shifted emission originate from the near and far 

sides of a swept-up shell. The elongated, blue-shifted, ammonia emission region 

and clumps found by Wootten and Loren that are located between this eastern 

outflow region and 1629a, may be responsible for redirecting and collimating 

the gas. The morphology of this section of the flow is similar to that observed 

toward B33S by Cabrit et al. (1988). 
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Cepheus A. 

Cepheus A has been mapped in CO by several groups of observers 

(Rodrieguez, Ho, and Moran 1980; Ho, Moran, and Rodriguez 1982; Levreault 

1985, and Richardson et al. 1987). Recently Hayashi, Hasegawa, and Kaifu 

(1988) have mapped the central 2' x 2' region of Cepheus A in the CO J= 

1 -.. 0 transition with the 16" beam of the N obeyama 45 m. Their CO channel 

maps indicate the outflow axis runs east-west, with the blue-shifted emission 

predominantly on the eastern side of the IR source and the red-shifted emission 

on the western side. The east-west distance between the emission peaks in the 

two lobes is about 45". Their data indicate, as in the case of 1629a, that the 

low velocity CO emission is more extended than the high velocity emission, 

and the highest velocity emission becomes detached from the IR source. They 

also cite the work of Lenzen, Hodapp, and Solf (1984) in which an infrared 

reflection nebula was located in the vicinity of the blue lobe. In addition, they 

find what appears to be a fan shaped nebulosity along the northern edge of 

the high velocity blue shifted emission. The presence of these nebulosities and 

the morphologies of the blue and red-shifted gas leads the authors to conclude 

that the low velocity CO emission arises from the swept-up shell of the outflow. 

The same conclusion that we reached for 1629a. 

The morphologies of the CS outflow maps of Figure 2.4 look amaz

ingly like the high resolution CO data of Hayashi, Hasegawa, and Kaifu. This 

suggests that they have a common origin. ill both the low and high velocity 

maps the red emission peaks near or to the west of the m source while the 

blue emission peaks to the east. The distance between the blue and red flow 

velocity emission peaks (~40") and their locations are nearly the same as in 
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the high velocity CO maps. The low velocity emission is clearly associated 

with the outflow, and is defined over a velocity interval which takes in most 

of the line core. This indicates that the line core itself may be dominated by 

outflow emission. 

Outflow Mass and Energetics 

If we assume both the C32 Sand C34 S have the same excitation tem-

perature and that r32 = 22.5r34, then the mean optical depth in both emission 

lines can be found from the ratio of the line intensities. 

(TR)32 _ 1 - exp( -22.5r24) 

(TR)34 - 1 - exp( -r24) 
(1) 

The value of r24 can then be used to calculate the excitation temperature, Tez, 

of the gas. 

where 

J.(T) = h; [exp (Z;) -If 
T34 _ (TR)34 
R-

TJc 

(2) 

T~4 is the source radiation temperature (Kutner and Ulich 1981). The value 

TIc is the coupling efficiency between the telescope and the outflow, which we 

take to be 1 (Ulich and Haas 1976). 

In order to determine an accurate value for Te:r;, an estimate of the gas 

filling factor is needed. Snell et al. (1984) and Margulis and Lada (1985) have 

found that, in general, the filling factor in outflows approaches 1 at velocities 

near that of the line core. Since we are calculating the mass of relatively 

low-velocity material in the outflow system, we will adopt this value. 
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Once obtained, Te:z: can be used to calculate the C 34S column density at 

each velocity in the line profile. For the J = 2 -+ 1 transition the appropriate 

expression is 

34 11 4.628 2.31 
[ ( )]

-1 ( ) 
Nv = 9.0 x 10 T34 Te:z: 1 - exp - Te:z: exp Te:z: (3) 

The total N34 column density is then found by integrating eqnuation (3) over 

the desired velocity interval, ~ V (km/ s). The total H 2 column density is 

determined using the abundance ratio of Graedel, Langer, and Frerking (1982), 

NH2 = N32 /1.6 X 10-9 and assuming N32/N34 = 22.5 (terrestrial ratio). To get 

the H2 gas mass, we must integrate NH2 over the total flow area. Since we do 

not have high signal-to-noise C34S spectra toward every position at which the 

C32S line was observed, we will use a C32S emission weighted area, Aw , in the 

integration. If we assume that the C32S optical depth and H2 column density 

are proportional to the observed C32S integrated intensity at each position, 

then the vz.Juc of Aw should reflect the variation of N H2 over the flow region: 

/, 

[32dc:x.do 
Aw = 32' 

flow [center 
(4) 

where the integrated intensity [32 is given by 

The total flow mass over the specified velocity interval is then given by equation 

(5). 

M -20 ) ( 2) 
M = 1.6 X 10 N H2(cm-2 Aw pc . 

o 
(5) 

Mass estimates were made for both outflows' low velocity blue (LBW) and 

red (LRW) shifted components and their high velocity red (HRW) and blue 
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(HBW) shifted components. A value of Tez equal to the arithmetic mean of the 

individual channel values was used. The results of these calculations along with 

estimates of the energetic properties of each flow are given in Table 7. When 

calculating the energetic properties, the charcteristic velocity of each outflow 

velocity interval was taken to be the maximum velocity in that interval. 

The dominant source of uncertainty in this analysis is probably the 

fractional abundance, and therefore the mass estimates, which can vary by as 

much as an order of magnitude from source to source (Irvine et al. 1987 and 

Linke and Goldsmith 1980). This is complicated by the possibility that the 

abundance of CS may be affected by shock chemistry. Sulfur-bearing molecules 

are expected to be overabundant in shocked regions (Hartquist, Oppenheimer, 

and Dalgarno 1980). If this is true, then one might expect that the shocks 

associated with molecular outflows could lead to an overabundance of CS in 

these regions. This possibility was investigated by Thronson and Lada (1984). 

They surveyed nine CO outflow sources for the presence of high velocity emis

sion in the CS J = 2 -+ 1 transition. Three sources definitely showed CS wings. 

Assuming the wing emission was optically thin and using excitation tempera

tures derived from CO as a guide, they computed CS column densities for the 

high velocity gas in each source. They then compared the ratio of the C32S to 

13CO column densities (NCS /N
13

eo) in these three sources to an average value 

of Xes / X 13CO = 2.5 X 10-5 found in quiescent cloud material (Plambeck and 

Williams 1979; Linke and Goldsmith 1980). Their data suggest. that in objects 

which show a broad CS wing, CS is overabundant relative to 13CO by at least 

a factor of 40. Since X
13

CO is not thought to be significantly affected by the 

presence of shocks, they conclude that shock related chemistry may be respon-
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sible for the overabundance. In Table 7 we list the ratio of Nc
S2

s /N13CO for 

the low and high velocity components associated with the 1629a and Cepheus 

A outflows. These ratios do suggest that either C32S and/or C34S is over

abundant in these objects. In Cepheus A the rat;.o indicates an overabundance 

of at least a factor of 35, in good agreement with the results of Thronson 

and Lada. Within the 1629a outflow, CS appears to be overabundant by a 

factor of ~ 200, suggesting that either the lower mass and luminosity 1629a 

star formation region has an intrinsic overabundance of sulfur-bearing molecules 

and/or that shock chemisty has had a greater impact. The ratios also indicate 

that CS may be more abundant at lower velocities. However, this is probably 

due to overestimating the beam filling factor at the higher velocities, which 

may lead to an underestimate of Tez and N34. Takano (1988) also finds an 

overabundance of CS in the outflow source NGC 2071. (This source also has 

self-absorbed CS line profiles.) These results suggest that the constant abun

dance ratio used in our mass calculations is probably too low. Therefore our 

mass, momentum, and energy estimates should probably be regarded upper 

limits. At low outflow velocities, the situation is further complicated by the 

presence of self-absorption in many of the line profiles, which may also lead to 

overestimates of the gas mass. 

Unlike what is suggested by CO observations, Table 7 indicates that 

III both 1629a and Cepheus A there is no clear trend for there to be more 

mass at low velocities than at high velocities. However, in 1629a both the 

low and high velocity blue-shifted gas is about twice as massive and twice as 

opaque as the red-shifted gas. In Cepheus A the low velocity blue gas is more 

than twice as massive as any other velocity component, although its opacity 
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is not. With the large uncertainties in the CS derived masses it is difficult to 

make a detailed comparison between the CO and CS derived mass and energy 

estimates in these sources. However, it is interesting to note that the total 

kinetic energy derived from the CS analysis for 1629a is less than a factor of 

2 greater than what we derived for 1629a from CO. In the case of Cepheus 

A, the CS derived kinetic energy is only a factor of 2 greater than what was 

derived from CO for the entire .outflow by Levreault (1985). Given that our CS 

mass estimates are probably upper limits, this suggests that the same engine 

which drives the high velocity outflow components observed in CO is capable 

of driving the high density outflow material observed in CS. 

The Effect of the 1629a Outflow on Quiescent Cloud Material 

The effect the 1629a outflow has on heating its surrounding cloud can 

be seen in Figure 2.6, where a contour plot is made over the velocity range 

which is most likely to correspond to the rest velocity ?f the source (1.4 to 

5.3km/s). The plot shows two emission lobes located east and west of the IR 

source, at positions which correspond to peak outflow activity. By comparing 

this figure with Figure 2.5, one can see that the shape of the "rest velocity" 

emission regions appears to be a superposition of the four outflow regions. The 

fact that the emission from the more quiescent cloud material does not peak 

on the IR source, but on the outflow regions, suggests that the outflow could 

be the dominant source of heating in the cloud core. 

There is also evidence from the CISO observations that the 1629a out

flows are pumping turbulent energy into the ambient cloud. If the CISO line 

linewidths are plotted as a function of position, it is found that the linewidths 
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are widest in the vicinity of the outflows. Since linewidth is thought to be 

directly related to the amount of turbulence in a cloud, it appears likely that 

the outflows are a significant source of cloud turbulence. The largest linewidth 

(1.21 km/s) occurs at the position of the IR source. The smallest linewidths 

(0.27km/s) were found at positions to the northwest of the IR source. One 

obvious question to ask is if the outflow can account for all the turbulent en

ergy in the cloud core. To answer this we must first derive a cloud core mass 

from the elBa observations. Even in regions of high density, it can usually 

be assumed that elBa emission is optically thin. If this assumption is correct, 

then a map of the integrated intensity of the elBa line is also a map of the 

relative gas column density if a constant gas excitation temperature is assumed 

(Wilking and Lada 1983). Therefore a elBa map can be used to estimate 

cloud mass. 

A map of the elBa integrated intensity in the vicinity of the 1629a 

outflow region is shown in Figure 2.7. The individual spectra are single peaked 

and symmetric, and, except towards the IR source, show no sign of wing 

emission (rms noise level ~ 0.3K). The map has the same general appearance 

as the CS J = 5 -+ 4 map of Figure 2.5 except on a much larger scale. It 

shows an elongated disk-like feature with its peak intensity at the position 

of the IRAS source. The major axis of the disk runs southeast to northwest. 

This orientation presents its maximum density gradient to lobes NER and SWB, 

and may be one reason why these outflow lobes appear more collimated than 

the others (Snell, Loren, and Plambeck 1980, Barral and Canto 1981, Konigl 

1982). The map also indicates the presence of emission peaks at positions (3'E, 

l'S) and (4'E, 2'S) of the IR source. These emission peaks do not appear to 
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be associated with the ammonia emission region centered at a position 2' 

east of the IR source found by Wootten and Loren (1987). Following the 

method of Wilking and Lada (1983), the Cl80 column density (NI8) was 

derived at each observed position. A map of the Cl80 column density is 

shown in Figure 2.8. The hydrogen column density, NE H is related to NI8 

through the relation (Wilking and Lada 1983) NI8 /NEH ~ 2 X 10-7• The 

cloud mass can be found over any part of the map by adding up the N H 

at each observed position within the region of interest and multiplying the 

sum by the beam size (in cm-2) and the mass of a hydrogen atom. Using 

this technique the cloud mass over the mapped region (Mcore) is found to 

be 13.6 M0 . This is at least a factor of 2 lower than the mass needed to 

gravitationally confine the low velocity gas in the outflow. (Similarly, we find 

that the mass needed to confine the low velocity gas in Cep A is at least a 

factor of 2.5 higher than what was estimated from ammonia observations by Ho 

et a1. (1982)). An upper limit to the turbulent energy in the cloud core can 

be found from the expression Eturb = !McoreO';urb' where O'turb = o. 736~ V is the 

3-dimensional turbulent velocity dispersion (Myers 1983) and ~ V is taken to be 

the maximum observed Cl80 linewidth (1.21 km/s). Substitution yields a value 

of Eturb = 5.4 M0km2s-2. The estimated outflow kinetic energy is ~ 20 times 

this value. The momentum contained in the turbulent gas (Pturb = McoreO'turb 

= 12 M0km/s) is about equal to that of the out flowing gas. If only 5% of the 

estimated turbulent energy of the outflow were coupled to the ambient gas, 

then the outflow could be responsible for all the observed line broadening in 

the cloud core. Again using O'turb, the upper limit to the virial mass of the 

cloud core was calculated and found to be 17.8 M0 . The similarity between 
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the virial mass and the mass derived using CISO suggests that if turbulence 

were the only source of energy present to counter gravity, the cloud core would 

be stable. However, Gaussian fits to the CISO line profiles indicate there are 

systematic velocity gradients present. There is both a north-south and east

west velocity gradient across the position of the m source. The gas is, in 

general, blue shifted to the north and east and red shifted to the south and 

west. These velocity gradients are also seen in our higher spectral resolution 

C34S map of the area. In Chapter 3 we conclude that these velocity gradients 

are due to the presence of rotation and outflow in the cloud core. 

Summary 

We have mapped the regions surrounding 1629a and Cepheus A in the 

C32S J= 2 --+ 1 transition. We have also taken long integration C34S spectra 

toward the IR sources. The principal results of the analysis are the following. 

1) Integrated intensity maps of each source indicate that both the high 

velocity (wing) and low velocity (line core) CS emission are associated 

with the outflow. The line core emission appears to originate from a 

low velocity swept-up shell. The wing emission traces higher velocity 

gas which travels interior to the shell. The CS emission indicates the 

outflow contains dense material (~ 104 cm-3) over a wide range of 

velocities. 

2)There is no systematic trend in either source for the low veloc

ity emission to be more massive than the high velocity emission. In 

Cepheus A the low velocity blue shifted emission (LBW) is at least twice 
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as massive as the other velocity components. In 1629a the blue-shifted 

r emission is twice as opaque and massive as the red-shifted emission. 

3)The CS abundance appears to be enhanced in the vicinity of 1629a 

and Cepheus A. This may be due to shock related chemistry. 

4)The CS based outflow mass estimates are much larger than those 

deduced from CO observations. This may be due to underestimating 

the CS abundance. However, even with these mass estimates, it appears 

that the same engine which drives the CO outflow is capable of driving 

the dense material observed in CS. 

5) The CIBO map of 1629a indicates the presence of an elongated 

structure close to the position of the IR source. This structure may 

playa role in collimating the outflow. 

6) The 1629a outflow appears to be the dominant heating source in its 

associated cloud core and may also be pumping turbulent energy into 

the the more quiescent gas with an efficiency of about 5%. 
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Table 7 

Outflow Properties 

16293-2422 Cepheus A 
Outflow Properties LBV HBV LRV HRV LBV HBV LRV HRV 

T 0.10 0.10 0.05 0.05 0.08 0.03 0.07 0.08 
Tex(K) 4,4 4,4 6.3 6.3 5.4 4.4 5.7 3.8 
NH:z (1021cm-2) 14 14 8.3 8.3 26 7.0 13 13 
Mass(Me) 9.7 10.6 5.8 3,4 250 68 86 97 
R(") 110 105 100 65 60 60 60 60 
V(kms-l) 1.68 3.67 1.20 5.0 1.75 5.0 0.75 4.0 
Age(104yrs) 50 22 63 10 118 41 276 5 
P(Mekms-1) 16,4 38.8 7.0 16.6 439 342 64 385 
KE(Mekms- 2 ) 13.8 71.2 4.2 41.5 384 855 24 771 
L(Le) .045 0.52 .0018 0.68 0.52 3.33 .014 2.4 
P(10-4M eyr-1kms- 1 ) 3.3 18 1.1 17 36 83 2.3 74 

P IL./e 540 2950 180 2770 3.5 7.74 0.22 7.0 
N32/N34(1O-3) 8.78 8.78 5.31 5.31 3.1 0.86 1.66 1.54 
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Figure 2.3: Integrated intensity maps of 16290.: a) Over full velocity extent 
of the line wings. Solid line velocity interval, 4.45 to 9.0 km/s. Dashed line ve
locity interval, 0.33 to 3.26km/s. b)Over low velocity components, LRW (4.45 
to 5.2km/s) and LBW (2.32 to 3.26km/s). c) Over high velocity components, 
HRW (5.2 to 9.0km/s) and HBW (0.33 to 3.26km/s). Offsets are in arcseconds. 
A star indicates the position of the IR source (a = 16:29:20.9, 6 = -24:22:13). 
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Figure 2.4: Integrated Intensity maps of Cepheus A: a) Over full velocity 
extent of the line wings. Solid line velocity interval, -9 to -2 km/s. Dashed line 
velocity interval, -16.5 to -12 km/s. b) Over low velocity components, LRW (-
9.25 to -8.5km/s) and LBW (-12.75 to -11.0km/s). c) Over high velocity com
ponents, HRW (-8.5 to -6.25km/s) and HBW (-15.75 to -12.75km/s). Offsets 
are in arcseconds. A star indicates the position of the m source (a = 22:54:20.2, 
6 = 61:45:55). 
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Figure 2.5: Contour map of the integrated intensity of the outflow system 
around IRAS 1629a. The contour interval is 5 K km s -1. The contours extend from 
6 to 26 K km s -1 for the blue shifted gas and 11 to 36 K km s -I for the red shifted 
gas. The IR source is located at position (0,0), a = 16:29:20.9, S = -24:22:13. 
The four outflow lobes are labeled according to their position and Doppler shift: 
EB (Eastern Blue), WR (Western Red), SWB (Southwestern Blue), and NER 
(Northeastern Red). The rms noise level is::::: 1.0Kkms- 1• The CS (J = 5 -+ 4) 
core observed towards the FIR source is shown in projection and is from Walker 
et al. (1986). The contour limits are 3.5 K kms- 1 and 7.5 K kms- I • The contour 
interval is 1 K kms- 1 • Filled circles indicate observed positions. A "+" marks the 
position of the FIR source. 
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Figure 2.6: Integrated intensity of the outflowing gas as a function of velocity. 
Each observed line profile was integrated over contiguous velocity intervals, each 
3.25kms-1 (or five, 0.65kms- 1 filterbank channels) in extent. The limits of 
integration are indicated for each map in V LS R. The rest velocity of the cloud is 
4 kms- I . Due to the large dynamic range of the integrated intensity in the various 
velocity bins, the contour limits and intervals are different for each map and are 
given in Table I. The distance between tick marks is 20", which corresponds to the 
spacing between observed positions. The position of the FIR source is indicated 
by a "+" and is the (0,0) point of our maps (0: = 16:29:20.9,5 = -25:22:13). The 
location of the high velocity clumps A - I are also indicated. 
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Figure 2.7: Map of the C l8 0 integrated intensity in the vicinity of 1629a. 
The noise level is ~ 0.5 K km/s. The position of the FIR source is indicated by 
a "+" and is the (0,0) point of the map (a = 16:29:20.9, 6 = -24:22:13). Filled 
circles indicate observed positions. 
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Figure 2.8: Map of the elBo column density (NIB) around 1629a. The po
sition of the Fffi source is indicated by a "+" and is the (0,0) point of the map 
(a = 16:29:20.9,6= -24:22:13). 
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CHAPTER 3 . 

THE EFFECTS OF MOLECULAR OUTFLOWS ON 

THE CORES OF MOLECULAR LINE PROFILES 

Introduction 

We have made high signal-to-noise ratio maps in the CS J = 2 ~ 1 

transition toward a number of protostellar sources at the NRAO 12 m ra-

diotelescope. The line profiles in the vicinity of several of these sources (e.g. 

16293-2422, B335, and Cep A) appear double-peaked with a dip in the emis-

sion profile near the rest velocity of the source. This type of profile is often 

described as being self-reversed. At many positions, the line profiles are asym-

metric with one emission peak more intense than the other. The "sense" of the 

asymmetry, whether the the higher (red-shifted) or lower (blue-shifted) velocity 

emission peak appears more intense, is also found to change from one position 

to another. 

Self-reversed line profiles can be produced in several different ways. 

In individual cloud cores self-reversed and/or asymmetric line profiles can be 

produced if there is a gradient in the molecular excitation temperature along 

the line of sight. The presence of such a gradient indicates that the gas 

kinetic temperature and/or density is changing along the line of sight. In the 
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case where the excitation temperature of the outer layers of a cloud is lower 

than the inner layers, the self-reversal is due to absorption. We shall refer to 

this type of line profile as being self-absorbed. Whether the line will appear 

symmetric or asymmetric depends upon the velocity fields present in the source. 

A line profile which appears self-absorbed could also result if a separate cold 

(relatively low excitation temperature) cloud lies along the same line of sight 

of a a hotter, more distant cloud. If the foreground cloud has a center velocity 

close to that of the hotter cloud, it will absorb some of the radiation from 

the background cloud, producing a dip in the observed line profile. Another 

situation which could produce a double-peaked profile would be if there are 

two cloud components along the same line of sight, but at projected velocities 

sufficiently different that they produce separate emission peaks. 

Walker et al. (1986) have shown that asymmetric, self-absorbed line 

profiles of higher lying transitions of CS (J = 5 ~ 4 and J = 7 ~ 6) could be 

due to the inside-out collapse of a protostellar core; the line asymmetries result 

from the infall velocity field. Smaller asymmetries in the CS J = 2 ~ 1 line are 

expected in this model since this line is formed preferentially in the outer, more 

stationary parts of the infall region. Furthermore, the infall model generates 

line asymmetries only in the region of infall. However, large asymmetries are 

observed in the CS J = 2 ~ 1 lines toward protostellar sources, and at positions 

far outside the suspected regions of infall. These observations suggest that some 

process other than inside-out collapse is occurring in the outer layers of these 

cloud cores. 

All the objects in our sample that have self-reversed line profiles are 

known to possess high velocity molecular outflows (Walker et al. 1985; Lada 



96 

1985; Wilking 1988). Since such outHows are expected to disturb the outer 

cloud layers, it seems reasonable to suspect that the line asymmetries and out

Hows are somehow related. If the outHows are responsible for the asymmetric 

line profiles, then many of the cloud cores which have been observed to have 

asymmetric, or double-peaked CO or CS profiles should also possess outHows. 

This is often found to be the case. For example, out of the 12 different ob

jects possessing self-absorbed CO J = 2 -+ 1 profiles studied by Loren et al. 

(1981) and Phillips et al. (1981) all but 2 are now known, or are suspected, to 

possess outHows. Furthermore, as pointed out by Loren et al. (1981), the self

reversals are usually confined to regions where broad line wings (now believed 

to be associated with molecular outHows) occur. For example in the outHow 

regions associated with NGC 2071 and AFGL 961 the CO line reversals are 

observed only in the vicinity of the blue-shifted outHow lobe (Lada and Gautier 

1982). Around Cep A the CO line reversals appear to be more closely asso

ciated with the red-shifted outHow lobe. In addition, Blitz and Lada (1979) 

suggested that there may be a connection between self-reversed line profiles 

and the presence of water masers. They found that most of the sources which 

possess self-reversed line profiles also possess water masers. In the this chap

ter we will present a model which suggests that outHows could be responsible 

for many of the self-reversed line profiles observed toward regions of outHow. 

Considering the energy contained in the high velocity stellar winds which are 

thought to form the molecular outHow, it also seems likely that the out How 

phenomenon may also play a significant role in the creation and pumping of 

water masers (Lada 1985; Strelnitskij 1984). 
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In order to determine whether molecular outflows are responsible for 

the observed profiles, we have constructed a simple conical, LTE outflow model 

which allows us to vary outflow parameters (i.e. temperature, velocity fields, 

inclination, and shell thickness) and generate line profiles. Since many of the 

double-peaked profiles observed toward outflows appear self-absorbed, this sug

gests that a temperature gradient is present in the swept-up shells of the 

outflows. We therefore include a temperature gradient in our outflow models. 

Physical justification for the presence of such a gradient is discussed in detail 

later in the chapter. Most of what we know about molecular outflows has been 

inferred from studying the properties of the high velocity gas in the wings of 

the line profiles. This is unfortunate since a large fraction of the outflow mass 

is expected to be in low velocity swept up shells (Snell et al. 1984; Snell and 

Schloerb 1985; Lada 1985). Our model is designed to determine what types 

of emission profiles might be expected from this low velocity material. From 

comparing our model profiles with observations, we should, in some cases, be 

able to determine if and how these swept-up shells are affecting line formation 

at low velocities. 



Model Definition 

Geometry. 
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We have adopted a conical geometry for our outflow model. The details 

of the model are shown in Figure 3.1. This geometry was chosen for its 

simplicity and because it possesses the basic morphological features common to 

most outflows. The outflow axis is at an angle 60 with respect to the observer's 

line of sight, and has an opening angle defined by ~. When the outflow axis 

has a 60 < 900 the outflow lobe of Figure 3.1 corresponds to what is usually 

defined in the outflow literature as a "blue-shifted" lobe. When 60 > 900 the 

lobe corresponds to a "red-shifted" outflow lobe. No provision is made for 

looking through both a red- and blue-shifted outflow lobe at the same time. 

For outflows with collimation factors (the ratio of length to width) ~ 1 the 

lobes will not overlap each other as long as 60 > ~ /2. 

In most outflow models the center of the outflow lobe is empty, ex

cept for the presence of "high" velocity molecular material which has been 

accelerated by a fast moving (:::::: 100km/s), low density stellar wind. It is this 

high velocity molecular material which is observed in the line wings. A large 

fraction of the outflow consists of swept-up material which forms the walls of 

the evacuated cavity. In our model the evacuated cavity has an angular extent 

<:t. By varying <:t and/ or ~, we can change the thickness of the cavity walls. 

The cavity walls are divided up into n shells of equal angular extent. 

The temperature and density in each shell are specified by the following rela

tions: 

T(n) = To(D(l)/D(n))fJ 

N(n) = No{D(1)/D(n))7 

(1) 

(2) 



99 

where, n is the shell number, and D(n) is the distance from the top of the 

outflow axis to the designated shell. To and No are the initial values of the 

molecular hydrogen density and temperature. {J and 'Y are input parameters. 

At least one outflow (LI551) has been observed to have both a velocity 

component along the outflow axis, and an expansion component perpendicular 

to the cavity walls. If the morphology of the shell is determined solely by the 

bulk motions of the outflow, then the ratio of an outflow lobe's length to width 

is approximately equal to the ratio of the outflow's axial to expansion velocity 

(Snell and Schloerb 1985). Under these circumstances, we can relate the two 

velocity fields in a given shell in the following way: 

(3) 

(4). 

Both Ve~ and t/J are input parameters. Alternatively, we can define the axial 

velocity independent of the expansion velocity as 

(5). 

Here, again, Vaoz and w are model dependent parameters. 

Let us choose a line of sight through the outflow lobe with an impact 

parameter p to the vertex of the cone as depicted in Figure 3.1, and define 

the angle 6(n) to be the angle between the line of sight and shell n. One 

must remember that each line of sight will, in general, intersect a shell at two 

positions (Le. the near and far sides). So each shell will have two values of 

6(n). Since we are interested in determining the general effects an outflow has 

on line profiles, we can simplify the model geometry by limiting our lines of 
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sight to those which intersect the outflow axis. For these lines of sight, the 

projected axial and expansion velocity components are functions of both the 

shell that is intersected and the shell angle o(n). If e = 1900 - o(n)1 then, 

if o(n) < OJ 
otherwise. 

if o(n) < 900
j 

otherwise. 

(6) 

(7) 

The length of the outfl<?w axis is designated to be unity. For a line of 

sight with impact parameter p, the positions of the shell boundaries on the 

z-axis of Figure 3.1 are found from the expression, 

(8) 

where, 

Py = pcos(o - 90°). 

The location of each point along the line of sight within the shell structure 

of the outflow is determined by comparing its Z coordin~te with those of the 

shells. Between shells it is assumed that conditions vary slowly enough that 

for a given point the density, temperature, and projected velocity components 

can be found by linear interpolation. In our model the only source of emission 

and absorption is the outflow itself. Therefore the boundaries of the outflow 

lobe determine the Zmin and Zma:z: of the line of sight. 

Radiative Transfer. 

In model runs we typically divided the line of sight into 200 sample 

points. The program was configured to produce a model spectrum with 100 

frequency points. The equation of transfer is solved at each point for each 

frequency. The calculated intensity at each velocity is then summed up along 
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the line of sight. The numerical solution to the equation of transfer used in 

the model has the form, 

Zm .. ", 

Iv(z) = L Sv(z)(1 - e-TII(Z»)e-T~ot (9) 
Zmin 

where Sv is the source function, which for our LTE model is simply given by 

the Planck function, 

2hv3 1 
Sz.. (z) = C2 --:h'-II---

(e kTe",(.) - 1) 
(10) 

rtot is the total optical depth from the sample point at z to the observer. The 

optical depth r(z) is expressed as 

r(z) = Xv(z)D.z (11) 

where D.z is the distance between sample points along the line of sight. XII 1S 

the opacity at a sample point, 

nLc2 AUL gu _ hllo 
Xv(z) = Xo<Pv = 2 -(1 - e ~)<Pv 

81l"vo gL 
(12) 

where nL is the number density of molecules in the lower state of the transition, 

AUL is the Einstein spontaneous emission coefficient of the transition, <Pv is the 

line profile function, Vo is the transition frequency, gL and gu are the statistical 

weights (2U + 1 and 2L+ 1, repectively for J= U,L), and Tez is the excitation 

temperature at the sample point. 

As discussed in the previous section, the H2 density is specified in 

each shell by equation (2). To determine the total number of CS molecules 

we simply multiply nH2 by the fractional abundance of CS, Xes. In LTE 
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the total number density of CS molecules, ncs, is related to nL through the 

modified Boltzmann equation, 

nL gL 
-- h 
ntot ",N -1 ~ 

L...JU=o gue Ie 

(13) 

where N is the total number of upper states. For a large number of states 

equation (13) can be rewritten in terms of a partition function Qr(T). 

(14) 

where, for a large number of states, Qr(T) can be approximated by 

kT 
hEr· 

The effect of the velocity fields enters the equation of transfer through 

the line profile function <Pv (z), 

<Pv(z) = 1 exp (_ [ v - Vo _ (vo/C)V(Z)] 2) 
!:1VD..[i !:1VD(Z) !:1VD(Z) 

(15) 

(Leung and Brown 1977). V(z) is the line of sight velocity which is defined 

to be positive for motion toward an observer. For our model, 

(16) 

!:1VD(Z) is the Doppler broadening function which includes the effects of thermal 

and turbulent broadening; 

(17) 
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Since we are assuming LTE, Tez{z) = Tk{Z). vturb{Z) is assumed to maintain a 

constant value throughout the outflow. 

Choice of Model Parameters 

As discussed earlier, observations suggest that the high velocity gas 

components of molecular outflows occur within an otherwise evacuated cavity. 

From multitransitional studies of CO in outflows by Snell et al. (1984), Mar

gulis and Lada (1985), and others, it has been found that the beam filling 

factor of the high velocity gas decreases with increasing velocity. This suggests 

that the high velocity gas is clumpy, with larger clumps occurring at lower 

velocities. One scenario which could explain these observations is that initially 

the high velocity clumps were all about the same size and mass. But as they 

moved into and swept-up the ambient cloud medium, they grew in size and 

mass, and consequently slowed down. These large clumps then merged to form 

the walls or "shell" which surround the evacuated cavity (Lada 1985). As the 

shell moves through the ambient cloud it will continue to sweep up more and 

more material and slow down further. 

As a result of its relatively low velocity, the bulk of the emission from 

the shell occurs in the line core of whatever molecule is being observed. Of 

course, it is in the line core where most of the emission from the ambient 

cloud material is also expected. It is the presence of this ambient gas emission 

which has kept observers from attempting to study the outflow shell in detail. 

However, the correlation between the presence of asymmetric, self-reversed 

line profiles and molecular outflows suggests that, at least in these instances, 
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the outflow dominates the energetics and dynamics of the cloud core to such 

a degree that whatever lower density, "ambient" gas was present has lost its 

identity in the shell of the flow. 

To simulate these effects in our modeling we will, in general, have the 

density and the axial and expansion velocity components decrease with distance 

from the outflow axis. Most of the self-reversed profiles which occur in regions 

of outflow appear to be the result of self-absorption. As mentioned earlier, 

there must be a gradient in the excitation temperature along a given line of 

sight for self-absorption to occur. Our outflow model assumes the gas is in 

LTE, this requires that there be a gradient in the kinetic temperature of the 

gas through the outflow lobe. Since the excitation temperature is set by the 

kinetic temperature, the model results are fairly insensitive to the form of the 

density gradient. 

There are several different sets of observations that suggest a gradient in 

the gas kinetic temperature does exist. From our 12 CO J = 2 ~ 1 observations 

of the outflow region around 1629a we found that the gas temperature peaks 

up on the outflow lobes, not the IR. This suggests that a the outflow is 

the dominant source of heating in the cloud core and there is a temperature 

gradient present. Further evidence for the presence of a temperature gradient 

in outflows comes from a study of the outflow associated with Orion A. Here, 

millimeter, submillimeter, far-infrared, and near-infrared observations all suggest 

the presence of a temperature gradient through the outflow region. CO J = 

1 ~ 0 observations by Snell et al. (1984) indicate the peak gas temperature 

in the outer layers of the cloud is ~ 70 K. From CO J = 6 -t- 5 observations 

Goldsmith et al. (1981) calculated a lower limit to the gas kinetic temperature 
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of 180 K. Using much higher CO transitions (J> 20) which are more sensitive 

to higher temperature regions Storey et al. (1981) derive a kinetic temperature 

of ~ 750 K. Gautier et al. (1976) and Beckwith et al. (1978) have observed 

2 J.tm H2 emission lines in the vicinity of the high velocity gas around Orion 

A. From these observations the gas excitation temperature is estimated to be 

~ 2000 K. Clearly, this large range of temperatures suggest the presence of a 

temperature gradient in the source. The high gas temperatures are thought to 

result from shocks formed either within the flow region or at the flow/cloud 

interface (Bally and Lane 1982). Bally and Lane have mapped the shocked 

H2 emission In the vicinity of several outflow sources; NGC 2071, Cep A, 

and GL490. From a comparison of their maps with CO outflow maps, they 

conclude that the shocked H2 emission peaks up in the outflow lobes and not 

on the IR source. The same behavior we observed in l2CO toward 1629a. 

Furthermore, the H2 emission is always found to occur within the boundaries 

of the CO outflow, suggesting that the shock responsible for the emission is 

located within the outflow lobes, at the interface between the stellar wind and 

the swept-up shell of ambient cloud material. 

It may also be possible for the IR source to play a role In setting 

up a temperature gradient in the swept-up shell of an outflow. Since the 

interior of an outflow lobe is thought to be a region of fairly low density, 

UV and visible radiation from the m source (which powers the outflow) may 

be able to propagate through the lobe's interior. When the UV and .... isible 

light strike the inner walls of the shell, they warm the dust component of the 

shell, which through collisions warms the gas. Due to large opacities, the UV 

and visible light will not warm the outer layers of the shell. This sets up a 
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temperature gradient. Using equation 9 of Scoville and Kwan (1976) and the 

dust parameters derived in Chapter 1, we estimate that at a distance of 0.1 pc 

(the length of one of the narrow outflow lobes) the IR source associated with 

1629a is capable of warming the dust along the inner wall of the outflow cavity 

to a temperature < 40 K. If this mechanism were responsible for the heating 

observed toward outflows, one would expect the warmest temperatures to be 

seen in the direction of the IR source (since T <X R-O.4). This is not what we 

observe in l2CO toward 1629a. 

Outflows come in many shapes and sizes. They have been found to have 

lobe collimation factors (the ratio of outflow lobe length to width) between 1 

and 6, and linear extents from .04 to 4 pc. An outflow can range in mass from 

0.1 to 100M0 (Lada 1985). However, for the most part, these numbers are 

based solely on observations of the high velocity gas component of an outflow, 

which is observed in the spectral line wings. The lowest wing velocity emission 

is observed to encompass the region of highest velocity emission. If this low 

wing velocity emission represents the "high" velocity emission from the swept 

up shell, then the outflow is larger than what is indicated by the wing maps 

alone. Since the outflow shell also has a higher filling factor, its mass may 

be higher than that of the high velocity gas. Therefore, the size and mass 

estimates quoted above should serve as lower limits in the shell model. 

In our model runs the fractional abundance of CS (Xes) was designated 

to be 1.6 X 10-9• This abundance comes from the interstellar chemistry models 

of Graedel et al. (1982) and was derived using a low metal abundance. How

ever, the metallicity in star formation regions may in fact be high. Since Xes 

is used in determining opacity, a higher fractional abundance would tend to in-
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crease the optical depths in the line core. This would make the self-absorptions 

and line asymmetries observed toward outflows even more prominent than In

dicated by our model results. 

Model Results 

Very little is known about the internal structure of molecular outflows, 

other than that the highest velocity gas is located within a shell of lower 

velocity material. As discussed above, our model program is designed to study, 

in a phenomenological way, the structure and dynamics of the lower velocity 

outflow material. To this end, we have run a number of different models using 

the guidelines discussed in the previous section. The results of the modeling 

are shown in Figures 3.2 through 3.11. 

Each model outflow lobe was placed at different angles to the observer's 

line of sight, designated by the angle o. At each inclination the angular size, 

0:, of the evacuated cavity in the center of the lobe is varied from 5 to 35° 

in steps of 10°. For a particular model run the total angular extent of the 

outflow, ~, was held constant. The line of sight was chosen to be half way 

up the projected length of the outflow axis. Model spectra of both the main 

and isotopic lines for each set of model conditions are shown on the left and 

right sides of each figure respectively. Table 8 gives the model parameters 

(temperatures, densities, velocities, power laws, etc.) used in generating each 

set of figures. Figures 3.2 through 3.7 show model es and e34s profiles, while 

Figures 3.8 through 3.11 are model CO and el30 spectra. In the figures, as 
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in the line profile function, gas movement toward the observer is defined to be 

positive. 

Line Formation 

A quick flip through these spectra shows that a large menagerie of 

double- and single-peaked line profiles can be generated using the adopted 

outflow model. In the case of the double-peaked profiles, one of the first 

questions that comes to mind is whether the dual peaks are the result of "true" 

self-absorption or simply the result of two distinct emission components, one 

from the near and the other from the far side of the outflow shell. To produce 

self-absorption the line core needs to be optically thick, and the outflow needs 

to have a temperature gradient. In the outflow models used to generate Figures 

3.2 through 3.12 a temperature gradient was introduced. A good indication of 

whether a particular CS or CO model line is optically thick is the shape of 

the corresponding isotopic line profile. If the main line is double peaked and 

the isotopic line is single peaked, then this usually indicates the main line is 

optically thick and its shape is due to self-absorption. Whether or not the 

optically thick line will be asymmetric, and what the sign of that asymmetry 

will be depends on several factors. 

If the projected line of sight velocity V{z) IS small compared to the 

Doppler width of the line, 

where, 

V{z) «VD 

c 
VD= -Av vo 

(18) 



109 

then the Jine profile will either be self-absorbed with symmetric peaks if it is 

very thick (say, To 2: 5 at line center), or single-peaked if it is only moderately 

thick (1 < To < 5). Optically thin lines will also be single-peaked. As V(z) 

becomes greater than Vn the systematic velocity field begins to dominate 

opacity in determining the shape of the line profile. As in the infall model, it 

does this by changing the monochromatic optical depth scale along the line of 

sight. (An extreme case of this is shown in Figure 3.7.) We will now consider 

what will happen to the line profile when this occurs. 

In the thin or moderately thick case the observer sees emission from 

along all or most of his line of sight through the outflow lobe. There is 

not enough optical depth at any velocity to produce noticeable absorption, 

so two emission peaks are observed corresponding to the near and far side 

of the outflow's shell. Which peak appears hotter depends on the outflow's 

inclination, 00. For 00 < 90°, the majority of the gas appears in projection 

to be directed towards the observer, so the positive velocity peak appears 

warmer. At 00 = 90° equal amounts of gas are blue- and red-shifted, so the 

line appears double peaked and symmetric. For 00 > 90°, the majority of 

the gas is directed away from the observer, so the red-shifted side of the line 

appears hotter. When the main line is optically thin, then the isotopic line will 

be also, and its profile will be similar to that of the main line. The velocity 

difference between the two peaks is an indication of the relative velocity of the 

near and far side of the outflow shell projected along the line of sight. 

In the very optically thick case the outflow is more opaque at some 

velocities than others. This is illustrated in Figure 3.12a, where an optically 

thick line of CS (solid line) is plotted along with the associated optical depth 
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(dashed line). Here we see that the optical depth scale has a single peak 

centered at a slightly red-shifted velocity (~ -0.1 km/s). The CS line is also 

red-shifted, but by ~ -0.25 km/s. Since the optical depth is large at these 

velocities, absorption will occur, and an asymmetry will result. This is in 

contrast to the double-peaked, optically thin CS line profile of Figure 3.12b, 

whose optical depth profile closely follows the shape of the line. 

Figure 3.2 shows CS profiles produced in a model outflow with a col

limation factor of ~ 2, that possesses both axial and expansion velocity com

ponents. When the lobe is nearly filled (a = 5°) the line is optically thick 

and self-absorption occurs. Here, as with any of the models where a signifi

cant projected negative velocity component is present, the red-shifted side of 

the self-absorbed profile is never less intense than the blue-shifted side. When 

a model includes a significant expansion velocity (~ VD) the line will appear 

this way independent of the outflow inclination. This occurs for two reasons. 

One is the presence of cold gas which occurs at slightly blue-shifted velocities 

relative to the center velocity of the line. It is contributed by the outer layers 

of the side of the outflow lobe closest to the observer. This gas preferentially 

absorbs out emission on the blue side of the line. Secondly, expansion will al

ways provide some negative velocity components regardless of flow inclination. 

(The expansion velocity in the near side of the lobe is alway positive, while on 

the far side it is always negative.) The negative velocity components Doppler 

shift the material which forms the far side of the lobe further out on the red 

side of the line profile, where the cold, slightly blue-shifted absorbing gas has 

less of an effect. This, combined with the fact that the excitation temperature 

decreases with distance away from the outflow axis, will cause this material to 
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appear more intense than the blue-shifted emission in the profile, resulting in 

the observed asymmetry. 

If an outflow does have an expansion velocity component, its magnitude 

will be largest relative to the axial component along the outflow axis. As the 

line of sight is moved off the axis the magnitude, and effect of the expansion 

component in forming the line profile will be reduced. Also, one may in fact 

argue that in outflows that are confined or collimated by either an external 

or internal mechanism, the magnitude and effects of expansion on the line 

profile may be negligible. Since our models are confined to the outflow axis, 

the generated profiles will show the maximum effect a given expansion velocity 

component can have. 

When a significant expansion component is not present, the velocity field 

consists of only Doppler broadening and axial velocity components. The sign 

of the axial velocity components do depend on flow inclination. At inclinations 

where a large fraction of the outflow is directed out of the plane of the sky, and 

the projected axial velocity components are > VD, the optically thick line profile 

will be asymmetric with the blue side of the line brighter than the red side. 

Here, unlike the situation described in the preceding paragraph, the material 

on the far side of the lobe is not Doppler-shifted far enough toward the red 

to avoid significant absorption by the slightly blue-shifted, cold, absorbing gas. 

At larger inclinations, the far side material begins to be shifted far enough 

out into the red that the effects of absorption begin to diminish. As more and 

more of the flow is projected back into the plane of the sky, the line asymmetry 

will begin to reverse, and the red side of the line will appear brighter. This 

effect can be seen in the model runs of Figure 3.4 for CS and of Figure 3.9 for 
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CO. It should be pointed out that rotation can have a very similar effect on 

line profiles, and a careful study of the region under question must be made 

in order not to confuse the two. 

Also, if a significant axial velocity component is present, there is a 

general trend, independent of the amount of optical depth and the value of 0:, 

for lines from outflow lobes with So < 900 to be blue-shifted and lines from 

lobes with So > 90° to be red-shifted relative to each other. This occurs simply 

because more of the flow material is at positive velocities when 60 < 90° and 

vice versa for So > 90°. On the sky, this effect could also easily be mistaken 

for rotation. 

As 0: is increased the thickness of the cavity walls decreases, and the 

emission line become less optically thick. In many of the CS and CO model 

runs, as in Figures 3.2 and 3.8, the lines gradually become optically thin, 

double-peaked and asymmetric. This is also seen in the isotopic lines. If the 

model has an axial velocity component, no expansion component, and the 

optical depth is not too high, then for a given value of 60 , increasing a will 

"pull in" one side of the line profile, resulting in a shift in the line's velocity 

centroid ( See Figures 3.4 and 3.9). For So < 900
, the red side of the line will 

be pulled in, and the line as a whole will appear blue shifted. For 60 > 900
, 

the blue side will be pulled in, and the line will be red shifted. This occurs 

because as the cavity walls become thin, the projected axial velocities of the 

material inside the cavity wall closest to the plane of the sky are reduced. This 

forces the emission from these regions to occur at higher or lower velocities 

(relative to line center) depending on the value of 60 , The magnitude of the 

projected velocities of the material in the cavity wall located at a greater angle 
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to the plane of the sky increase as the cavity wall thins. However, since the 

phenomenon has a cosine dependence, the effect on the line profile is relatively 

small. This relationship between a: and the velocity centroid of a line within 

an outflow lobe could possibly be used to look for variations in the thickness 

of the swept up shell. 

The above discussion of the line formation process is admittedly sim

plistic. The presence of significant turbulent and thermal velocities has the 

effect of "smearing out" the distinction between positive and negative veloc

ity components. This makes a more detailed description of the line formation 

process extremely difficult. 

Comparison of Model and 0 bserved Profiles 

16293-2422. 

We have mapped the region surrounding 16293-2422 (hereafter, 1629a) 

In 12C160 J= 2 -l- 1, 12C180 J= 1 -l- 0, 12C32S J= 5 -l- 4 and J= 2 -l- 1, and 

12C34S J= 2 -l- 1. It has also been observed in a variety of other transitions 

and molecules by other observers. There is no question that this is a complex 

region. However, using what we have learned from our outflow, dust, and infall 

related observations and models we now describe one man's vision of what is 

going on in this region. 

As mentioned earlier, our 3.5' by 2.8' CS J = 2 -l- 1 map shows that 

asymmetric line profiles occur over most of the cloud core. If infall were the 

only dynamic process in the area, then the line asymmetries would be confined 

to the region of infall, which at the distance of Rho Ophiuchi (160 pc) is 

predicted to be ~ 30" (Adams and Shu 1986). So it is unlikely that infall 
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is responsible for the extent over which the asymmetric profiles are observed. 

Some other dynamical process must be present. Indeed, from our 12C160 maps 

we know that there is a high velocity molecular outflow originating from the 

vicinity of 1629a (See Figures 2.5 and 2.6). Our analysis of the flow (Chapter 2) 

suggests that the gas of highest velocity occurs in an otherwise evacuated cavity 

whose walls are made up of low-velocity, swept-up ambient cloud material. In 

fact, wing maps made from our 12C32S J= 2 -t 1 observations (Figures 2.3 a 

and b) trace out this shell and show that it is dense (~ 106 cm-3), and has a 

morphology very much like that of the lowest velocity CO flow emission. Also, 

the CS map reveals the presence of a second emission peak in the vicinity of 

the main blue lobe observed in CO. The general morphological features of the 

flow, an evacuated cavity surrounded by a dense, swept-up shell, is exactly 

what our outflow model is supposed to emulate. 

In Figures 3.13 and 3.14 we show the C32S and C34S line profiles at 

each observed position. The data was taken with the 60" beam of the NRAO 

12 m radiotelescope. The spectra in Figures 3.13a, b, and 3.14 were taken 

with a 40" spacing. The spectra of Figure 3.13c were taken with a 30" spacing. 

Figures 3.13a, c, and 3.14 are centered on the m source position. Figure 3.13b 

is centered on a position 160" to the east. The isotopic profiles are single

peaked, suggesting that the asymmetric main line profiles are optically thick. 

The smaller, 12C34S J= 2 -t 1 map provides a direct probe of the velocity 

fields in the region of the mAS source and the outflow. The center velocity 

of each C34S line was derived from performing Gaussian fits and is given in 

Table 9. North to south the line velocity changes from 3.96km/s to 4.26km/s. 

East to west the velocity shifts from 3.76km/s to 4.38km/s. These line shifts 
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could be interpreted as indicating the presence of either a single northeast to 

southwest velocity gradient, or two separate velocity gradients, one running 

east-west and the other north-south. At the position of the IRAS source the 

line velocity is 4.1 km/s, which suggests it is near the center of the velocity 

gradient or gradients. A single northeast to southwest velocity gradient does 

not appear to be consistent with either an out How or rotation model. From 

inspection of Figure 2.5 we see that there is a red-shifted outHow lobe to the 

northeast of the IR source and a blue-shifted lobe to the southwest. Therefore 

if the velocity shifts were due to the How, we would expect red-shifted gas 

to the northeast and blue-shifted gas to the southwest; the opposite of what 

is observed. If rotation were responsible for a single northeast to southwest 

velocity gradient, then this places the rotation axis perpendicular to the out How 

axis. In all outHow models which include rotation, either in the out How itself 

or in a circumstellar disk, the rotation axis is parallel to the outHow axis. This 

suggests that a two component interpretation for the velocity shifts observed 

in C34S may be more physical. 

To gain insight into what could be responsible for a north-south and 

east-west velocity gradient, let us look closely at the corresponding C32 S line 

profiles. At positions to the east and north of the IRAS source where the 

isotope is blue-shifted, the blue side of the C32S line is more intense than the 

red side. Similarly, where the isotope is red-shifted, to the west and south, the 

asymmetry changes sign and the red side of the line is stronger. As discussed 

earlier, this is the kind of line warping that can be caused by either the 

presence of rotation or an outHow. Since the two velocity gradients oppose 

each other, it is unlikely that rotation is responsible for both. Inspection of 
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Figures 2.5, 2.6, and 2.3 and the larger scale CO outflow maps of Wootten and 

Loren (1987) shows the red-shifted outflow material is more closely associated 

with the IRAS source than the blue-shifted material which mostly lies to 

the east and south. From our model results for an optically thick shell, we 

expect a red-shifted outflow lobe will tend to skew the C32S line profile to 

the red, while a blue-shifted lobe will tend to make the blue side of the line 

stronger. Once again consulting Figures 3.13 and 3.14 we see that at positions 

to the east and west of the IRAS source the sign of the line asymmetries 

within the outflow lobes agrees well with the model results. However, directly 

north and south of the IRAS source the sense of the line asymmetries is flipped 

compared to what is expected from the model. This suggests that rotation, not 

outflow, is responsible for the north-south velocity gradient and the resulting 

line asymmetries. (This conclusion was also reached by Mundy et al. (1986) 

and Menten et al. (1987). However, it should be noted that their physical 

interpretation of what produces the line profiles is different than ours.) We 

have two other sets of observations which support this conclusion. 

In Figure 3.15 we present a C32S map of the central 2' region around 

1629a obtained using the Hat Creek millimeter-wave interferometer with a 

spatial resolution of ~ 8". As has been mentioned in Chapter 2, and will be 

discussed in detail in Chapter 4, an interferometer is only sensitive to small

scale features. It will in effect "filter out" extended emission components. We 

know that the low velocity, swept-up shell is extended over several arcminutes, 

so unless it has a small beam filling factor, the majority of its emission will 

be resolved out by the interferometer. Examination of Figure 3.15 shows that 

except for a small « 20") core of emission centered on the IR source, all other 
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emission in the field of view of the interferometer is resolved out. Therefore 

one may conclude that this emission core is formed independent of the swept-up 

outflow shells. This conclusion is supported by the similarity in position and 

size of this small CS core with the dust core observed at 1.3 mm (see Figure 

1.1a). In Figure 3.16 we show a mosaic of the spectral lines associated with 

the emission core. As in the much lower spatial resolution 12 m data, there is 

an abrupt change in the sign of the asymmetry across the IR source, with the 

blue side of the line being stronger to the north, and the red side being stronger 

to the south. Although, the overall line strengths are lower to the east and 

west of the IR source, it is still evident that there is no significant change in 

the symmetry of the line profiles. Since with these interferometric observations 

the outflow shells are no longer a significant factor in forming the line profiles, 

the simplest explanation for the abrupt flip in the line asymmetries is rotation. 

Infall models do not predict a change in the sense of the line asymmetry across 

the region of infall (Adelson and Leung 1988, Leung and Brown 1977). 

This conclusion is supported by our 30" resolution C32S J= 5 -+ 4 

observations made in the vicinity of the IR source with the NRAO 12 m. These 

spectra are shown in Figure 3.17. Unfortunately, poor receiver sensitivity and 

weather prevented us from obtaining a corresponding C34S J= 5 -+ 4 map. The 

integrated intensity map made from these spectra is shown in projection against 

the CO outflow in Figure 2.5. The region of emission is quite small, with a 

half-power size of only 30". The small extent and the extremely high densities 

(> 106cm-3) required to excite the line, together suggest that this emission 

arises from the isolated, dense, cloud core observed with the interferometer and 

in the 1.3 mm continuum and not from the outflow. Although the signal-to-
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noise ratio of these data is not extremely high, close examination of the profiles 

reveals a north-south reversal in the line asymmetry across the IRAS source, 

similar to what is observed in the C32S J= 2 -+- 1 transition with both the 

interferometer and the 12 m. To the east and west, as with the interferometer 

data, there is no change in the sign of the asymmetry. 

To summarize, it appears that the large variety of CS line profiles 

observed in the vicinity of 1629a results from at least two independent phe

nomena, outflow and rotation. Outflow dominates the line formation east and 

directly west of the IR source, while rotation dominates north and south. Un

fortunately, the suspected region of infall lies at a position where the effects 

of rotation will produce the same spectral line signature. Therefore, although 

infall is not ruled out, its presence cannot be unambiguously identified from 

the CS emission profiles alone. 

However, by combining the C34S observation with the results of our 

1.3 mm observations, we may determine if the inferred north-south rotation 

can support the small dust core against collapse. Due to the large column 

densities found in this source, many of the lines which are normally used as 

density probes (e.g. CS,13CO and ClSO) are or are suspected to be optically 

thick. Therefore, mass estimates based on them may only be reliably used 

as lower limits. To avoid this problem we will perform our rotation analysis 

using the mass and density distribution derived for the dust core observed 

at 1.3 mm. The total velocity shift from north to BI)I.1.th ob~~rvec! L'1 C34S is 

~ 0.5 km/ s. This takes place between positions separated by 114". Dividing 

each of these numbers by 2, we get a rotational velocity of 0.25 km/s at a 

radius from the IR source of 1.4 x 1017 em (assuming a source distance of 
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160 pc). From our observations we find the dust core to have a half power size 

of ~ 7.2 x 1016 cm (30") and a mean Hz density p of 3.28 x 10-17 cm-3 with a 

power law dependence 0: ~ 1.5. From Arquilla and Goldsmith (1985), we know 

that rotation can support the cloud core against gravitational collapse if it has 

an angular frequency> We, 

(19). 

Substitution yields a value of We for the dust core of 5 x 10-12 sec-I, 

which at the half-power radius of the dust core implies that a rotational 

velocity of 1.75km/s is required to support the core. By assuming rigid body 

or Keplerian rotation we can use the e34s observations to infer the rotational 

velocity at the radius of the dust core. Assuming rigid body rotation the 

velocity is 0.94 km/s, and assuming Keplerian rotation the velocity is calculated 

to be 0.5 km/s. Both numbers fall substantially below the critical velocity, 

suggesting that rotation alone cannot support the cloud core. 

The cores of the 1Zel6o profiles do not show the deep self-absorption 

present in the e32s profiles. The majority of them appear single-peaked, with 

hints of self-absorption toward only a few positions. This suggests that the CO 

line is becoming optically thick so quickly at low velocities due to ambient cloud 

material that it does not serve as an effective probe of the outflow. The ratio 

of 13eo to elBo does indicate that the region is optically thick even in 13eo 

(Mundy et al. 1986). Also, channel maps made from the eo observations 

indicate that while the dynamical effects of the outflow are observable at low 

velocities, the peak intensity of the line does not vary more than 30% over the 

flow region. These observations suggests that there is layer of optically thick, 
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nearly isothermal (TIt ~ 10 K) ambient gas between us and the outflow. This 

conclusion is consistent with the results of other observers (Mundy et al. 1986, 

Wootten and Loren 1987, and Menten et al. 1987). The isothermal nature of 

the foreground ambient material would prohibit the formation of self-absorbed 

line profiles. As suggested by Walker et al. (1986) and discussed by Menten 

et al. (1987), this cold foreground layer of material could be responsible for 

the extremely narrow absorption feature observed in many of the CS profiles. 

Cepheus A. 

The Cepheus A molecular cloud core was one of the first objects in 

which CO self-absorption was observed (Phillips et al. 1981 and Loren et al. 

1981). It was also one of the first objects identified as possessing a bipolar 

outflow. As mentioned earlier, it is the site of OH and H2 0 maser activity 

and compact HII regions. 

The outflow has recently been mapped in CO J = 1 -.. 0 by Hayashi et 

al. (1988) with a spatial resolution of 16" -33". It has two lobes, the blue lobe 

located mostly to the east of the IR source and the red lobe located mostly 

to the west. Their CO channel maps show the same general characteristics as 

those of 1629a, that there is a confined region of high velocity emission in a 

cavity surrounded by a lower velocity shell. Our CS outflow maps show that 

the dense gas associated with the outflow has the same features (Chapter 2). 

Additional evidence for the presence of an evacuated cavity is the detection of 

a fan shaped infrared reflection nebulosity extending to the northeast of the 

m source (Lenzen et al. 1984). The presence of this nebulosity within the 

boundaries of the blue-shifted lobe suggests that the inner regions of the lobe 

are at a lower density than the ambient gas. 
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We have made a fully sampled map of the central 2.5' region surround

ing Cepheus A in the CS J= 2 --I- 1 transition with the 60" beam of the NRAO 

12 m. A mosaic of the observed spectra is shown in Figure 3.1S. C34S spectra 

were also taken toward a number of positions, and they are plotted in Figure 

3.19. Two things immediately stand out when you look at this figure. One is 

that there are extensive line wings, which we have earlier shown to be associ

ated with the outflow observed in CO (Chapter 2). The other is the presence 

of asymmetric line profiles at positions near the infrared source. Around the 

edges of the map some of the C32S lines are single-peaked. To the east of 

the IR source, where the blue-shifted outflow lobe dominates, the blue side 

of an asymmetric line is more intense than the red. To the west, where the 

red-shifted outflow lobe is strongest, the red side is brighter. At most positions 

the C34S lines are single-peaked. Where there is an asymmetric C32 S line, the 

C34S occurs at a velocity close to that of the absorption dip, indicating that 

these lines are optically thick and self-absorbed. In at least one instance the 

C34S appears to be itself asymmetric. The most likely explanation for this 

is that the column densities are sufficient along some lines of sight to make 

the C34S optically thick. Gaussian fits were made to the C34S line profiles. 

The model fit line velocities are given in Table 9. They indicate there is an 

east-west velocity gradient through the source, with velocities decreasing from 

east to west. The largest blue-shifted velocity is -12.Skm/s at an offset of 

1.5' east, 1.5' south of the central position. The largest red-shifted velocity is 

-9.S km/s at a position located 0.5' west of the central position. No significant 

velocity shift is observed directly north or south of the m source. 
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Using the VLA Torrelles et al. (1986) have observed what they believe 

to be a nearly edge-on disk in the vicinity of the IR source. The disk is 

composed of a series of three ammonia clumps and has a major axis with a 

position angle of ~ 630
, close to that of the outflow axis. They also find an 

east-west velocity gradient, with the greatest velocity difference between disk 

halves of ~ 2 km/s. There is also evidence for turbulent motions within each 

half of the disk at the 15" level. They interpret these motions in terms of a 

rotating disk. The rotation curve along the major axis is flat to within 15" of 

the IR source. 

Glisten et al. (1984) have made a much larger ammonia map of the 

region using the 40" beam of the Effelsburg 100 m telescope. They found that 

the ammonia emission is also elongated in appearance, with its major axis at 

a position angle between 550 and 600
• Its length and width is ~ 3' by 1.5'. 

The map shows two emission peaks, separated along the major axis by about 

45". Gusten et al. also show the ammonia line profiles along several lines of 

sight through the ammonia cloud. At positions close to the infrared source 

they too appear asymmetric, with the asymmetry flipping over in the same 

way our CS lines do. At the edges of their map the ammonia lines appear 

single peaked. From their map, they also infer there is a roughly east-west 

velocity gradient in the source, with a maximum shift of about 2km/s through 

the source. They model their observations in terms of a rotating, contracting 

(or expanding) torus. 

One problem with the rotating disk models of Gusten et al. and Tor

relles et al. is relating them to the outflow. It is difficult to imagine a physical 

process which could produce a morphology where the disk's major axis is so 
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closely aligned with the outHow axis. Indeed, for the most part, the east-west 

velocity shift in our isotope data does corresponds to that of the Effels berg and 

VLA ammonia observations. However, we find the velocity gradient is steepest 

to the southeast, along the axis of rotation of the proposed disk. Furthermore, 

if the observed C34S velocity gradient is due to rotation in a disk, the mo

tions of the disk extend far out into each of the out How lobes. If rotation is 

responsible for these motions, then this would imply that the whole outflow is 

rotating at a speed between 1 and 2kmJs. 

We propose that the observed flip in the asymmetries of the line profiles, 

and the velocity gradients observed in both the ammonia observations and our 

C34S data are due to the outflow. The behavior of the CS line profiles and 

the C34S Gaussian fit velocities are similar to those observed to the east and 

west of 1629a, and consistent with our model predictions. Unlike 1629a, there 

is no evidence of north-south rotation. Now let us compare the integrated 

intensity ammonia and C32S maps. The ammonia emission breaks into two 

peaks straddling the IR source (similar in appearance to the 1629a CO J = 
2 -+ 1 line core map of Figure 2.6) and is confined to a relatively small region. 

The integrated intensity CS map appears to be more extensive than that of 

the ammonia and only has one emission peak near the IR source (Figure 3.20). 

The presence of only one emission peak in CS could be the result of the 

lower spatial resolution with which the data were taken. Since both molecules 

have similar critical densities, the smaller extent of the· ammonia emmission 

could indicate that ammonia is less abundant. The ammonia map actually 

bears a closer resemblance to the CS outflow wing map. Both maps have 

two emission peaks, one located near the infrared source, the other located 



124 

about ~ 45" to the east of the m source. (The north-south offsets between 

the positions of the peaks on each map are within a half-beamwidth of the 

CS observations.) The behavior of the. ammonia line profiles, along with the 

apparent similarity between the CS outflow and ammonia maps suggests that 

the ammonia emmission is also tracing out the dense material in the outflow 

lobes. Also, the close proximity of the peaks in the two CS outflow emission 

lobes would indicate that the outflow axis is oriented almost parallel to our 

line of sight. This would also explain the abru.pt change in the sense of the 

line asymmetries between the two emission peaks. If the outflow axis were 

oriented in this way, then you would expect the full outflow to appear circular 

on the sky, with the lobes having their emission peaks near those of the CS 

and ammonia. The large 12' by 12' CO 'map of the region made by Levreault 

(1985) does indeed show both the red and blue shifted outflow lobes to be 

nearly circular, with emission peaks located close to those of the CS and 

ammonia. In this model the VLA ammonia clumps are interpreted as being 

small (~ 1411) cloudlets which form a highly collimated (collimation factor ~ 4) 

molecular jet through the center of the flow. These cloudlets would be similar 

those seen in the 12CO J= 2 -jo 1 emission in the 1629a outflow. 

The Cepheus A cloud core has been mapped in CO by a number of 

observers (e.g. Hayashi et al. 1988, Levreault 1985, Phillips et al. 1981, and 

Rodriguez et al. 1980). In each case the CO profile in the vicinity of the m 

source appears asymmetric. But, unlike the CS and ammonia observations, the 

sense of the asymmetry is the same regardless of position. The blue side of 

the line is always more intense than the red. This is most clearly shown in 

the 12CO J= 2 -jo 1 position-velocity maps of Phillips et al. (1982), where this 
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asymmetry is seen both east-west and north-south of the m source. This is 

the kind of asymmetry expected from our model for a blue-shifted outflow lobe 

at a relatively small inclination to our line of sight. Since the same type of 

asymmetry is seen over the whole region, the blue-shifted lobe would also have 

to extend over the whole region and be optically thick in the line core, thereby 

obscuring the red lobe. From the CO outflow map and spectral analysis of 

Levreault, these two conditions do indeed appear satisfied. 

B335. 

B335 is a well known Bok globule which possesses a very cold, compact 

dust core (Keene et al. 1983) and a bipolar molecular outflow (Goldsmith et 

al. 1984). It was first observed in CS by Martin and Barrett (1975). Langer, 

Frerking, and Wilson (1986) found that both outflow lobes have red- and blue

shifted emission components. From their observations they concluded that there 

are two separate outflows present, one centered on B335 and the other about 

an unknown source to the east. They suggest that the red lobe of the easterly 

outflow overlaps with the B335 flow and is responsible for the observed mix of 

velocity components. However, further l2CO J= 1 -+ 0 by Cabrit et al. (1988) 

indicate that a single outflow centered on B335 with an outflow axis oriented 

nearly in the plane of the sky, could account for all the observations. In their 

model, the presence of blue shifted emission in the predominantly red lobe to 

the west of B335, and red-shifted emission in the blue easterly lobe, are due 

to emission, from the near and far side walls of an evacuated cavity. If this 

model is correct it implies that the lobes have a nonzero expansion velocity. 

We have mapped the CS J = 2 -+ 1 emission arround B335 with the 60" 

beam of the NRAO 12 m. An integrated intensity map of the CS emission is 
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shown in Figure 3.21. The distance between observed points is 40". The bulk 

of the emission is confined to a 2' region centered on the IR source of Keene 

et al. In Figure 3.22 we present the spectra observed toward each position. 

The spectra appear for the most part to be double-peaked and asymmetric. 

Isotope spectra taken towards the central nine map positions are single-peaked 

and at velocities comparable to the centers of the main CS lines (see Figure 

3.23). This suggests that the asymmetries are due to self-absorption, and that 

the main CS lines are optically thick. 

From our outflow model results we would expect outflows with nonzero 

expansion velocities and outflow axes nearly in the plane of the sky (00 ~ 90°) 

to produce spectra which are skewed toward higher velocities (the red side of 

the line more intense than the blue). This behavior is shown in Figures 3.3, 

3.6, 3.7, 3.8, and 3.12. However, in the spectra of Figure 3.22 the sense of the 

asymmetry is seen to flip about a roughly northeast-southwest axis running 

through the IR source. Therefore, strictly from the model results, one would 

conclude that the outflow is not responsible for the observed line profiles. Some 

other dynamical process must be present. 

Gaussian fits of our C34S spectra do not, within the noise, show any 

systematic velocity shifts. However, an ammonia map made of the region by 

Menten et al. (1984) with both a higher spatial (40") and spectral (.05km/s 

as compared to .09km/s) resolution does show evidence for a northeast to 

southwest velocity gradient, with higher velocities occuring to the northeast. 

Also Frerking et al. (1987) have done extensive mapping of the region in 

13eo and CISO and found that line velocities tends in general, to increase 

from south to north. It is along a northeast-southwest line that we observe 
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the change in line asymmetry. Where the ammonia line velocities are most 

positive, the red side of the CS line is stronger than the blue side. Where 

the ammonia is at its lowest velocity the blue side is stronger. This is just 

what is expected if a velocity shift within the source is responsible for the 

asymmetric profiles. However, the velocity shift is not in the direction that 

would be expected if it were related to the outflow (Le. east-west). But these 

observations are consistent with a rotation model, where the velocity gradient 

and line asymmetries are due to rotation about a northwest-southeast axis 

which passes through the position of the IR source. The small extent of the 

CS emission relative to that of the outflow also suggests that the line profiles 

are not the result of motions in extended swept-up shells, but due to the 

dynamics of a small cloud core enveloping the IR source. 

The 12CO data of Langer et al. (1987) are, except In two positions, 

single peaked. The asymmetric spectra are neither reproduced in the paper 

nor discussed in detail, so we cannot tell whether their asymmetry is the 

result of the outflow. However, they do find that the l2CO is at systematically 

bluer velocities than either the 13CO or the CISO. They propose that this 

velocity gradient is due to the outer layers of the cloud expanding as a result 

of ambipolar diffusion and magnetic amplification. Langer et al. estimate that 

the energy needed to drive the expansion is on the order of 3 x 1044 ergs. They 

state that their estimate for the kinetic energy of the outflow, ~ 1 X 1044 ergs, 

indicates the outflow cannot be driving the expansion. However, in the more 

recent work of Cabrit et al., an upper limit to the outflow energy of about 

2 x 1044 ergs was derived. The similarity between the outflow's energy estimate 

and that required to drive the expansion, together with the evidence that the 
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outlow is in the plane of the sky and undergoing expansion, suggests to us that 

the more likely driving source for the expanding layer is the outflow. Indeed, 

the expanding layer may in fact be the low density, outer layers of the outflow's 

swept-up shell. 

Other Examples. 

Using our outflow model as a guide, we have outlined models for three 

sources, 1629a, Cepheus A, and B335. In each case, observations of several dif

ferent molecules, transitions, and spatial resolutions were needed to construct 

the models. Unfortunately, for the vast majority of outflow sources, such ex

tensive observational data bases do not exist. However, for all outflow sources 

you can usually find a 12CO and 13CO spectra taken toward the central posi

tion of the outflow. We can gain some insight into how often swept-up shells 

participate in the formation of line cores by looking for asymmetries in the 

CO spectra. However, the absence of a line asymmetry does not necessarily 

indicate that the outflow is not influencing the line core. This is evident in 

many of our model runs and is discussed in our proposed model of B335. 

Also, as pointed out by Phillips et al. (1981), observations in more than one 

transition may be necessary to determine if a line is suffering from absorption 

(e.g. the 12CO J= 1 -+ 0 transition in DR21). In any case, the presence of 

a line asymmetry does suggest that a velocity gradient may be present in the 

source; either outflow, rotation, or infall, or a combination of the three. Infall 

is expected to produce asymmetries over a small area. So if the self-absorption 

is extended, then it is probably not the result of infall. Distinguishing the 

effects of rotation from those of outflow is not so easy, and requires mapping 

of both the main line and an isotopic species. 
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Phillips et al. (1981) and Loren et al. (1981) present 12CO maps and 

spectra of 12 sources which possess self-reversed line profiles. A comparison of 

this list of objects with the catalog of outflow sources in Lada (1985) reveals 

that 9 of these objects are now known to be outflow sources. In two of the 

sources that are not associated with outflows, Phillips et al. concluded that the 

self-absorption dip was produced, not by a cold outer layer in the source, but 

by a separate foreground cloud. These results suggests that there is a causal 

relationship between outflow and self-reversed lines. This was also suggested in 

the introduction of the paper by Loren et al. (1981). A correlation between 

outflows and self-reversed lines can also be seen in the CO outflow survey 

of Levreault (1985), in which 12 out of the 20 sources surveyed show line 

asymmetries. One criterion used to select the objects in Levreault's survey 

was that they be optically accessible. Since this implies low molecular column 

densities, it is somewhat surprising that the percentage of self-reversed lines is 

so large. If the self-reversals are due to the outflow, then our model predicts 

that the majority of them will have their red emission peaks more intense than 

the blue. Out of all the objects observed by Phillips et al. and Loren et al. 

half have the asymmetry skewed to the blue and half to the red. While in 

Leverault's survey, 67% of the self-reversed lines have red peaks more intense 

than blue. These results are in fair agreement with the model predictions. 

Particularly if one takes into account the observational bias in favor of detecting 

outflows which are oriented at small angles to our line of sight. These objects 

are expected to have greater projected velocities and therefore more extensive 

and easily detected line wings. The smaller the outflow inclination, the more 

likely it is for the blue side of the line to dominate the profile. This bias 
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will tend to increase the percentage of outflows with lines having this type of 

asymmetry over that expected from the model. 

Conclusions 

The purpose of this chapter was to determine what effects the presence 

of an outflow might have on the cores of molecular lines. In order to do this we 

developed a model outflow program and used it to synthesize spectra under a 

variety of outflow conditions. The program was designed to model the radiative 

contribution of the low velocity swept-up shells which are often found to be 

associated with outflows. The model results indicate that the swept-up shells 

may be responsible for many of the s'ingle, double-peaked, and asymmetric 

line profiles observed toward outflow sources. These results were then used 

in conjunction with observations made by ourselves and others to produce 

dynamical models for three sources; 1629a, Cepheus A, and B335, In 1629a 

we find that many of the observed line profiles and map morphologies can be 

explained if both outflow and rotation are present. In Cepheus A our model 

results suggest that the outflow is the only significant systematic dynamical 

process affecting the line profiles. For B335 we find that rotation in the cloud 

core best explains the observed line asymmetries, while the expansion observed 

in the outer cloud layers is probably caused by the outflow. Finally, from 

comparing our model results with the surveys of Phillips et al. (1981), Loren 

et al. (1981), and Levreault (1985), we conclude that many of the self-reversed 

lines seen toward a variety of outflow sources may be a direct result of the 

outflows themselves. 
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Table 8 

Model Parameters Used to Generate Figures 

Figure Number 
CS CO 

Parameter 2 3 4 5 6 7 8 9 10 11 12 
Ta(K) 30 30 30 30 30 30 30 30 30 30 30 

f3 1 1 1 1 1 1 1 1 1 1 1 
Na(cm- 3 ) 106 106 106 106 106 106 106 104 104 106 106 

'"Y 1 1 1 1 1 1 1 1 1 1 1 
V~x(kms-l) 0.7 0.7 0 0 0.7 1.6 0.7 0 0 0 0.7 
1jJ 1 1 0 0 1 1 1 0 0 0 1 
V~(kms-l) * * 0.7 0.7 0 * * 0.7 0.7 0.7 * 
[2 - - 1 1 0 - - 2 2 1 -
p 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
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Table 9 

C34S Line Center Velocities 

16293-2422 Cepheus A B335 

Offset=40" V(kms-l) Offset=30" V(kms-1 ) Offset=40" V(kms-1) 

(0,1) 3.96 (-1,-1) -10.19 (-1,-1) 8.32 
(0,-1) 4.27 (0,-1) -10.50 (0,-1) 8.38 
(1,0) 3.96 (1,-1) -11.46 (1,-1) 8.31 

(-1,0) 4.38 (-1,0) -9.83 (-1,0) 8.28 
(1,1) 3.76 (0,0) -10.57 (0,0) 8.40 

(-1,-1) 4.30 (1,0) -10.93 (1,0) 8.26 
(-1,1) 4.20 (-1,1) -10.01 (-1,1) 8.44 
(2,-2) 3.94 (0,1) -10.62 (0,1) 8.44 
(-2,2) 4.04 (1,1) -10.94 (1,1) 8.38 
(2,2) 3.87 (2,0) -11.18 

(1,-1) 3.94 (-2,0) -10.14 
(2,0) 3.83 (0,2) -10.47 
(0,0) 4.10 (0,-2) -10.49 

(2,2) -10.89 
(-2,-2) -10.26 
(2,-2) -12.62 
(0,-3) -10.54 
(-2,2) -9.98 
(3,0) -11.08 
(0,3) -10.42 

(O,-S) -10.03 
(3,-S) -12.78 

(-3,-3) -10.3 
(3,S) -10.66 
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Figure 3.1: Outflow model geometry. The outflow axis is at an angle 00 with 
respect to the observer's line of sight, and has an opening angle ~. The evacuated 
cavity in the center of the lobe has an angular extent a. The cavity walls are 
divided up into n shells of equal angular extent. D(n) is the distance from the 
top of the outflow axis to the designated shell. c5(n) is the angle from the line of 
sight to the outer edge of shell n. p is the impact parameter of the line of sight. 



Figures 3.2 - 3.11: Outflow model profiles. Table 1 gives the model param
eters used in generating each set of figures. Model spectra of both the main and 
isotopic lines are shown on the left and right hand sides of each figure respec
tively. 6 is the angle between the outflow axis and the line of sight. ~ is the 
total angular extent of the outflow. a is the angular extent of the outflow cavity. 
Figures 3.2 through 3.7 show model CS and C34S profiles. Figures 3.8 through 
3.11 are model CO and C130 spectra. 
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definitions as in Figures 3.2 - 3.11. 
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Figure 3.13: C32S J= 2 --+ 1 spectra observed toward 1629a. Offsets are in 
arcseconds. The m source is at position (0,0); a = 16:29:20.9, 6 = -24:22:13. 
The beamsize and spectral resolution was~ 6011 and 0.091 km/s respectively. In 
a and b the distance between observed points was 40". Inc the spacing was 30". 
The typical rms noise was 0.2K. 
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Figure 3.14: C34S J = 2 -+ 1 spectra observed toward 1629a. Offsets are in 
arcseconds. The IR source is at position (0,0); a: = 16:29:20.9, 6 = -24:22:13. 
The beamsize and spectral resolution was ~ 6011 and 0.091 km/s respectively. 
The typical rms noise was 0.09 K. 



Figure 3.15: C32S J= 2 -+ 1 integrated intensity map of the central 2' around 
1629a made with the Hat Creek interferometer. The synthesized beam was ~ 8" 
and is shown in the top left hand corner of the figure. The maximum contour is 
5.61 K. The contour interval is 0.57 K. 1 Jy = 1.76 K. 
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Figure 3.16: C32S J = 2 -+ 1 spectra observed toward 1629a with the Hat 
Creek interferometer. Offsets are in arcseconds. The IR source is at position (0,0); 
Q = 16:29:20.9, 0 = -24:22:13. The beamsize and spectral resolution was ~ 8" 
and 0.5 kmjs respectively. The distance between observed points plotted spectra 
is 8". The typical rms noise was ~ 0.5 K. 
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Figure 3.17: C32S J= 5 -+ 4 spectra observed toward 1629a. Offsets are in arc
seconds. The IR source is at position (0,0); a: = 16:29:20.9, 6 = -24:22:13. The 
beamsize and spectral resolution was~ 3011 and 0.12 km/s respectively. The dis
tance between observed points was 15". The typical rms noise was 0.1 K. 



Figure 3.18: e32s J= 2 -to 1 spectra observed toward Cepheus A. Offsets are 
in arcseconds. The m source is at position (0,0); a = 22:54:20.2, 0 = 61:45:55. 
The beamsize and spectral resolution was ~ 60" and 0.091 km/s respectively. The 
distance between observed points was 30". The typical rIDS noise was 0.18 K. 
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Figure 3.19: C34S J= 2-+ 1 spectra observed toward Cepheus A. Offsets are 
in arcseconds. The IR source is at position (0,0); a= 22:54:20.2, 6 = -61:45:55. 
The beam.size and spectral resolution was ~ 6011 and 0.091 km/s respectively. 
The typical rms noise was 0.18 K. 
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Figure 3.20: C32 S J= 2 -.. 1 integrated intensity map of Cepheus A. Offsets 
are in arcseconds. The IR source is at position (0,0); a = 22:54:20.2, 0 = 61:45:55. 
The beamsize was ~ 60". The distance between sample points is 30". The 'rIDS 

noise level of the map is ~ 0.5 K km/s. :.' 
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Figure 3.21: C32S J= 2 -+ 1 integrated intensity map of B335. Offsets are 
in arcseconds. The m source is at position (0,0); a = 19:34:35.3, 0 = 07:27:24. 
The contour interval equal to the rms noise level of the observations, 0.2 K km/s. 
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Figure 3.22: C32S J= 2 -+ 1 spectra observed toward B335. Offsets are in 
arcseconds. TheIR source is at position {0,0); a= 19:34:35.3, 6 = 07:27:24. The 
beamsize and spectral resolution was ~ 6011 and 0.091 km/s respectively. The 
typical rms noise was 0.09 K. 
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Figure 3.23: C34S J = 2 -+ 1 spectra observed toward B335. Offsets are in 
arcseconds. TheIR source is at position {0,0); a= 19:34:35.3, 6 = 07:27:24. The 
beamsize and spectral resolution was ~ 6011 and 0.091 km/s respectively. The 
typical rms noise was 0.07 K. 
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CHAPTER 4 

OBSERVATIONAL TECHNIQUES FOR DETECTING INFALL 

Introduction 

The unambiguous observation and identification of a star in the process 

of formation is probably the greatest challenge facing star formation research 

today. Despite the existence of many candidates, usually infrared sources em

bedded deeply in dust and molecular gas, the true evolutionary status of 

suspected protostars has never been certain (Wynn-Williams 1982). Both the

oretical considerations and our intuition suggest that stars form as the result 

of the collapse of a portion of a molecular cloud. Therefore, definitive identi

fication of a protostar requires the direct observation of collapsing or infalling 

molecular gas. Indeed, lack of direct evidence for collapse has been a funda

mental barrier to the creation of a theory of star formation. Without such 

fundamental information as the velocity law, temperature, density, etc. of col

lapsing gas, critical tests of even the most rudimentary star formation theories 

are not possible. 

To directly detect infall motions around protostars requires spectroscopic 

observations. Clearly molecular line observations offer the best opportunities for 

identifying such gas motions. One major difficulty is deciding which molecular 
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line and what spatial resolution are needed to make such an observation possi

ble. CO observations, for example, are most sensitive to the outer cloud core 

layers where molecular outflows dominate line formation (Chapter 3). Adams 

and Shu (1986) have developed theoretical models of protostellar structure and 

evolution based on the collapse of isothermal spheres. These have been used 

to predict and model the emergent infrared spectra of many observed low mass 

protostellar candidates (Adams, Lada, and Shu 1987). These models suggest 

that the infall region around protostars is relatively small. For a typical case 

the collapse velocity exceeds 1 km/s only within about 2000 AU of a protostellar 

core, about IS" at the distance of the Ophiuchus or Taurus clouds. The den

sities in these regions are expected to exceed 106 cm-3 • Using these results as 

a guide, we will now discuss two observational techniques which could provide 

a means of probing the infall region. 

Infall Induced Line Asymmetries 

Since the infall velocities are relatively low, they will have their greatest 

effect on the shape of the line core. Indeed, modelling of CO emission from 

collapsing cloud cores by Leung and Brown (1977) showed that asymmetric 

line profiles are produced in regions of infall. These line asymmetries look 

very similar to those produced by our outflow model, except that there is only 

one characteristic asymmetry; the blue side of the line is always more intense 

than the red. 

To see how systematic infall will produce an asymmetry in an optically 

thick line, consider a spherical cloud with an excitation temperature decreasing 
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with radius and a constant microturbulent velocity field. In the absence of 

systematic gas motions, the emergent line profile will have a symmetric, double

peaked shape. The most important effect of systematic gas velocities which 

are comparable to or less than the microturbulent gas velocities will be to 

distort the monochromatic optical depth scales and thereby alter the absorption 

coefficient and emergent line profiles (Leung and Brown 1977). This is the 

same mechanism responsible for the self-absorbed asymmetric profiles produced 

in our outflow model. A look back at the line profile function (Chapter 3, 

eqno. (15)) shows that the presence of a small infall velocity will produce 

smaller optical depths for photons on the blue side of the line profile and 

increased opacity on the red side. Therefore emission on the blue side of the 

profile comes from deeper in the cloud than emission on the red side. The 

intensity on the blue side of the line will always be greater than that on the 

red side if the excitation temperature decreases from the cloud center. The 

converse is true for an expanding cloud. 

In order to perform a more quantitative analysis, we have used a spheri

cally symmetric Monte Carlo microturbulent radiative transfer code to simulate 

the conditions in an infalling cloud core and generate model CS line profiles. 

The original code was developed by Bernes (1979). Observations of the CS 

J = 5 --+ 4 transition with a telescope with a diameter > 10 m should be sen

sitive to the infall region. From our dust observations (Chapter 1) we know 

that the mean temperature of dust in the vicinity of embedded IR sources has 

a characteristic value of 40 K. CO observations suggest that the temperature 

of the outer layers of molecular cloud cores is between 10 and 20 K. In our 

model we apply a temperature gradient in which the temperature decreases 
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linearly from T = 40 K at the cloud core center to 20 K at the edge. The 

density profile we adopted was a simple power law with 

(1) 

A constant micro turbulent velocity field was included throughout the entire 

cloud. Collision rates from Green and Chapman (1978) were used. We used a 

systematic infall velocity field of the form 

if T ::; Tl; 

otherwise. 
(2) 

An T-1/ 2 velocity field is what is expected for free fall collapse; however, the 

results are only weakly dependent on the slope of the velocity law. Strictly 

speaking, the density should vary as T-3/'l in the region of infall to be consistent 

with our assumed model field; however for the sake of simplicity we used a 

constant power law for the density throughout the whole cloud. 

To understand the effects of infall on line profiles, we have used the 

microturbulent radiative transfer code to generate synthetic line profiles for the 

J = 2 -I- 1, 3 -I- 2, 5 -I- 4, 6 -I- 5, and 7 -I- 6 C32S and C34S transitions. The 

model parameters were chosen to reflect the physical conditions expected around 

protostars; no = 106 cm-3, To = 1016 cm, Vo = 0.8km/s, Tl = 4.7 X 1016 cm, and 

Xes = 1.7 x 10-8 • The turbulent velocity is constrained to AVturb = 0.8km/s 

by the widths of observed lines profiles. The model profiles are presented in 

Figure 4.1. We have convolved all the model profiles with a 20" beam. In this 

figure positive velocities indicate motion away from the observer. A look at 

Figure 4.1 reveals that all the line profiles appear double-peaked and, except in 

the highest isotopic transition, asymmetric with the blue side of the line profile 
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more intense than the blue. The optical depths in the main line are always 

greater than 1 with the largest opacities near the line center, suggesting that 

the self-reversals are the result of self-absorption. The optical depth in the 

isotopic lines are always less than one, but the largest optical depths, as in the 

main line, occur near the line center, suggesting self-absorption is responsible 

for the self-reversals. In the main line the severity of the absorption of the 

red side of the line increases as one goes to higher and higher transitions and 

probes deeper into the region of infall. This effect is not seen in the optically 

thinner isotopic line. 

We will now apply this model to our 1629a observations. We know from 

the previous chapters that 1629a has an outflow which can affect the shape 

of the profiles in the lower transitions when observed with a single aperture 

telescope. So let us generate model profiles which can be compared to the 

the interferometric J= 2 -+ 1 spectra and the observations of the higher lying 

transitions. In addition to the CS J= 2 -+ 1 and J= 5 -+ 4 maps we have 

made of 1629a, we have observed the J= 7 -+ 6 transition in the direction of 

the IR source. Wootten (1988) has observed the CS J= 6 -+ 5 line toward the 

IR source. The temperature scale of the J = 7 -+ 6 transition is more uncertain 

than in the lower transitions due to uncertainties in telescope properties and 

the opacity of the atmosphere. To directly compare model p;.:'ofiles with these 

observations, the model was numerically convolved with an 8" Gaussian beam 

function for the J = 2 -+ 1 transition, a 30" beam for the J = 5 --. 4 transition, 

a 60" beam for the J = 6 -+ 5 transition, and a 20" beam for the J = 7 --. 6 line, 

assuming that the source was centered in each beam. Models were run using 

the same model parameters as before. The degree of asymmetry in the model 
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lines is very sensitive to the density profile. Although the density does not 

increase above 106 cm-3 in the inner part of the cloud due to computational 

constraints, we expect a more realistic model with increasing density would only 

have the effect of broadening the wings of the model profiles. The results are 

shown in Figure 4.2. Positive velocities, as in Figure 4.1, indicate motion away 

from the observer. Profiles were generated for both the C328 and C348 lines in 

the J = 5 ~ 4 transition assuming a terrestrial isotopic abundance. To illustrate 

the difference between a "normal" self-absorbed Gaussian line profile and the 

lines seen here, we have fit the C328 J= 5 ~ 4 profile with the convolution of 

two Gaussian functions, one to match the emission profile and one to model 

the absorption dip. The resulting synthetic profile is displayed in Figure 4.2b 

superimposed on the data. Clearly, the microturbulent model profile appears to 

provide a better fit. In fact, the model profiles match all the observed profiles 

in shapes, widths, and intensities fairly well, suggesting that an infall model for 

this source is viable. The largest departure from the model results is in the 

J = 7 ~ 6 transition where the observed line temperature is ~ 2 times hotter 

than predicted and the shoulder of the observed profile appears lower than 

the model's. This is probably due to improperly modeling the density in the 

inner part of the cloud core and calibration errors. Also, both the J = 7 ~ 6 

and J = 6 ~ 5 lines appear broader than predicted, suggesting the effects of 

turbulence may be greater deep in the cloud core's interior. The size scales, 

mass estimates, and accretion rates and luminosities derived from the model 

parameters are consistent both with our analysis of the dust core and with 

current protostar models (Walker et al. 1986). 
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However, as discussed in Chapter 3, there is evidence from both single 

dish and interferometric maps that the infall model for 1629a is not unique. 

The line profiles in the vicinity of 1629a could be produced by rotation or 

molecular outflows. It is clear that to determine what is responsible for the 

line profiles observed toward molecular cloud cores, one must be acquainted 

with the effects molecular outflows, rotation, and infall have on line formation. 

Red-Shifted Absorption Lines 

While the effects of outflows and rotation on the shapes of emisson line 

profiles can serve as important probes of these phenomena, it is unfortunate 

that they can also hide the observational manifestations of infall. 1629a is 

a good example of the types of problems one faces when trying to detect 

infall from a study of emission line profiles. Even when your observations are 

consistent with infall, the infall model may still not be unique, since either a 

molecular outflow or rotation can mimic the spectral signature of infall. The 

situation is complicated by the fact that it is difficult to determine where in a 

cloud core various parts of a particular emission line are formed. 

A more direct observation of infall than can be provided by a study of 

emission line profiles alone would be to observe a red-shifted absorption line 

against the embedded infrared source suspected to be a protostar. Then one 

would know that the red-shifted material is on the near side of the infrared 

source. If the observed emission lines also have the spectral signature of infall, 

then the infall interpretation is unique, since neither outflows or rotation can 

produce a red-shifted absorption line where that type of asymmetry is observed. 
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Absorption lines are frequently observed in the near infrared toward 

luminous embedded sources. Indeed, Scoville et al. (1983) have observed an 

inverse P-Cygni profile in the rotation-vibration lines of CO toward the Becklin

Neugebauer (BN) object in Orion. This type of profile is also expected in 

regions of infall. The high temperatures needed to excite these lines suggests 

that they are formed in a shell of gas just outside the dust photosphere (20 AU) 

(Scoville 1985). However, as pointed out by Scoville (1985), probably none of 

the objects observed in the infrared can be classified as true protostars, since 

they do not derive the bulk of their energy from gravitational collapse (Wynn

Williams 1982). Objects which fall in this category, are extremely cold and 

will be obscured by 100's of magnitudes of extinction, making them observable 

only at millimeter and submillimeter wavelengths. 

However, at millimeter and sub millimeter wavelengths molecular lines 

that are sensitive to the infall region are invariably seen in emission, and, as 

dicussed above, are needed to make the identification of infall unambiguous. 

There is a way out of this dilemma. An absorption will occur if the excitation 

temperature of the cold, dense infalling matter is lower than the brightness 

temperature of the background dust emission over the telescope beam at the 

frequency of the line. If the molecular emission is extended relative to the 

continuum source, then by observing the emission line on and off the source 

and subtracting the two, the absorption line can be uncovered. This technique 

was used in the past to observe HI absorption lines toward bright continuum 

sources (Clark et al. 1961). 

For this technique to work the following conditions must be fulfilled. 
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1 ) From the model and observed dust core density distributions of Chap

ter 1, we know that the continuum emission from protostellar objects 

is limited in extent and has a sharp central peak. The more intense 

the background emission, the more likely it is that an absorption line 

will be observed. Therefore, the telescope's beam size should be small 

enough to resolve or nearly resolve the continuum source and emission 

peak. If it is not, then the continuum emission will be diluted, and the 

absorption line may be too weak to be observed. 

2 ) The molecular line emission must be extended and uniform enough 

relative to the telescope beam to allow a significant subtraction of the 

on and off source line emission. 

Both conditions indicate that a small telescope beam « 10") should 

be used. For millimeter-wave observations, the only way to obtain such small 

beams is with an interferometer. 

In a millimeter-wave interferometer the observed source flux density is 

directly proportional to the amplitude of the interference fringes (termed vis

ibility) produced by the source. If a source is small compared to the fringe 

spacing of the interferometer, the fringe amplitude and the observed flux will 

be large. As a source becomes large with respect to the fringe spacing, the 

fringe amplitude is reduced. This behavior is quantitatively described by a 

visibility function which can be predetermined for a particular interferometer 

configuration. Since molecular line emission from density sensitive molecules 

such as CS is often extended relative to the largest angular extent to which a 

milimeter-wave interferometer is sensitive, the interferometer will act as a spa

tial filter and automatically subtract off the unwanted molecular line emission 
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(Clark et al. 1961). As discussed earlier, the region of infall is expected to 

be small and therefore should not be adversely effected by the filtering action 

of the interferometer. However, there is always the possibility that emission 

from small scale structure in the cloud cores may "drown out" any absorption 

line that may be present. In such instances the resulting interferometer maps 

can be used to understand the dynamics and properties of the small scale 

structures and their relationship to the infrared sources. 

We have used the Hat Creek millimeter-wave interferometer to search for 

a redshifted C32S J = 2 --+ 1 absorption line towards 1629a. What we found was 

a hot, compact core of CS emission centered on the position of the IR source. 

The peak temperature, ~ 14 K, is hotter than observed with the 12 m in either 

the J= 2 --+ 1 (3.5 K), J= 5 --+ 4 (7 K), or the J= 7 --+ 6 (9 K) transitions. This 

combined with the small extent (half-power size between 10" and IS") of the 

region suggests that the emission is arising from the interior of the cloud core 

and not from the swept-up shell of the outflow. These observations were used 

In Chapter 3 to develop a dynamical model of 1629a. 

An absorption line was not seen toward 1629a because the lowest tem

perature observed in the emission line (2 K) was greater than the the bright

ness temperature of the continuum emission at the same wavelength (~ 0.5 K). 

The model predicts the emission lines produced in the higher transitions will 

gradually become optically thin, resulting in a decrease in the observed line 

temperatures. The CS J = 7 --+ 6 line, measured towards the m source with a 

single dish 20" beam, has a peak temperature ~ 5 K lower than the J = 2 --+ 1 

line measured with the interferometer. If the single dish measurement is not 

suffering from beam dilution, then this may indicate that the higher transitions 
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may, in fact, generate lower line temperatures. The opacity of the continuum 

emission, on the other hand, increases exponentially with frequency. Therefore, 

with the small beam and spatial filtering action of an interferometer, it may 

be possible to observe absorption lines in the the higher CS transitions. For 

example, if the J = 5 -+ 4 emission line were no hotter than the J = 2 -+ 1 line, 

then from our fit to the energy distribution of 1629a (Figure 1.2a), we would 

expect the brightness temperature of the background dust emission to be high 

enough (~ 14 K) to drive the central portion of the line into absorption. We 

hope to perform this experiment at the Owen's Valley interferometer within 

the next year. 

Conclusion 

In this chapter we have outlined two techniques for detecting the pre~ 

ence of cold infaIling gas around protostellar objects. The first involves a caT-jul 

comparison of observed asymmetric emission line profiles of density sensitive 

molecules to model profiles generated using a microturbulent radiative transfer 

code. The model predicts that in optically thick lines infall will produce asym

metric profiles in which the blue side of the line is always more intense than 

the red. We applied this analysis to the CS lines observed toward the infrared 

source 1629a and found that an infall model could explain all the observed 

line profiles. However, we find that this technique, alone, cannot unequivo

cably detect the presence of infall. The problem being that rotation and/or 

molecular outflows can produce similar looking profiles. We then describe how 

a millimeter-wave interferometer could be used to observe molecular absorption 
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lines against the thermal dust emission observed toward many molecular cloud 

cores. If the embedded infrared source is heating the dust, then any observed 

absorption line must be formed on the observer's side of the m source. The 

detection of a red-shifted absorption would be consistent with the presence 

of infall. However, someone could still argue that rotation about an axis not 

intersecting the m source could produce such a line. (This situation could 

arise, for instance, if a red-shifted absorption line were seen toward B335.) 

But, if asymmetric emission lines like those described above are also observed 

towards the position where the red-shifted absorption line occurs, the infall 

interpretation is then unambiguous. 
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CONCLUSION 

In the introduction we asked the question: How are stars formed? Now 

we must ask the question (or someone else will): What has this work con

tributed to our understanding of star formation? The original purpose of this 

work was to develop an observational strategy which could be used to iden

tify and study the properties of protostellar sources. This (as is usually the 

case) turned out to be far more difficult than we thought. Perhaps the most 

difficult part of the problem is unambiguosly dectecting the presence of infal!. 

This requires spectroscopic observations. The difficulties arise when there are 

systematic velocity fields present in the cloud core which are not the result of 

infall, such as would be produced by either a molecular outflow or rotation. 

In this work we have attempted to sort through these problems and develop a 

strategy which could be used to identify and study protostars. 

The first, and perhaps the most straightforward, step m the process 

is to obtain a list of candidate sources. Theory predicts that protostars form 

in dense, cold cloud cores and will have large accretion luminosities (Larson 

1969). Since the radiation produced by accretion will be reprocessed by the 

dust, protostars should have energy distributions which peak at far-infrared and 

submillimeter wavelengths. Based on this criteria, a list of candidate sources 

can be generated by pilfering the IRAS data base and/or conducting your own 

survey of star formation regions in the far-infrared and submillimeter contin

uum. Alternatively, one could look for protosteUar candidates by conducting 

a survey using density and column density sensitive molecules such as CS or 
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CISO. Dense molecular cloud cores would show up as peaks in the integrated 

intensity maps. Such a survey may be carried out at relatively low frequencies 

(~ 100 GHz) where receiver sensitivities are excellent and atmospheric trans

mission is usually good. However, since the IRAS data are easily accessible, 

it is the first place to look. In Chapter 1 we present and analyze continuum 

emission from 12 objects, which from the IRAS data appear protostellar in 

nature. We combined our 1.3 mm observations with those of other observers 

to derive estimates of each core's size, mass, temperature, luminosity, density 

distribution, and grain properties. These estimates are needed to constrain 

collapse models and to obtain an accurate picture of the physical conditions in 

these regions. Of all the objects in our sample, 1629a and B33S have spectral 

energy distributions that are closest to what is expected from a protostarj very 

cold with little or no near infrared emission. 

Once a list of candidate sources has been obtained, spectroscopic ob

servations should be made to look for the presence of infall. In Chapter 4 we 

discuss how a study of line asymmetries in the rotational transitions of CS can 

be used to detect infall. But before this can be done effectively, one must de

termine if there are any other systematic motions around the candidate source 

which can distort line profiles in similar ways. Other than infall, the most 

likely sources of systematic gas motions are molecular outflows and rotation. 

Recently, using a spherically symmetric, LTE, radiative transfer model, Adel

son and Leung (1988) have shown that rotation can produce self-absorbed line 

profiles which look similar to what can be generated by infall motions. Several 

authors have suggested that there may be a correlation between self-reversed 

line profiles and molecular outflows (Ho et al. 1982; Lada and Gautier 1982). 
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Indeed, it appears that the majority of the objects which possess self-reversed 

line profiles also possess molecular outflows (see Chapter 3). All the objects in 

our sample that have self-reversed line profiles are known or thought to possess 

high velocity molecular outflows. Since such outflows are expected to disturb 

the outer cloud layers, it seems reasonable to suspect that the line asymmetries 

and outflows are somehow related. 

In Chapter 2 we presented observations of the dense gas associated 

with two objects from our sample (16293-2422 and Cepheus A) which possess 

asymmetric line profiles and molecular outflows. From these observations we 

discussed the morphology and derive mass and energy estimates for each of the 

outflows. These observations indicate that the outflows may be dominating the 

emission at low as well as high velocities. 

In Chapter 3 we develop a simple conical LTE outflow model which 

allows us to determine what types of line profiles can be produced in the 

low velocity, swept-up shell of an outflow. The model results indicate that 

in regions where an outflow has swept-up the majority of the ambient cloud, 

an outflow is capable of producing self-reversed, self-absorbed, or single-peaked 

line profiles. We then compare the results of our model and the results of the 

rotation model of Adelson and Leung (1988) with observations of 16293-2422, 

Cepheus A, and B335. In 16293-2422 we find that the C32 S line profiles appear 

self-absorbed over a several arcminute region. The -lines are often asymmetric, 

with the sense of the asymmetry changing from north to south and east to 

west. From comparing the line shapes with the model results we conclude that 

to positions east and west of the IR source the outflow(s) dominate the line 

formation. The sense of the asymmetries to the north and south of the IR 
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source appear to be the result of rotation. The majority of the CO line profiles 

over this region appear single-peaked, with hints of self-absorption toward only 

a few positions. This suggests that the CO line is becoming optically thick so 

quickly at low velocities due to ambient cloud material that it does not serve as 

an effective probe of the outflow. Self-absorbed asymmetric C32S line profiles 

were also seen toward the central region of Cepheus A. Here the sense of the 

line asymmetry changes only from east to west and appears to be the result of 

the outflow. The CO lines toward Cepheus A also appear self-absorbed, with 

the sense of the asymmetry the same everywhere. The type of asymmetry 

that is observed suggests the blue-shifted outflow lobe is dominating the line 

formation in CO. The C32S profiles observed toward B335 are self-absorbed, 

asymmetric The asymmetry changes sense along a northeast-southwest line. 

The dynamics of the CS line formation in this region appears to be dominated 

by rotation. The CO observations by Langer et al. (1987) are for the most 

part single-peaked. From them Langer et al. conclude that the outer layers of 

the cloud core are expanding. We find that this expansion could be driven by 

the molecular outflow. 

Since molecular outflows and/or rotation are often found toward can

didate protostars and can produce emission line profiles which mimic those 

produced by infall, an infall interpretation based solely on the appearance of 

self-absorbed line profiles may not be unique. For example, all the CS line 

profiles that have been observed toward the central position of 1629a are con

sistent with our infall model, but since outflow and, apparently, rotation are 

also present, the infall interpretation is not unique. 
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In Chapter 4 we describe how a millimeter-wave (or submillimeter-wave) 

interferometer may be able to "unveil" absorption lines that are-usually seen 

in emission toward candidate protostars. If such an absorption line is red

shifted and the single dish emission line profile towards the same position has 

a self-absorption characteristic of infall, then the infall interpretation is found 

to be unique. We have used the Hat Creek millimeter-wave interferometer to 

search for a red-shifted absorption C32S absorption line toward 1629a. What 

we found was a hot, compact ~ore of es emission centered on the position of 

the IR source. An absorption line was not seen because the lowest temperature 

observed in the emission line was greater than the brightness temperature of the 

continuum emission at the same wavlength. Single dish observations and our 

infall model suggest that the brightness temperature of the continuum emission 

will surpass the emission line temperature in the higher lying transitions of es. 

Therefore, using an interferometer, it may be possible to observe an absorption 

line toward 1629a in one of the higher CS transitions. 
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