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Abstract

This thesis examines several regions of s ta r  form ation selected because they were be­

lieved to be the youngest of their type. The sources studied are examples of low, medium 

and high-m ass s ta r  form ation, nam ely B335, N G C2024 and DR21(OH).

H igh-resolution m apping of the therm al dust emission from B335 shows it to con­

tain  a dense core elongated in a direction perpendicular to  the orien tation  of the bipolar 

outflow. The core is sufficiently gravitationally  bound to  be able to  collim ate an initially  

isotropic wind in to  the observed bipolar structure . The presence of an evolved outflow 

from a  source of such low lum inosity and high extinction means th a t it does not appear 

to  fit the currently  popular models for pro tostellar evolution.

CS and C34S J  = 7 - 6  m olecular line observations show th a t m ost of the six dense 

cores, F I R l -6, in N G C2024 are too warm  to be p ro tostellar condensations. Significant 

CS 7 — 6 emission w ith excitation tem peratures of 20 to  60 K has been found to  be 

associated w ith all of the cores. Revised mass estim ates lie betw een 2 and 11 M g, and 

the corresponding lum inosities require the presence of embedded heating sources. FIR4 

contains a highly reddened 2 /¡m source and a possible reflection nebula, and F IR6 has 

a very wide CS 7 — 6 line th a t is probably the result of the in terac tion  between a very 

young outflow and the surrounding dense core.

A chain of dense cores situated  in the DR21 cloud has been m apped in  1.3 mm 

therm al dust emission and the 2 — 1 and 1 — 0 transitions of CS and C34S. The sources 

detected have sufficiently high lum inosities th a t the cores m ust contain em bedded young 

stars. To account for the location of the m asers near the brightest source it  seems likely 

th a t there is a  single 15 M g star. The CS spectra indicate the presence of infalling 

gas along the line-of-sigh t, and all the spectra arc relatively wide w ith high-velocity 

emission present towards the east. They have been fitted by a two com ponent model, 

w ith warm  background gas and cooler foreground gas, and the results indicate th a t 

the two com ponents are physically associated. The mass of the cloud core is about 

2000M g, obtained from both  the dust emission and the CS data , which together w ith 

the CS linew idths indicates th a t the cloud is approxim ately in virial equilibrium.

All three sources are found to  be quite young, although it seems likely th a t they 

have already begun nuclear burning and so none is a “true p ro to sta r.” Suggestions 

for fu ture observations of these sources and for the identification of further candidate 

pro tostars are also described.



Acknowledgements

The work presented here is the culm ination of three years of learning th a t would not 

have been possible w ithout the help and guidance of m y supervisor W alter Gear; I also 

acknowledge the university supervision of David Emerson. I have come in to  contact w ith 

m any enthusiastic people who have inspired me through discussing my work w ith them , 

and who have m ade my trips observing so enjoyable. The staff of the Jo in t A stronom y 

Centre, Hilo, Hawaii have m ade me feel particu larly  welcome on all of my visits, and 

I especially thank  Saeko Hayashi for looking after me, although everyone I have m et 

in Spain, Japan  and Hawaii deserve to  be m entioned. I also appreciate the efficiency 

and hum our w ith which Liz Gibson keeps the staff and students of the D epartm ent of 

Astronom y under control. I acknowledge the SERC for providing the financial means 

to carry out m y research, and STARLINK for the  use of their facilities.

During m y tim e in Edinburgh the friends who have pu t up w ith more th an  their 

fair share of my ran ting  and raving about the anomalies of s ta r form ation, and who 

I forced much against their will to  read parts  of this work, include Lance M iller, Bill 

Dent and M att M ountain. Specific people have been acknowledged w ithin the tex t for 

helping to  take some of the d a ta  presented here, bu t I especially thank  Toby Moore, 

whose patience and fondness for cocktails I respect immensely. I also thank  Anneila 

Sargent, Nick Scoville and Harley Thronson for their help and encouragem ent in the 

last twelve m onths.

The people who have experienced, and suffered from , my m ost non-linear m om ents 

are K eith, Penny and Steve; there are others too num erous to  m ention who had to 

put up w ith a ra ther wildly inaccurate bowling technique of mine during a game of 

cricket one sum m er. Chris has played a m ajor role in helping me to  understand  the 

philosophical aspects of direct access files, and A lan has provided me w ith a large num ber 

of unrepeatable phrases and an unhealthy a ttitu d e  tow ards cosmologists. I particu larly  

value the friendship of K athryn  and John, and I thank  Patrick  and A nna for giving me 

the best banana daiquiris in tim es of need.

It rem ains for me to dedicate this work to  m y parents, who have had the wisdom 

of letting  me m ake my own m istakes for the last 25 years, and have supported me in 

everything I have done.



C o n te n t s

1 Introduction 1

1.1 C urrent observations of s ta r  fo rm a t io n ..............................................................  1

1.2 C urren t theory of s ta r f o r m a t i o n ........................................................................  5

1.3 Therm al dust e m is s io n .............................................................................................  10

1.4 M olecular line emission .........................................................................................  13

2 B335  19

2.1 In tro d u c tio n ................................................................................................................... 19

2.2 Observations ...............................................................................................................  20

2.3 R e su lts .............................................................................................................................  21

2.4 D iscu ss io n ......................................................................................................................  25

2.4.1 The subm illim etre s o u r c e ..........................................................................  25

2.4.2 The collim ation of the outflow ...............................................................  29

2.5 C o n c lu s io n s ..................................................................................................................  34

3 N G C 2 0 2 4  35

3.1 In tro d u c tio n ..................................................................................................................  35

3.2 Existing continuum  d a t a ..........................................................................................  38

3.3 CS e m is s io n ..................................................................................................................  41

3.3.1 O b s e rv a t io n s .................................................................................................. 42

3.3.2 Results ............................................................................................................ 43

3.3.3 D iscussion ........................................................................................................  44

3.3.3.1 M orphology and LTE a n a l y s i s ..............................................  44

3.3.3.2 Individual cores ......................................................................  49

3.4 N ear-infrared im a g in g .............................................................................................  51

3.4.1 O b s e rv a t io n s .................................................................................................  51

iv



3.4.2 Results ...........................................................................................................  52

3.4.3 D iscussion .......................................................................................................  57

3.5 C o n c lu s io n s ................................................................................................................... 61

4 D R 2 l ( O H )  63

4.1 In tro d u c tio n ..................................................................................................................  63

4.2 D ust Continuum  E m iss io n .......................................................................................  65

4.2.1 O b s e rv a t io n s ................................................................................................  65

4.2.2 Results ........................................................................................................... 66

4.2.3 Individual sources ......................................................................................  69

4.2.3.1 D R21( O H ) M ................................................................................  69

4.2.3.2 DR21(OH)S and D R 2 1 (O H )W .............................................. 71

4.2.3.3 D R 21(O H )N l and D R 2 1 (O H )N 2 ..........................................  71

4.2.3.4 FIR 1(H20 ) ...................................................................................  72

4.2.3.5 FIR2 and FIR 3(H20 ) ............................................................... 74

4.2.4 D iscussion .......................................................................................................  74

4.2.4.1 Evolutionary s ta te  of the so u rc e s ..........................................  74

4.3 CS e m is s io n ..................................................................................................................  79

4.3.1 O b s e rv a t io n s ................................................................................................  80

4.3.2 Results ........................................................................................................... 80

4.3.3 D iscussion .......................................................................................................  81

4.3.3.1 M orphology ...................................................................................  81

4.3.3.2 CS s p e c t r a ...................................................................................  96

4.3.3.3 LTE m o d e llin g ............................................................................  97

4.3.3.4 A pplicability of the model ....................................................  107

4.3.3.5 Cloud e q u il ib r iu m .....................................................................  110

4.4 C o n c lu s io n s ..................................................................................................................  Ill

5 Conclusions 113

5.1 Low-m ass s ta r  form ation: B335 ............................................................................  113

5.2 In term ediate-m ass s ta r form ation: NGC 2024 ................................................  115

5.3 H igh-m ass sta r form ation: D R 2 l( O H ) ..............................................................  117

5.4 Future observations of p r o to s t a r s ......................................................................... 119

References 121

v



Appendices:

A The stellar  content of D R 2 1 (O H )  

B Published papers 131

1 2 9

vi



C h a p te r  1

I n t r o d u c t i o n

In the last ten  years a relatively clear overall picture has begun to  emerge concerning 

the environm ents of regions undergoing s ta r  form ation. However as the resolution and 

sensitivity of observations increase, so does the apparent complexity of the sta r form a­

tion process, so th a t to  build up a self-consistent model to account for all the observed 

phenom ena involves the detailed study  of a large num ber of sources a t different stages 

of evolution. Em ission from  cool molecular gas and dust a t far-infrared  and millime­

tre  wavelengths is of extrem e im portance as a  probe of the physical conditions present 

around young stars and the effect th a t  they have on their surroundings, especially with 

the high resolution now obtainable from large single-dish telescopes. Here I present 

studies, m ainly in the m illim etre/sub m illim etre, of three regions of s ta r  form ation cho­

sen because of their apparent youth. As described below, inform ation about very young 

sources is lim ited by observational constraints, leaving the earliest stages of protostellar 

evolution m ainly in the  realms of theory. For the rem ainder of the in troduction I give a 

sum m ary of the current s ta te  of the observations and theory of s ta r form ation, and then 

I describe the way in which subm illim etre dust continuum  emission and the emission 

from diatom ic molecules in local therm odynam ic equilibrium  (LTE) is used to obtain 

inform ation about regions of s ta r  form ation.

1.1 C u rren t o b serv a tio n s  o f  s tar  form ation

Sites of low and high m ass s ta r form ation are observed to  have different spatial d istri­

butions in the Galaxy. S tars w ith masses greater th an  about 2M 0 form predom inantly 

in w arm  giant m olecular clouds (GM Cs) situated  in the spiral arm s, and lower mass
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stars form in small, cold clouds found throughout the  G alactic disk (Solomon, Sanders 

& Rivolo 1985; Dam e et al. 1986). Recent analysis of IRAS d a ta  (Scoville & Good

1989) shows th a t the population of clouds can be separated in to  those w ith warm  peak 

60/100 /¿m colour tem peratures of about 40 K which have high lum inosity to  mass ( L /M )  

ratios and contain g iant radio HII regions, and those w ith 60 /100^m  colour tem pera­

tures less than  30 K not associated w ith HII regions having L / M  ratios a factor of ten 

lower than  the w arm  clouds. Clouds w ith HII regions tend to  have higher mass than  

those w ithout HII regions {e.g. Myers et al. 1986). The giant molecular clouds show 

structu re  on all scales, being composed of sm aller clouds of mass 103 — 104 M@ a few 

parsecs across. Cold, dense cores w ith dimensions of about 0.1 pc w ithin these clouds 

are found on still sm aller scales {e.g. Myers & Benson 1983; Benson & Myers 1989); 

the close association of these dense cores w ith cold IRAS point sources makes them  the 

most likely sites in which to  search for pro tostars (Beichm an et al. 1986).

The w idth of m olecular lines is frequently supersonic, w ith velocity dispersions 

significantly greater th an  the isotherm al sound speed (which is around 0.2 to  0.3 km s_1) 

being common. The observed w idths are often th a t required by virial equilibrium  {e.g. 

Linke & Goldsm ith 1980). This has been used as evidence of the im portance of m agnetic 

fields in supporting cloud cores against collapse (Myers & Goodm an 1988), because the 

Alfven speed is higher than  the sound speed. Since the turbulence is observed to be 

sub-Alfvenic (but still supersonic), m agnetic fields are the only way of sustaining the 

high velocity dispersion. All o ther possible forms of support appear to be insufficient, 

and would result in collapse and a  far higher s ta r form ation ra te  than  is observed (see 

Shu, Adam s & Lizano 1987). M agnetic fields of 10-9 to  10_ 8 T  have been found for 

Galactic sources {e.g. Troland & Heiles 1986), sufficient to be dynam ically im portan t.

M any dark clouds have extrem ely low ro ta tion  rates w ith typical velocity gradients 

less than  1 km s-1 p c-1 {e.g. A rquilla & Goldsm ith 1986; Casali & Edgar 1987). However 

for those cores th a t are ro ta ting , the ro ta tion  is found to play a  significant role in the 

energetics of the cloud. Much higher ro ta tion  rates are seen in regions near HII regions 

{e.g. Harris et al. 1983; Zheng et al. 1985; Ho & Haschick 1986).

Once all forms of support have dissipated from the cloud core, and a young stellar 

object (YSO) has formed at the centre, it  heats the surrounding dust to  produce therm al 

spectra typically much broader th an  a sing le-tem perature greybody, due to tem perature 

and density gradients in the surrounding core {e.g., Yorke & Shustov 1981; Adams &
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Shu 1985; Wolfire & Cassinelli 1986). The search for cold, dense cloud cores th a t have 

not  yet form ed a hydrostatic  core a t the centre of a collapsing envelope of dust and gas 

has so far failed to  identify any candidates, though six dense cores in NGC 2024 found by 

Mezger et al. (1988) looked prom ising their evolutionary s ta te  was investigated further 

(Moore et al. 1989; M oore & Chandler 1989; C hap ter 3). One reason for this is th a t high 

mass p ro tostars evolve on the K elvin-H elm holtz tim escale iKH =  G M *2 / R*L*  which is 

shorter th an  the infall tim escale, and by the tim e the new ly-form ed s ta r  disperses the 

surrounding cloud and becomes visible, it is already on the m ain sequence, revealing 

little  inform ation about its past history. A lthough fKH is longer for low mass pro tostars 

they are intrinsically  very faint whilst they are very young (Boss & Yorke 1990), m aking 

them  difficult to  detect. There have also been very few sources th a t have unam biguously 

been determ ined to  be collapsing on small scales (M enten et al. 1987; Terebcy, Vogel 

& Myers 1989), though clouds on large scales are often observed to  have asym m etrical 

self-absorption in their CO profiles th a t has been in terp reted  as collapse (Snell Sz Loren 

1977, bu t see Leung & Brown 1977).

Perhaps the m ost surprising discovery in the last decade concerning the sta r for­

m ation process is the ubiquity  of high-velocity m olecular gas signifying an energetic 

phase of mass loss, through which it seems all stars pass (Lada 1985; Shu et al. 1987). 

Most often the outflow m anifests itself as h igh-velocity  (10 to lOOkm s- 1 ) line wings 

seen in CO spectra, w ith the red-sh ifted  and blue-shifted wings often offset spatially 

(making it “b ipolar” ), centred on an infrared or subm illim etre source (Snell, Loren & 

Plam beck 1980; Bally & Lada 1983; Goldsm ith et al. 1984). The CO emission is usually 

thought of as originating from am bient m olecular m aterial th a t has a tta ined  high veloc­

ities through being entrained by a powerful stellar wind. In some cases the wind itself 

has been detected directly in neu tral atom ic hydrogen emission (Lizano et al. 1988). 

This in terp re ta tion  is sometimes challenged however, and there are outflow sources in 

which emission from CO throughout the region occupied by the driving wind proposed 

in the form er model is required to  account for the observed spectra (C abrit & B ertout

1990). The collim ation m echanism  is still unknown, though it is now clear th a t it  can­

not be the large-scale molecular disks th a t have been suggested in the past (see the 

discussion of Shu et al. 1987). The “disks” commonly seen in high-density  molecular 

tracers on scales of about 0.1 pc (Kaifu et al. 1984; Heyer et al. 1986; Dent et al. 1989) 

are m ore likely to  be the rem nant cloud cores after the rem ainder of the m aterial has
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been blown away by the stellar wind. M echanisms for the production and collimation 

of outflows are described in section 1.2.

O ther phenom ena are also seen to  be related  to  the outflow phase. Highly collimated 

optical je ts  th a t can be traced back to  the exciting s ta r are found to  be associated w ith 

pre-m ain-sequence stars (M undt & Fried 1983; Ray et al. 1990), and further away 

from the source shock-excited clumps, H erbig-H aro objects, are observed to have very 

high proper m otions of 100 to  30 0 k m s_1 {e.g. Herbig & Jones 1981). Com pact, h igh- 

velocity H2O m asers are found around newly formed OB stars, and are sometimes found 

near HH objects, accelerated to  sim ilarly high velocities (Reid & M oran 1981). OH 

m asers are often associated w ith com pact HII regions and require m olecular hydrogen 

num ber densities of 1011 to  1014m -3 for m aser am plification. They are never associated 

w ith low mass stars or “norm al” HII regions (Habing et al. 1974) indicating th a t they 

are probably associated w ith a very specific phase of high-m ass evolution. Shocked 

molecular hydrogen emission is also seen from clumps w ithin the outflow, and from the 

walls of the outflow lobes (Beckwith et al. 1978; Lane & Bally 1986).

Outflows have kinetic energies between 1036 and 1040 J , and mechanical luminosities 

0.1 — 100 L q, s o  th a t they clearly require a  large am ount of energy to  drive them . An 

extrem e example is th a t of the massive bipolar outflow associated with the cluster of 

O stars and com pact HII regions, DR21. The outflow has an extent of about 5pc, 

more th an  103 M0 of high velocity m olecular gas and a kinetic energy of approxim ately 

3 X 1041 J  (G arden et al. 1986). It also has bipolar shocked molecular hydrogen emission 

of com parable ex ten t and is possibly the m ost massive, m ost energetic outflow source 

known (G arden et al. 1990). It is therefore striking th a t ju st 2pc  to the north  of the 

cluster, in the same cloud, lie several relatively quiescent cores w ith the only sign of star 

form ation being the presence of far-infrared  sources (Harvey et al. 1986; Richardson, 

Sandell & Krisciunas 1989; C hapter 4), and com pact m asers near one source, D R21(OH) 

{e.g. Norris et al. 1982). Nothing is visible a t near-infrared  or optical wavelengths, and 

there is no detectable HII region. The presence of DR21(OH) in a cloud actively forming 

O stars whilst it shows so little  sign of being evolved makes it an intriguing source.

Low -m ass pre-m ain-sequence stars, once they have sufficiently dispersed the sur­

rounding cloud perhaps leaving a  circum stellar disk (Sargent & Beckwith 1987; Beckwith 

et al. 1990), show infrared and ultraviolet excesses, X -ray  emission {e.g. M ontm erle et 

al. 1983), forbidden lines and hydrogen recom bination lines, P Cygni profiles and vari­
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ability in spectral shapes and fluxes (see, e.g., Appenzeller & M undt 1989).

1.2 C u rren t  th e o r y  o f  s tar  fo rm a tio n

The different conditions prevalent in regions where low and high mass stars form have 

led to  the idea of bim odal s ta r form ation, whereby different mechanisms are invoked 

to  explain the two regimes. Lizano & Shu (1989) propose th a t the key criterion is 

whether the mass of the cloud core is sufficient to  be supported by the embedded 

m agnetic field. In the “supercritical” regime, the mass of the core is greater than  a 

critical mass A/crit (M ouschovias & Spitzer 1976), and the core collapses and fragm ents 

further, compressing the am bient m agnetic field to  the high values observed. Cores 

can then be heated by frictional drag between the ions and neutrals, which has been 

found to be particu larly  effective for cores of high column density (Lizano & Shu 1987). 

W hatever the in itial heating m echanism  in GMCs (see the review of Goldsm ith Sz Langer 

1978), the high tem pera tu re  seen in their cores raises their Jeans mass and gives rise 

to high-m ass s ta r  form ation w ith  high s ta r form ation efficiency. For cloud cores w ith 

masses less th an  M cr¡t , in the “subcritical” regime, the m agnetic field, if frozen to  the 

ions, is sufficient to  support the cloud via ion -neu tra l collisions. Collapse can then 

only proceed via am bipolar diffusion, in which the neutral particles are allowed to  slip 

relative to  the ions and the m agnetic field; the m agnetic field rem ains approxim ately 

constant th roughout the collapse. The ionization ra te  is crucial in determ ining the point 

a t which the m agnetic field decouples from the gas -  un til the field is decoupled, the 

mass of the core continues to  be subcritical (McKee 1989). This regime results in the 

form ation of low -m ass stars, and because the tim escale for such a collapse is about an 

order of m agnitude longer than  tKU (nearly 10' years), the newly-form ed sta r lias ample 

opportun ity  to disperse the rem aining core, im plying th a t the s ta r form ation efficiency 

is also low. The presence of a m agnetic field threading the cloud core is also one of 

the means by which angular m om entum  can be transferred away from the cloud core 

allowing m atte r  to  accum ulate in the middle, via. m agnetic breaking (e.g. Mouschovias 

& Paleologou 1986).

Once the inner parts  of the cloud core no longer have any means of support, they 

collapse from  the inside outw ards, forming a power-law  density distribution p ex r~3/2 

characteristic of free-fall inside the collapsing zone and p a  r~2 outside (Shu 1977). The 

collapse is isotherm al while the core rem ains optically th in  to  infrared rad iation , and the
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density increases un til an optically  thick, hydrostatic  core develops a t the centre of the 

collapse flow. If the cloud core is in itially  ro ta ting , the collapse will be approxim ately 

spherically sym m etric in the ou ter regions, bu t will form an accretion disk a t the centre 

around the p ro to sta r (Terebey, Shu &: Cassen 1984; Boss 1987). The lum inosity a t this 

stage comes entirely from  accretion, bo th  directly from the infalling envelope onto the 

disk and p ro to star, and from  the accretion disk onto the p ro tostar (Adams & Shu 1986). 

Once the central tem pera tu re  w ithin the hydrostatic  core is high enough for deuterium  

burning to commence, there will also be a significant contribution to  the lum inosity 

from the p ro to star itself. In low mass p ro tostars, and while high mass p ro tostars are 

sufficiently young th a t the m ass of the hydrostatic  core is less than  about 2 M g, the 

sudden increase in tem pera tu re  a t the centre results in the onset of convection. The 

precise tim e a t which this happens depends on the mass accretion ra te , since if it is high 

the higher tem pera tu re  of the accretion shock will enable the core to  rem ain radiative 

for longer, and deuterium  burning will begin after a  correspondingly higher mass has 

accum ulated (Cassen, Shu &: Terebey 1985).

Shu & Terebey (1984) suggested th a t the onset of deuterium  burning and convection 

in low -m ass p ro tostars  could harness its ro ta tional and m agnetic energy to  produce 

intense surface activity , and thereby providing the means of powering a wind. There 

is some evidence for such ac tiv ity  in low-m ass pre-m ain-sequence stars, and also in 

in term ediate m ass Herbig A e/B e stars {e.g. Calvet, Basri &: Kuhi 1984; C ata la  1989). 

In the case of the form ation of in term ediate mass p ro tostars, where the accretion ra te  

is higher than  th a t of low m ass, the core continues to gain m aterial and the central 

tem perature increases. This lowers the opacity in the middle, enabling the core to 

become radiative again, w ith deuterium  burning continuing in a convective outer shell 

(Palla  & Stahler 1990). H igh-m ass p ro tostars do not need to form convective shells and 

the energy released by deuterium  burning can be released by radiative energy transport. 

This therefore results in a completely different evolutionary track in the H ertzsprung- 

Russell diagram  {e.g. Iben 1965; Figure 1.1).

Sources evolve from the right to  the left along the tracks shown, ending on the m ain 

sequence. During a large portion of the tim e spent on these evolutionary tracks, the 

young stellar object is still em bedded in the cloud core from which it formed, and will 

not be visible optically. Yorke &: Shustov (1981) and Adams (1990) therefore suggest 

th a t the characteristic observable properties of a source of a given age are its luminos-
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Figure 1.1: P a th s  in the H ertzsprung-R ussell diagram  for pre-m ain  se­
quence evolution (from Iben 1965).

7



ity  (entirely due to  accretion until nuclear burning s ta rts) and the rem aining column 

density of m ateria l (or equivalently the foreground extinction Ay). In C hapter 2 I 

use the theoretical tracks calculated by Adam s (1990) for protostellar evolution in  a 

lum inosity—Ay diagram  to examine the evolutionary s ta te  of a well-known example of 

low-m ass s ta r  form ation in the isolated globule B335 (Chandler et al. 1990). It had 

been proposed th a t the em bedded source is a very young p ro to star w ith significant ac­

cretion lum inosity (Gee et al. 1985), m aking it essential to  fit it in the above picture. 

Its advantageous orientation in the plane of the sky also makes it a likely candidate for 

the detection of the proposed circum stellar disk.

It has been suggested th a t  the point a t which accretion is halted  is determ ined by 

the onset of a wrind (e.g. Shu & Terebey 1984; Lada 1985). There is some confusion over 

w hether rad iation  pressure on dust grains can halt the infall for high-m ass p ro tostars, 

with Shu et al. (1987) arguing th a t since all m ain sequence stars more massive than  7 M0 

have sufficient lum inosity -to -m ass ratios to  reverse the accretion, it is therefore likely 

th a t infall is highly non-spherical. However, P a lla  (1990) points out th a t p ro tostars of 

similar masses never reach such high L / M  ratios, so th a t it is actually unlikely th a t 

rad iation  pressure is capable of stopping infall for stars up to  10 M0 . Nevertheless, the 

proposal th a t  a wind is the essential m eans of reversing infall has its  a ttrac tions, since 

young stars are observed to  be undergoing heavy m ass-loss in the form of winds of 

lOOkms-1 w ith m ass loss rates of 10-8 to  lO_7M0 y r_1 even after they have emerged 

from the paren t cloud.

Models for the production and collim ation m echanism  of the observed large-scale 

molecular outflows can be divided up depending on w hether the wind is intrinsically 

isotropic or anisotropic, and fu rther in to  w hether the wind originates from the p ro tostar 

itself or a disk (see also Boss 1987). If the p ro to star has formed w ithin a ro ta ting  

cloud core, it  will also be ro ta ting ; a p ro tostellar wind will find it easiest to break oiit 

of the cloud core along the ro ta tion  poles, na tu ra lly  accounting for the bipolarity  of 

the observed outflows (Sim et al. 1987). The solid angle subtended by the wind then 

gradually increases un til it  has dispersed m ost of the surrounding cloud to  reveal a 

pre-m ain-sequence s ta r/d isk  system  in the low -m ass case. A lternative suggestions for 

collim ating an initially  isotropic protostellar wind depend on the density s truc tu re  of 

the surrounding cloud; Konigl (1982) proposed th a t de Laval nozzles would form in a 

wind blowing along a negative pressure gradient, w ith the am bient m agnetic field being



responsible for the flattening of the cloud, and B arral & Canto (1981) also model the 

effects of a wind being collim ated by a surrounding, flattened disk.

Intrinsically collim ated winds can either originate from  the p ro to star or a. disk. 

P ro toste llar wind models invoke high m agnetic fields in a  ro ta ting  p ro tostar, which if 

coupled to the m agnetic field in the in terste llar m edium , can result in am bient m aterial 

being swept up in a m agnetic bubble em anating from  the p ro tostar (D raine 1983), or 

can even give rise to  a m agnetohydrodynam ically driven pro tostellar wind in higher 

mass pro tostars (H artm ann  & M acGregor 1982). All models for disk winds require th a t 

the ro ta tional energy of the disk u ltim ately  be converted in to  the energy of the wind. 

T orbett (1984) suggested th a t the energy liberated  at the boundary layer shock of a 

ro ta ting  accretion disk could result in an intrinsically bipolar pressure-driven wind. The 

last category of disk winds are those in which tw isted m agnetic field lines thread  through 

a large disk, and the wind is either driven from the surface of the disk centrifugally 

along the m agnetic field lines (P udritz  & N orm an 1986) or m agnetohydrodynam ically 

(IJchida & Shibata 1985). The problem  associated with disk winds is th a t the massive 

disks required by the  P udritz  & Norm an model have very little  specific energy and 

would also result in accretion rates th a t are too high (Shu et al 1987).

An in term ediate  m echanism  is presented by Shu et al. (1988), who found th a t a 

p ro tostar being spun up to b reak-up  speed a t its equator by an accretion disk can 

result in significant centrifugally-driven mass loss, if its m agnetic field is high enough. 

This can then act as a focussing m echanism  for an isotropic pro tostellar wind. Outflow 

m echanisms are fu rther discussed in section 2.4.2 w ith specific reference to  B335.

It seems likely th a t both  high and low mass p ro tostars go through a phase of com­

bined infall/outflow , w ith an accretion disk and a  bipolar wind. The therm al spectra 

th a t emerge from such system s are determ ined by the tem perature  and density d istri­

butions in the surrounding cloud core, since m ost of the intrinsic stellar flux will be 

reprocessed by dust grains further away from the source. Spectra of embedded YSOs 

have been extensively modelled by Adams & Shu (1985, 1986), Wolfire & Cassinelli

(1986) and Wolfire & Churchwell (1987), and for low-m ass objects a t least, Adam s, 

Lada Sz Shu (1987) have a ttem p ted  to classify sources according to  their spectral en­

ergy distributions. This has been successful to some exten t, though the coolest sources 

th a t they term  “p ro to stars” include ra ther a large range of evolutionary phases, from 

sources th a t are believed to be deriving the m ajority  of their lum inosity from accretion
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to em bedded pre-m ain-sequence stars such as L1551IRS5.

Since young stars a t alm ost all stages in their evolution before they reach the m ain 

sequence (and h igh-m ass stars a t the beginning of their lives on the  m ain-sequence) 

are surrounded by dust, the properties of in terste llar dust grains play an immensely 

im portan t role in determ ining the spectral appearance of YSOs. The tem perature  and 

density d istribu tion  of the gas and dust near forming stars is best traced directly by the 

characteristic emission from dust and the ro ta tional transitions of molecules; indeed, in 

order to test the above theories observations of the m orphology and velocity structure  

of dense cores and circum stellar m aterial are essential to pin down the natu re  of the 

in itial collapse process, and the origin of b ipolar outflows. The one rem aining failing of 

observational s ta r  form ation is the lack of “true p ro to stars” th a t have yet to s ta r t nuclear 

burning w ithin the core, and are still deriving all their lum inosity from accretion. Until 

candidates have been identified, the study of s ta r  form ation m ust rely on the results of 

detailed observations of m ore evolved sources.

1.3 T h e r m a l d u st  e m iss io n

Not only does dust determ ine the spectral d istribu tion  of YSOs, it can also be used, once 

its characteristic emission properties are known, to  m easure cloud masses (H ildebrand 

1983). Dust grains in the in terste llar m edium  heated to m inim um  tem peratures of 

about 10 K rad ia te  strongly in the far-in frared , producing grey-body spectra that, peak 

at around 100pm . A t subm illim etre/m illim etre wavelengths the emission is almost 

always optically th in , so th a t the flux density F (v )  from a cloud of N tot spherical dust 

grains w ith an average radius a , tem pera tu re  T  and emissivity Qem(v)  a t a distance D 

is

7
F(u) =  N lotQcm(u)B(u,T)—  (1.1)

where B ( v ,T )  is the Planck function. This can be related to  the mass of dust present, 

given by

4
Mdnst ~  N tolp - ir a 3 (1.2)

where p is the grain density. In order to  obtain  a to ta l cloud mass (approxim ately equal 

to the gas m ass), a value for the ra tio  M gas/ Mdust m ust also be assumed. Combining 

equations 1.1 and 1.2 we obtain  M cloud as a function of F(u),
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_  F ( v ) D 2 4pa M gas 
cloud -  B ^ T)  3Q em( ^ )M dust- ^

F ortunately  the factor 3 t  can be calibrated  observationally in the following 

way (H ildebrand 1983). The cloud mass can also be described by the relation

-^cloud — ^  source T>2l\r(H2)m H2M, (1-4)

where Dsource is the source solid angle, 1V(H2) is the m olecular hydrogen column density 

and ¡i is the m ean m olecular weight of particles in  the in terste llar m edium , taken to be 

equal to 1.36. The above equation im plicitly assumes th a t  all the hydrogen is molecular. 

As long as we are using a wavelength th a t is optically th in , the optical depth of the 

dust emission is obtained from

r W = w w h z -  (1-5)

so th a t substitu ting  for i lSource in equation 1.4,

F ( v ) D 2 JV(H2) , v
loud _  5 ( i / ,T )  t (u) mH2M‘ (1 '6)

Com paring this w ith equation 1.3, it  is easy to  see th a t the unknown factor is equivalent

to

4paM gas _  Ar(H2)m H2/i
3 Qem {y)M& USt ^"(^)

There is now one rem aining quantity  left to  be m easured, and th a t is the ra.tio 

1V(H2) / t ( i / ) .  The frequency dependence of the optical depth is going to be determ ined 

by the frequency dependence of Qem{ v ) /a, which for a simple grain model is described 

below; once th a t is known, and the ratio  i\r(H2) /'r(r ')  has been m easured at one fre­

quency, then  it can be scaled to  obtain  its value a t other frequencies. By observing 

a cloud th in  enough to m easure its A y ,  thereby obtaining its molecular hydrogen col­

um n density using a suitable reddening law A y / E ( B  — V ) (Rieke & Lebofsky 1985) 

and the conversion from E ( B  — V )  to  iV(H2) (Boldin, Savage & Drake 1978), the ra ­

tio 1V(H2) /t(7 5 0  GHz) has been m easured to be 6 x 1028 molecules m -2 (see the “19S3 

Chicago assum ptions” : H ildebrand 1983).

In order to  obtain  the behaviour of the emissivity a t long wavelengths, consider the 

in teraction of rad iation  w ith a grain m aterial th a t has a complex electric susceptibility 

x ( v ) =  x ' i y )  +  i x " {v )- Sufficiently far away from a resonance, the im aginary p a rt of the 

complex refractive index of a medium can be approxim ated by n"  ~  e"/2 =  y " /2. This 

means th a t the in tensity  of incident rad iation  is a ttenuated  by a factor e_2!ri/x"(^)Cc by
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passing through a m edium  of extent I, where c is the speed of light in a vacuum. But 

this absorption can also be described in term s of the optical depth r ,  which is related  the 

extinction efficiency Q ext of the individual dust grains by t (u) =  ira2Qext(v)n l,  where n 

is the grain num ber density and Qext is the sum of the grain absorption efficiency Qabs 

and the scattering  efficiency Q sra. For far-in frared /subm illim etre  wavelengths, where 

A a, the scattering  efficiency is negligible, and Qext is dom inated by <2abs- Therefore,

X »  =  (1.7)

and since Kirchoff’s law sta tes th a t  Qabs =  Qem, x " ( u ) can be directly related to  Qem(v).

For u —> 0, the frequency dependence of Qabs/a  can be derived by considering a 

grain model in which x  ls determ ined by the forced oscillation of dam ped oscillators, 

namely ions in fixed la ttice  positions (e.g. Andriesse 1977). In this case, x  can be 

described by

x (v )  a
na3

Uq — v 2 -f i j v

where 7 is the dam ping constant and v>q is the last resonance frequency of the m aterial. 

The im aginary p a rt, which we w ant to  use in equation 1.7, is therefore

„ 7  vna?
X (v)  oc (z/q — v 2)2 +  72r/2 ’ 

giving, for v —> 0,

Vabs 2  OC V .
a

Thus for crystalline grain m aterials a t least, w ith Qabs/fl a  v  ■> ft — 2 is expected. 

Amorphous m aterials are also expected to  show a similar frequency dependence, 1 < 

/3 < 2, bu t here the reason is because the absorption depends on the density of plionon 

states (Tielens Sz A llam andola 1987), which for isotropic m aterials is proportional to 

z/2, and for layered m aterials (for example graphite) and small particles is proportional 

to  v. M ixtures of these structures produce in term ediate values of ¡3.

Spectra are generally fitted by functions of the form S7( 1 — er ("))I?(7/',T ), with 

t (v ) a  , in order to  derive the dust tem peratu re  T.  The cloud mass can then be 

estim ated by inserting the num erical values in to  equation 1.6 to give

* - - «  <->
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The assum ption of a single dust tem pera tu re  can result in severe errors when cal­

culating gas m asses from  far-in frared  emission alone (D raine 1990). However, as equa­

tion 1.8 shows, in the R ayleigh-Jeans p a rt of the spectrum , where hv  kTdust, Afcloud 

is only linearly dependent on the dust tem peratu re  used; fitting full continuum  spectra, 

including the long-w avelength, op tica lly -th in  da ta , therefore results in a b e tte r estim ate 

of the cloud m ass th an  far-in frared  colour tem peratures obtained from IRAS.

G aussian geom etry is often assumed for bo th  source and beam , so th a t F (v )  and 

^source can be replaced in equation 1.5 by S(u ) ,  the flux density m easured per beam , 

and O, the convolution of the source and beam:

i f  =  i l b e a m  ®  ^ s o u r c e  — f^ b e a m  “t" ^ s o u r c e -

Expressions for the  column and space densities, N ( H2) and n(H 2) assum ing G aussian 

geom etry as described above are given by Gear (1988).

Full rad iative transfer calculations (e.g. Scoville & Kwan 1976) show th a t in the 

presence of tem pera tu re  and density gradients the spectral index of op tica lly -th in  emis­

sion in the subm illim etre never quite reaches the value S(u)  oc v 2+l3. This is m ainly 

because of the presence of cool dust whose emission at subm illim etre wavelengths will 

not be in the R ayleigh-Jeans p a rt of the spectrum , and will therefore enhance the flux 

at long wavelengths, and have less effect a t shorter wavelengths. Em erson (1988) shows 

how the frequency dependence of the flux can be estim ated for given pow er-law  density 

and tem pera tu re  distributions. For an op tically -th in  dust cloud the tem peratu re  varies 

as Tdusti7-) cc 7”~2/(4+^), far less significant than  the variation in density, which is more 

likely to be p ( r ) cx r -1-5 to  r~ 2. Since the flux S(u)  is proportional to  the integral 

along the line of sight of the density times the tem perature, it is clear th a t the density 

d istribution plays the m ost significant role in determ ining the flux d istribution on the 

sky (Scoville & Kwan 1976). For this reason optically-th in  therm al dust emission is 

especially good for tracing the m orphology of dense cloud cores and disks around young 

stellar and p re-ste lla r objects.

1.4 M o lecu la r  line em iss ion

One advantage th a t observations of molecular lines have over dust emission, besides 

the fact th a t they reveal the velocity struc tu re  of m olecular clouds, is th a t they can 

be used to  probe different excitation conditions w ithin a cloud depending on the line
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used, not necessarily ju s t those parts  w ith the highest column density, by virtue of the 

nature  of m olecular excitation. The sim plest molecules are those th a t  are diatom ic, for 

which the equations relating observed param eters to  the excitation conditions under the 

assum ption of LTE are derived below. CS has been used in C hapters 3 and 4 to trace 

the m orphology and kinem atics of dense gas in cloud cores, so I have sum m arised the 

properties of the molecule th a t m ake it such a good probe of dense regions a t the end 

of this section.

Consider a transition  between ro ta tion  sta tes J  =  j  —> i w ith frequency v j i , where 

j  =  i +  1. The absorption coefficient k ( i i s  given by

=  ^  {n iBij  — njBji)4>(vj{).

where, B{j and Bji are the Einstein ^-coefficients for absorption and rad ia tive ly - 

induced emission respectively, 4>{vji) is the line profile function and n j,  n,- are the 

num bers of molecules in the upper and lower states. This can be w ritten  as

and since the Einstein ^-coefficients are related  by the s ta tis tica l weight of each level, 

giBij — g jB j i , this is equivalent to

n(vji)  =  niB ij  ( l -  (¡>{vji). (1-10)
4 x  ^ n ;g j  J

If the level populations are therm alised, either because of high density (so th a t the 

populations are determ ined by collisions w ith gas) or high optical depth (so th a t the 

populations of the higher levels are increased by radiative trapping: Leung, 1978), 

they can be described by a Boltzm ann d istribution at the gas kinetic tem perature  Tk;n. 

Otherwise, an excitation tem perature , Tex, can be defined to  be related to the relative 

populations of the two levels by

—  =  *uy-,’,'/k7’ex. (1-11)
»■ [J,

The effect of radiative trapping  is especially im portan t for abundant molecules such as 

CO, so th a t significant emission is possible from molecular gas a t densities an order 

of m agnitude lower than  would be expected from collisional excitation alone. For this 

reason CO is the m ost im portan t molecule for tracing the molecular gas in the Galaxy. 

However its high optical depth generally makes it unsuitable for use in exam ining very 

dense cores of clouds.
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It is b e tte r  to  express ^{vji)  in term s of the E instein A-coefficient for spontaneous 

emission, which is independent of the incident rad iation  field, so using the relation

gi 2hvli A >"

and equation 1.11 to  substitu te  for B,j  and in equation 1.10,

< va )  = ~ e hVii/kTn)<lnvji)-8tt gi vJX

In order to  rela te  this to  the total num ber density of molecules n, to,- has to  be 

expressed in term s of the p a rtition  function U\

-  Hie~Ei/kT'X 
71 U

The energy above the ground s ta te  of level i is Ei =  h B i( i  +  1) where B  is the ro ta tion  

constant of the molecule, and the partition  function is defined by
OO

U =
i = 0

In general the excitation tem pera tu re  of a particu lar level will be different from 

other levels, and in practice the conditions in molecular clouds will result in a finite 

num ber of levels being populated , since the  energy level spacing increased w ith i. The 

assum ption of LTE implies th a t all the levels have the same excitation tem peratu re , 

equal to  the kinetic tem pera tu re . For high tem peratures kTex >> h B , the sum m ation 

can be approxim ated by an in tegral, giving

U . t l « .  ( 1.12)

Higher order term s are needed for molecules w ith high ro ta tion  constants like CO under 

low excitation conditions, so th a t U — 1 + ... (Townes & Schawlow 1955). However

for CS, which has a ro ta tion  constan t less than  half th a t of CO, the ex tra  term s are 

negligible for Tex > 10 K, so I have used the expression in equation 1.12 in w hat follows. 

So now the absorption coefficient can be expressed in term s of the to ta l m olecular 

num ber density,

< " j i )  =  EZ9j -p F ~ e~B</kTex^ - ( 1 ~  e~hl>ii/kT^)n<t>{vji).87T k l cx vji

This m ust now be related  to  the observed quantity  -  the line brightness tem pera­

ture, which is defined by

r R =  j ( r ex) ( i - e- r M ) ( i . i3 )
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where

j m  =  ^  J  I  A t
{ 1 k  \  (eW *T -  1) (cW *2b, _  !)  J  ’ (1.14)

and Tbg is the tem pera tu re  of the microwave background, taken to  be 2 .7 K. It is by 

m aking the  approxim ation

T(vji)  ~  J  *(vji)dx  ~  K(vji)L

for a uniform  source, where x  is an elem ent along the line of sight, and L  is the to ta l 

extent along the line on sight of the em itting  region, th a t  TR as a function of Tex and 

the m olecular colum n density N  can be obtained. By substitu ting  for E{, — 2 j  +  1

and A ji ,  which is given by

where // is the dipole m om ent of the molecule, gives

T(vji) = ^  J *  Vji/j.2j e ~ hBi(,+1'MkT*x(1 -  e~h,'Ji/kT'*)N(t)(vj i). (1.16)
o£qC (i J gjj

The broadening of molecular lines in regions of s ta r form ation is alm ost invariably 

due to  the dynamics of the cloud, since the observed line w idths are m uch larger than  

the in trinsic line w idths and are frequently also larger than  the therm al line w idths 

(Linke & G oldsm ith 1980). The line profile function is therefore determ ined by the 

cloud’s velocity field. Often, a Gaussian line shape caused by turbulence is assumed, so 

th a t in teg rated  over the whole of the line,

A VujiJ t (v )cIv ~  l.OGdroAt' ~  r0-

where r0 is the line peak optical depth  and A T  the velocity FW HM , assumed to be the

same for each transition . By observing successive transitions J  = k - > j , J  = j - > i

(where k  =  j  +  1), their optical depth ratios give

Tkj j  A  1 [1 — e-2/iS(j+ l)/tT fx ]
Tj{ j

In this way, once the line brightness ratio

~ 1 = 1T Z ^ r  (1 -17)Tji 1 - e  tj<
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has been determ ined, an estim ate for Tex can be calculated.

If the same tran sition  in a rare  isotope (for exam ple C34S) is observed w ith a known

abundance ra tio  relative to  the brighter molecule (CS), an absolute value for the optical

depth can be derived, again from the line brightness ratio:

Tr (C 5 ) 1 — eTcs 1 — eRrc3*s 
T r(C 34S) "  1 -  e~rc ^ s  ~  1 _  e - ’c.-Ms

where R  = X (C S ) /X (C 34S).

In theory, equations 1.13 and 1.14 can be combined, assum ing Tex Tbg, to  derive

Tex-

T  ~I ex —
hv
T (1.18)

k T R

However th is also assumes th a t an accurate value for TR can be obtained, and in practice 

the source struc tu re  within  the telescope beam  is generally unknown. Thus equation 1.17 

gives a  b e tte r  estim ate  of a beam -averaged Tex, as long as the same beam  size was used 

for each line. This is not as m uch of a problem  when using rare isotopes, since the beam  

size will be the same for bo th  species if  the same telescope is used. Canto, Rodriguez & 

A nglada (1987) discuss the uncertain ties this m ethod of LTE analysis introduces in  the 

presence of a tem pera tu re  gradient. In section 4.3 I discuss the effect of the assum ption 

of LTE on the derivation of N  using the above equations.

The CS molecule has a sufficiently high dipole m om ent (approxim ately 20 tim es th a t 

of CO) th a t it requires m olecular hydrogen num ber densities >  10n m -3 for the levels 

to  be populated  according to the kinetic tem perature. A critical density (7iCrit).?'i =  

Cj{(Tkin)/ Aj{, where CJt is the collision ra te  for excitation from J  =  j  —> i, can be 

defined as a  m easure of the density required for excitation of the level j  to  be above 

th a t of the background rad iation  field. For Tym — 40 K, I have used the collision rates 

from Green &: C hapm an (1978) and /i =  6.6 X 10~30 Cm (in equation 1.15) to  tabu la te  

values of nCTli for the lower transitions of CS (Table 1.1). The frequencies vji are taken 

from Lovas (1986).

Since stars are known to form in the dense cores of molecular clouds, CS is clearly an 

excellent probe of the conditions pertain ing to the s ta r  form ation process. The density 

obtained from  m odelling particu lar molecular lines can be expected to  be close to  ncl.;t, 

since this is a m easure of the density needed to obtain  significant emission and higher 

densities will serve to  tlierm alise the populations of the higher energy levels. Snell et 

al. (1984) and M undy et al. (1986) illustrate  how CS and its rare isotope C34S can be
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Table 1.1: Critical densities for CS.

Transition
j  - *  i

V ji

(GHz)
Aji

( S ' 4)

Cji{ 40 K) 
(m -3 s- 1 )

^c r i t
(m -3)

1 - 0 48.991 1.78xl0-6 2.5x 10-17 7xl010
2 —  1 97.981 1.71X10-5 3.9X10“17 4X1011
3 —  2 146.969 6.19X10-5 4.5X10-17 lxlO12
4 —  3 195.954 1.52X10-4 4.7X10-17 3xl012
5 —  4 244.936 3.04X10-4 4.3X10“17 7xl012
6 —  5 293.912 5.33X10"4 4.5x 10-17 lxlO13
7 — 6 342.883 8.57 X10-4 3.9X10-17 2xl013

used to  exam ine the density profiles of m olecular clouds, and have discovered th a t cores 

associated w ith OB s ta r  form ation do not have prom inent large-scale density gradients, 

unlike clouds form ing low -m ass stars {e.g. Loren, Sandqvist Sz W ootten 1983).

The 7 — 6 transition  of CS and C34S has been used in C hapter 3 to  look a t warm , 

dense gas in N G C 2024, and in C hapter 4 the lowest two transitions in both  isotopes 

are modelled using the above LTE equations to  determ ine the excitation conditions of 

DR21(OH).
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C h a p te r  2

B 335

2.1 In tr o d u c t io n

B335 is an isolated dark cloud w ith  a relatively simple structu re  compared w ith m ost 

m olecular clouds. An upper lim it of 400 pc has been placed on its distance by the 

absence of foreground stars (Bok Sz M cC arthy 1974), although large-scale extinction 

m easurem ents and its  coincidence w ith the Lindblad ring (Tornita, Saito & O htani 1979; 

Elmegreen 1982) have led m ost au thors to  assume a  distance of 250pc, which I have 

also adopted. An associated com pact, em bedded, far-in frared /subm illim etre  continuum  

source was detected  by Keene et al. (1983), and a low-velocity b ipolar outflow was 

found to be centred on the FIR  source by Frerking & Langer (1982) and G oldsm ith et 

al. (1984), signalling the presence of low -m ass sta r form ation. The large-scale s tructu re  

and dynamics of the globule have been studied in detail by Frerking, Langer Sz W ilson 

(1987), who, after detecting a b lue- and red-shifted  component in 12CO J  — 1 — 0 

channel m aps offset from  the original outflow (Langer, Frerking Sz W ilson 1986), deduced 

th a t the globule was in  fact evolved, with two outflows, ra ther than  a  young cloud still 

undergoing sta r-fo rm ation  as had previously been thought. More recently, however, 

the over-lapping re d -  and blue-shifted emission has been in terpreted  as the result of a 

liighly-collim ated single bipolar outflow, oriented in the plane of the sky (H irano et al. 

1988; C abrit, G oldsm ith Sz Snell 1988; M oriarty-Schieven Sz Snell 1989). H irano et al. 

concluded th a t the flow m ust be focussed w ithin 0.02 pc of the driving source.

B335 also has a possible HH object in the red lobe of the outflow, detected by 

H o emission (V rba et al. 1986). This m ight be considered surprising, since one would 

expect HH objects to  be detected preferentially in the blue lobe, bu t as the outflow is
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nearly in the plane of the sky the column density of intervening dust and gas is likely 

to be sim ilar for bo th  the blue and red lobes. M oreover, the red lobe appears to  have 

broken out of the edge of the cloud (M oriarty-Scliieven & Snell 1989), indicating th a t 

there m ust be a steeper density  gradient along the red lobe than  the blue lobe, m aking 

it possible for us to detect optical emission from nearer to  the central object in the red 

lobe th an  the blue lobe.

The F IR  source a t the centre of the outflow was barely resolved in a 55 arcsec 

beam  a t 360 pm  by Gee et al. (1985), who claimed a source size of 28 ± 5  arcsec. Gee et 

al. argued th a t  their d a ta  u'ere consistent w ith a p ro tostellar source, bu t were unable 

to resolve the accretion disk th a t they proposed as the source of the lum inosity, and a 

possible driving source of the outflow.

A possible test of the model pu t forward by Gee et al. (1985) is to  resolve the sm all- 

scale struc tu re  associated w ith the F IR  source, so particu la r emphasis is placed on h igh - 

resolution continuum  observations. Below, the results of m apping the dust emission at 

subm illim etre wavelengths are used to try  to  determ ine the true  evolutionary s ta te  of 

the em bedded source. This work has been published by Chandler et al. (1990).

2.2 O b ser v a tio n s

The subm illim etre continuum  observations were m ade with the 15 m Jam es Clerk M ax­

well Telescope (JC M T ) on M auna Kea, Hawaii, during 1988 April, A ugust and October. 

Photom etry  was perform ed using the com m on-user 3He cooled bolom eter UKT14, w ith 

filters centred on 2 m m , 1.3 mm , 1.1m m, 800pm , 600 pm , 450 pm  and 350pm . Flux 

calibration was perform ed against M ars and Uranus, and is the m ost significant source 

of uncertain ty  in the photom etry, due to variation in the sky transparency over the 

period of the observations. The photom etry  is shown in Table 2.1, where the to ta l 

uncertain ties include bo th  the sta tis tica l and estim ated  calibration uncertainties.

Two over-sam pled m aps were m ade at 800pm  with a 17 arcsec beam . They were 

taken in an azim uth-elevat.ion coordinate system by chopping and scanning sim ultane­

ously, producing differential m aps, covering an area 105 X 105 arcsec, using 7.5 arcsec 

pixel spacing and a chop throw  of 60 arcsec. They were reduced using the NOD2 soft­

ware (Haslam  1974), and co-added. The pointing accuracy is estim ated to  be about 4 

arcsec for the 800 pm  m aps. A m ap was also m ade a t 450pm  w ith 3 arcsec spacing, 

for which the H PBW  a t 450 pm  was m easured to be 8 ±  1 arcsec from a beam  m ap
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Table 2.1: Subm illim etre photom etry  of B335.

W avelength Effective 
freq (GHz)

Beam Flux per S tatistical 
size (") beam  (Jy) uncertain ty  (Jy)

T otal uncertain ty

( J y )

2 mm 156 32 3cr =  0.57
1.3 mm 238 21 0.64 0.03 0.07
1.1 mm 272 19 0.68 0.02 0.07
800 /iin 380 17 1.88 0.03 0.28

13 1.30 0.07 0.21
600 /(in 463 19 4.0 0.3 0.85
450 /im 676 18 15.0 1.3 4.7

8 9.8 1.1 3.1
350 /im 854 18 35 2.4 14

of U ranus. This m ap was produced from  an evenly-spaced grid of single photom etry  

points. The poin ting  was checked directly before and after the 450 /an  m ap using K 3-50, 

and was found to  be accurate to  ±2  arcsec over th a t period.

2.3 R e s u lt s

The 800 /an  m ap (solid contours) is displayed in Figure 2.1 together w ith the CO J  = 1 — 

0 contours of the outflow from Hirano et al. (1988). The lowest contour in the  continuum  

map is a t 0.2 Jy , and the o ther contours are spaced a t l a  intervals of 0.2 Jy. The R.A. 

and Dec. axes are offsets from the position of the subm illim etre source, a(1950) =  

19h34m35.7s ±  0.7s, <5(1950) =  07°27,15,/ ±  10".

F ittin g  a. G aussian to the flux distribu tion  in the 800 /<m m ap gives a FW HM  of 

22 ±  2 arcsec. A pproxim ating the actual source d istribu tion  to be Gaussian, and after 

deconvolving w ith the 17 arcsec beam , a source size of 14 ± 3  arcsec is obtained. The l a  

contour is extended n o rth -so u th  (the axis of sym m etry of the outflow is east-w est); this 

low-level emission appears in both of the two m aps th a t have been co-added to produce 

the contour p lot displayed in Figure 2.1. A t the tim e th a t the m aps were taken the 

angles betw een an R .A .-D ec. coordinate system  and the local (az-el) coordinate system  

were approxim ately 20°and 55°, so any extended emission is therefore away from the 

chop direction (azim uth).

The h igh-reso lu tion  450 /¿m m ap is shown in Figure 2.2, where the contours are at 

la  intervals of 1.1 Jy, and the peak is 9.8 Jy. This m ap covers the central 20 arcsec of
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R.A. o f f s e t  (arcmin)

Figure 2.1: 800 /¿m m ap of B335 (solid contours) together w ith the h igh - 
velocity CO emission; the blue wing is represented by the dashed con­
tours, and the red wing by the do tted  contours. Positional offsets are 
relative to  19h34m35.7s, 07o27'15".

the 800 fim  m ap, and again approxim ating the source d istribu tion  to be Gaussian, the 

deconvolved source size is <  6 arcsec in right ascension and 7.5T2.0 arcsec in declination. 

W ithou t fully resolving the source a t several wavelengths there is not enough inform ation 

to be able to  model the effects of a tem perature  and density gradient, or the way in 

which the apparen t source size varies as a function of frequency, so the approxim ation 

of G aussian d istribu tions is used bearing in m ind th a t such gradients are likely to  exist. 

VLA NH3(1,1) observations, (P .E . Palm er, quoted in Davidson 1987) also indicate a 

core size less than  15 arcsec.

In order to  compare the photom etric d a ta  (Table 2.1) w ith earlier m easurem ents 

m ade w ith larger beam s, I have calculated the flux th a t would be obtained in a 50 arcsec 

Gaussian beam , by convolving the m aps w ith suitably norm alised Gaussian functions. 

In order to do this I have had to assume th a t the source distribution shown in the 

800 /¿m m ap is approxim ately  valid for all wavelengths A > 600 /¿m, and th a t the source
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R.A. o f f se t  (arcsec)

Figure 2.2: 450 /tm m ap taken w ith an 8 arcsec beam . Offsets are from 
the position of the subm illim etre peak, as in Figure 2.1.

d istribution shown in the 450 pm  m ap is approxim ately valid for A =  350 /tm  as well. 

There are some difficulties w ith  this when using the 450 gm  m ap, firstly because the 

d iffraction-lim ited beam  a t 450 pm  has non-G aussian  wings, and secondly because the 

m ap does not extend far enough to  get entirely off the source. I have approxim ated the 

beam  to be G aussian and I have ignored any missed flux outside the region of the m ap. 

This results in large uncertain ties in  the flux in a 50 arcsec beam  at 450 pm  and 350 pm , 

but is a  m ore reasonable estim ate th an  would have been obtained had I assumed the 

same source d istribu tion  as a t 800 pm . The results of this convolution are shown in 

Table 2 .2, and are also p lo tted  in Figure 2.3.

If a steep density gradient exists then even the longer wavelengths will contain a 

significant contribu tion  from the warm er dust responsible for the 60 pm  emission, so 

all d a ta  taken  w ith a beam  size of <  50 arcsec (11 points, Figure 2.4), including the 

60 pm  poin t, have been used to try  to obtain average param eters for the dust w ithin the 

central region. If the usual assum ption th a t the dust continuum  emission is optically 

thin is m ade, a blackbody curve w ith r  c< (1 <  /? <  2) does not fit the 60 pm  

point well (dashed line, Figure 2.4). The results for this fit are Taust =  23 K, ¡3 = 1.0, 

^ 'r450;/m =  1 X 10~10 where fi is the effective solid angle of the source in steradians, and 

X2 =  12.6 w ith 11 d a ta  points and 3 free param eters. The source size in the 450 pm
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Table 2.2: Sim ulated fluxes in a 50 arcsec beam.

W avelength Effective 
freq (GHz)

Flux in a
50" beam  (Jy)

S tatistical 
uncertain ty  (Jy)

T otal uncertain ty

( J y )

2 mm 156 3 a  =  0.76
1.3 mm 238 1.20 0.08 0.14
1.1 mm 272 1.39 0.07 0.16
800 pm 380 4.06 0.13 0.62
600 pm 463 8.2 0.7 1.8
450 pm 676 19.1 1.7 7.6
350 pm 854 45 3 21

m ap then indicates th a t 7450,,m > 0 .1, and so the “op tica lly -th in” approxim ation is 

only valid (to  w ith in  20%) for wavelengths >  100 pm . However, if the sam e points 

are fitted  to a blackbody curve modified by (1 — e~T) (i.e ., m aking no assum ptions 

about the optical depth  of the emission) where r  oc i/P, a b e tte r  fit is found. This has 

X2 =  6.3 w ith 11 d a ta  poin ts and 4 free param eters -  the tem peratu re , the optical depth, 

the frequency dependence of the optical depth /?, and the source size, and occurs for 

Tdust =  31 K (solid curve, Figure 2.4). In tegrating  under this curve gives a lum inosity 

of approxim ately  2.6 Lq. For th is m odel, which assumes a uniform ly bright isotherm al 

source, the fitted  param eters are (5 =  1.6, 7 4 5 0 =  1-7, and a. source area of 3.7 square 

arcsecs. The optical depth  (and  implied column density) and the source size derived 

from such a  fit are com plicated m ean values, and are difficult to  in te rp re t relative to  

the observed source. A lower lim it to the tem perature  of Tdust =  16 K is required to 

account for the R ayleigh-Jeans p a rt of the spectrum  including the observed emission at 

350 pm .

The column and space m olecular hydrogen num ber densities can be estim ated  from 

the dust continuum  emission (H ildebrand 19S3), although the g a s-to -d u s t ra tio  has 

only been calibrated  using in terste llar clouds th a t are optically th in  in the subm illim etre. 

Using the Chicago assum ptions of Hildebrand, I find th a t for the extrem e of the uniform 

source model of the spectrum  Ar(H2) ~  1 X 1029m - 2 , ?r(H2) ~  1 X 1015m - 3 , and the 

mass of the gas associated with the dust is 1.3 M0 . This is in excellent agreem ent w ith 

the mass obtained by Keene et al. (1983) of ~  2.5 M0 (who used a tem peratu re  of 15 K) 

since in the Rayleigh—Jeans region of the spectrum  where the emission is optically th in , 

the flux is p roportional to  M dust. X rdust. Given th a t in fact a single tem pera tu re  is
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Wavelength (/¿m)

Figure 2.3: The far-in frared /subm illim etre  spectrum  of B335. Points 
from this work are shown as filled circles. O ther d a ta  p lo tted  are from 
Keene et al. (1983; filled triangles), Gee et al. (1985; open circles) and 
fluxes from  the IRAS Point Source Catalogue (open triangles).

unlikely to  be a  good approxim ation to  the em itting  dust, the m ass derived from 

fitting the continuum  spectrum  w ith  a  single tem perature  is ra the r uncertain. However, 

to w ithin the uncertain ties of the calibration of the d u s t-to -g as  ratio , these num bers 

indicate a core mass M core of approxim ately 2M0 . Associating this w ith the source in 

the 450 fim  m ap, peak values for a Gaussian distribu tion  of 1V(H2) ~  1 X 1028m ~2 and 

n(H2) ~  5 x 1013m -3 are obtained.

2.4 D isc u ss io n

2 .4 .1  T h e  s u b m i l l i m e t r e  s o u r c e

The struc tu re  of the subm illim etre continuum  source has still not been fully resolved 

by the observations, bu t there is some evidence for an elongation no rth—south, perpen-
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Figure 2.4: F its  to  d a ta  taken w ith beams <  50 arcsec. The dashed 
curve is the best “o p tica lly -th in” fit (see tex t), which has Tdust =  23 K.
The solid curve is the best fit to a function f l ( l  — e~T) B (v ,T ) ,  w ith 
Tdusl = 3 1 K.

dicular to  the axis of the outflow. The position of the source is the same as th a t found 

by Gee et al. (1985), which is 20 arcsec east of th a t given by Keene et al. (1983). This 

means th a t the peak in m any m olecular line m aps (C 1S0  1 — 0, CS 3 — 2 and 2 — 1; 

NH3; HC3N) is coincident w ith the dust continuum  source1; previously, it  had been 

thought th a t the F IR  source was not the significant HC3N em itting  region (Hasegawa. 

et al. 1986), although a close association was suggested. Velocity inform ation 011 very 

small scales is needed to  establish the true  relationship of the cloud core, as traced by 

the subm illim etre continuum  and molecular emission, to  the central exciting object.

If one tries to  classify the source in B335 according to the current models of p re -  

stellar evolution (e.g. Shu, Adams & Lizano 1987) then it has already passed the “pro-

'P re v io u s  C l s O 1 - 0  observations of Walmsley & M enten  (1987), which showed a C 180  peak some 
30 arcsec away from th e  subm il l im etre  source, have been repeated  (M enten et al. 1989) and now the 
peak is a t  th e  sam e position as th e  subm illim etre  source to  w ith in  the errors.
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toste llar” phase and is now in its  “outflow” phase. This being the case, the rem arkable 

property  of this source is its  low lum inosity. The conditions in the surrounding cloud 

are very sim ilar to  those in the large-scale region of s ta r  form ation in Taurus (i.e. an 

isotherm al sound speed of about 0.2 km s-1 and a ro ta tion  velocity of the cloud core 

of < 10-14 r a d s - 1 ), w ith the only (perhaps significant) difference being th a t it is an 

isolated globule ra th e r th an  being in a large complex.

Adam s (1990) has calculated theoretical tracks of p ro tostellar evolution in a L — Ay 
diagram  for Taurus sources (solid curves, Figure 2.5). The tracks p lo tted  are for different 

initial ro ta tion  ra tes, all the tracks converging slightly in the middle of the diagram  when 

deuterium  burning and convection s ta rts  in the  central star. If outflows are driven by 

the wind caused by the dynam o m echanism  th a t would accom pany the convection in 

a differentially ro ta tin g  p ro to sta r (Shu & Terebey 1984), outflow sources should fall to  

the right of the diagram . The m easured value of L  and derived value of Ay for B335 

(Ay > 320 m ag using the conversion of -/V(H2) to  E ( B  -  V ) of Bohlin, Savage & Drake 

1978, and the extinction law of Rieke & Lebofsky 1985) lie very close to  the theoretical 

tracks (filled circle, Figure 2.5), bu t in a region before outflow is supposed to  have taken 

place. If these tracks are correct, these results could m ean th a t outflow is possible from  

objects much younger th an  the  Shu et al. (1987) m odel expects, and the source in B335 

represents an extrem ely early stage of p ro tostellar evolution.

Here it is w orth noting th a t the m odel applied to  the  theoretical tracks depends on 

the collapse solution since this determ ines the tem pera tu re  and density d istribu tion  of 

the dust in the surrounding envelope. One of the m ajor points to  m ake about the dis­

tribu tion  used in the  m odel described above is th a t accretion occurs through essentially 

an infinitely th in  disk, and th a t the d istribu tion  is approxim ately spherically sym m etric 

except very close to  the source (Terebey, Shu Sz Cassen 1984). This means th a t as long 

as we do not observe the central source along an outflow lobe or w ithin about 3° of the 

disk plane, the  extinction will be alm ost independent of inclination angle to  w ithin a 

factor of 2 (A dam s 1990). The theoretical tracks in the L  -  Ay diagram  are therefore 

relatively insensitive to  the source orientation in principle, though Ay will depend on the 

collapse model. Likewise, the lum inosity depends on the accretion efficiency assumed, 

and also on the relative fractions of m aterial accreting directly onto the p ro tostar ra ther 

than  via the accretion disk.

The core of B335 has been resolved perpendicular to  the outflow axis bu t not parallel
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Figure 2.5: Theoretical tracks in the L  — A y  diagram  for Taurus (from 
A dam s, 1990). Sources th a t  have been observed in Taurus are indicated 
by open squares. B335 is m arked by a filled circle.

to it, suggesting th a t  if the inclination angle of the outflow also defines the inclination 

angle of a disk or fla ttened  core, the high extinction could be due the high column 

density of gas and dust in the disk plane, and the low lum inosity could then originate 

from a m ore evolved object. This could only be the case if an accom panying disk 

were considerably thicker than  th a t suggested by the theoretical modelling. However, 

accepting this as a possibility and allowing for a  lower extinction to compare w ith the 

m easured lum inosity  in the diagram  then raises the question of why the lum inosity is 

lower than  the theoretical Taurus tracks. It is possible for a  source near the beginning of 

its outflow phase to  have a lower lum inosity than  th a t predicted by Adam s, Lada &: Shu
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(1987) if the param eters they used for the Taurus m olecular cloud are not applicable to  

an isolated globule such as B335. This can happen if, relative to  Taurus, the mass of 

the p ro to s ta r-d isk  system  in B335 is low an d /o r  the accretion efficiency is low.

T here is also a th ird  possibility, and th a t is th a t  the low lum inosity is due to the 

source being a  m uch m ore evolved pre-m ain-sequence s ta r  th a t for some reason has re­

m ained deeply em bedded, perhaps because the accom panying outflow is no t sufficiently 

energetic to  have d isrupted the surrounding cloud core. If the la tte r  is the case, then 

the stellar b irth line of S tabler (1983) indicates th a t the lum inosity of B335 is consistent 

w ith a p re-m ain  sequence s ta r  of m ass < 1.5 M q .

Given the presence of an evolved outflow and a possible HH object (V rba et al.

1986) it seems likely th a t  one of these last two explanations is the case. The central 

exciting source in B335 is so deeply em bedded th a t it will not even be observable in  the 

near-infrared .

2 . 4 . 2  T h e  c o l l i m a t i o n  o f  t h e  outf low

The outflow associated w ith the F IR  source in B335 has recently been identified as lying 

alm ost in the plane of the  sky, and we observe it a t an angle of 89° ±  5° to  the axis of the 

outflow. Therefore, the velocity, m om entum , energy, force and m echanical lum inosity 

of the outflow are now believed to  be higher than  had previously been thought. The 

revised param eters of the outflow have been calculated by Hirano et al. (1988), C abrit 

et al. (1988) and M oriarty-Schieven &: Snell (1989), and I have used the results of all 

three papers to  estim ate  the effect of the outflow on the core, and to try  to  constrain 

models for its  collim ation.

I consider several models for the  driving source of the outflow and the collim a­

tion m echanism . F irstly , models in which the flow is intrinsically bipolar require an 

anisotropic m echanism  for the production of the wind. All such models require the 

presence of an accretion disk, the ro ta tional energy of which is the source of the energy 

of the outflow. T o rbe tt (1984) suggests th a t one mechanism for the production of a 

bipolar outflow is via the hydrodynam ic ejection of m aterial a t the inner boundary of 

an accretion disk, producing pressure-driven winds th a t are intrinsically bipolar. Pu- 

dritz & N orm an (1986) and Konigl (1989) present argum ents for hydrom agnetic winds 

from accretion disks being the driving source of outflows. All of these models require 

th a t the stored ro ta tiona l energy of the disk be greater than  the energy of the outflow
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in order for the disk to  be able to  supply the required energy to power the outflow.

This assumes th a t the system  is quasi-sta tionary , and will not apply to  a  source if we 

happen to  observe it ju st a t the end of its outflow phase, when the ro ta tional energy 

m ight be expected to be less th an  th a t of the outflow. I consider several configurations 

for such a disk, and calculate the ro ta tional energy th a t  can be stored and used as an 

energy source for the outflow. The disks considered are as follows:

(i) A uniform  rigid disk w ith its outer edge ro ta tin g  a t Keplerian velocity (b reak-up  

speed).

(ii) A disk w ith a G aussian density  d istribu tion  as a  function of radius, w ith  its  outer 

edge ro ta tin g  a t K eplerian velocity.

(iii) A uniform  Keplerian disk.

(iv) A G aussian K eplerian disk.

(v) A ring or torus.

If the m ass of the “disk” (which I identify as being the mass of the subm illim etre 

source) is M j,  the radius of the disk is R j  (from the 450 /mi m ap R j  =  1.4 X 1014m,

M* is the m ass of the central young stellar object and G is the grav itational constan t, 

then expressions for the ro ta tional energies of the disk can be derived. For case (i), the 

energy is \ t ^ 1— GAiG1 j /  A

E rot = 0 .25<̂ - ( M (l + M * ) .
Rd

For case (ii), w ith  the rigid G aussian disk, the energy depends on the ra tio  R j / R \ / 2, 

where R ^ /2 Is ^ ie ha lf w idth to  half m axim um  of the G aussian density d istribu tion .

The value obtained for the uniform  rigid disk m ay be regarded as an upper lim it to  the 

energy of a ro ta tin g  G aussian disk. For R j  > R \ / 2,

E rot < 0 . 2 2 +
E <1

W ith a uniform  Keplerian disk, case (iii),

—
and for a  G aussian Keplerian disk, case (iv),

Erot = (0.216M (/ +  0.738M*).
R 1/2

Finally, a ring or torus of radius R j  ro ta ting  w ith Keplerian velocity, case (v), has
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Erot =  0.5 — J L (M d + M * ) .K j

I find th a t  w ith all the configurations where M* is less than  1 M q the stored ro ta ­

tional energy of a  ro ta tin g  disk or torus is m uch less th an  the energy associated w ith 

the m olecular outflow. The results of the calculations are presented in Table 2.3 for 

M* =  IM q , and I have also calculated the value of M * th a t would be needed for 

E rot =  -^outflow- Since there are two estim ates for .^outflow =  1 / 2 M l V £  of 7.4 X 1037 J 

(Hira.no et al.) and 2.0 X 103' J  (C abrit et al.\ M oriarty-Schieven & Snell), I present 

calculations for bo th  values of ^outflow, and expect th a t  the true value lies somewhere 

in betw een. These calculations have assumed th a t  all the available ro ta tional energy 

has been converted in to  the energy of the outflow, so the derived values of M* m ay be 

regarded as lower lim its. A lm ost all the models require th a t  M* is about 10M q. The 

low lum inosity  of th is source (approxim ately 2.6 L0 ) makes this highly unlikely, and so 

I believe th a t  models in which the outflow is powered by a ro ta ting  accretion disk or 

torus are not applicable to  B335.

Table 2.3: R otational energies for disk models.

Model Eroi (M if  — I M q )
(1037J)

M* required for production of outflow ( M q )
For -Eoutfiow =  2.0 x 1037J n For -Eoutnow =  7.4 x 1037 J 6

0 ) 0.29 19 75

(ü) <0.29 >19 >75
(iii) 0.64 4.6 19
(iv) 0.45 6.5 26
(v) 0.57 8.4 37

a C abrit et al.; M oriarty-Schieven & Snell. 
b H irano et al.

The o ther m odels I consider are those in which the wind is intrinsically isotropic, 

and the collim ation of the bipolar flow occurs because of the surrounding core struc tu re  

(e.g. Konigl 1982). I consider bo th  m om entum -driven and energy-driven models, as 

described below, and for each model the force on the core due to the outflowing wind 

m ust be less th an  or of the order of the gravitational binding force on the core for the 

core to be able to  collim ate the outflow. For a Gaussian core with HW HM  of R \ / 2 , the 

gravitational binding force is

Fg =  (0.252M C +  1.386M * ) ,
1/2
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where M c is the m ass of the  cloud core. The equivalent expression for a uniform  core 

of radius R c is

Fa = (0.75MC + 3M * ) .

If the lobes have mass M l , velocity Vl , and linear extent R l ,  then the ra te  of 

m om entum  transfer to  the lobes F l  is given by the m om entum  of the lobes M l V l ? 

divided by the dynam ical tim escale R l / V l ,  so th a t F l  =  M l  V £ / R l -  The values of 

F l  calculated by Hirano et al., C abrit et al. and M oriarty-Schieven & Snell, together 

w ith Q l are given in Table 2.4. There is a significant difference between the values 

of F l  found by H irano et al. and those quoted in the o ther two papers, first because 

they derive a slightly higher velocity, secondly they use a CO abundance differing by 

a factor of 2 , and th ird ly  because they did not m ap a large enough area to  cover the 

entire outflow, thereby  underestim ating  the linear ex ten t R l ■ The underestim ate of R l  

can be corrected for by using results from the more extended m apping of C abrit et al., 

which results in a reduction of F l  by a factor of 3. I use bo th  this corrected value of 

F l  from Hirano et al., and the num bers of C abrit et al. and M oriarty-Schieven & Snell 

for my calculations.

Table 2.4: Core param eters for outflow models.

Source of param eters used 
This paper H K N T a C G S b M -SSC

Fg (G aussian core, M* =  1 M0 ) 52
(1021 N)
Fg (uniform  core, M* =  1M 0 ) 123
(1021 N)
Ql  (sr) 0.55
Fl  (1021N) 5.1 1.5 2.2
Fc (M om entum  driven model) 60 16 23
(1021N)
Fc (Energy driven m odel) 24 6 9
(1021 N)

a H irano et al., corrected for the linear extent of the outflow as determ ined 
by C abrit et al. 

b C abrit et al.
c M oriarty-Schieven &: Snell.

The models addressed are the following (e.g. Davidson 1987):

(a) M om entum  driven. The outflow is driven directly by the m om entum  of a stellar
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wind so th a t the observed force required to  drive the outflow is equal to  the m om entum  

flux M WVW of the  wind w ithin the lobe. If the stellar wind is isotropic, then the force 

on the core in this case is

where if/, is the solid angle subtended by one outflow lobe at the source, is the solid 

angle subtended by the rest of the core (=  47r — 2Q l) .

(b) Energy driven. If the cooling tim e of the energetic stellar wind is longer than  the 

dynam ical tim escale of the outflow then the wind inside the lobe can become pressurised 

and the flow can be driven by therm al pressure. The efficiency e w ith which the wind 

energy is converted in to  the energy of the outflow lobe depends on the  density of the 

surrounding cloud, which Dyson (1984) and Kwok &: Volk (1985) calculate to be about

0.2 to  0.3. In th is case the force on the core is

where Vw/V l  >  1. The value of Fc for bo th  models is given in Table 2.4, where I have 

used Vw/ V l =  10 and e =  0.25. For all values of Fj_, I find th a t Fc is the  same order of 

m agnitude as Fg. One would not expect Fc to be m ore th an  a factor of a few smaller 

th an  Fg since if this was the case it would be more difficult for the wind to  break through 

the core to  form  the outflow. For the extrem e case of the m om entum -driven model, 

and the upper lim it to Fc derived from the Hira.no et al. da ta , I find th a t M* >  1.2 M g, 

which seems m ore reasonable than  the 10 M g reqnired for the disk models, given its  

lum inosity. The observed subm illim etre source can, therefore, collim ate the flow, and 

I suggest th a t the  outflow in B335 is more likely to be due to  an isotropic stellar wind 

th a t has been collim ated by the surrounding cloud core th an  a  disk wind. C abrit et al. 

also present argum ents for the collim ation of the flow by the cloud core based on CS 

m easurem ents of the velocity dispersion.

If the outflow is due to  a stellar wind th a t is intrinsically anisotropic (e.g. H artm ann 

& M acG regor 1982) then the constrain ts on the mass of the central object are less 

severe, and M* can be less than  1 M g. Indeed, an anisotropic, bipolar wind would help 

to explain why the core has not yet been dispersed perpendicular to  the outflow axis.
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2.5 C o n c lu s io n s

H igli-resolution subm illim etre continuum  m easurem ents have been m ade of the fa r -  

infrared source in  the isolated Bok globule B335. It is resolved perpendicular to  the 

axis of the accom panying outflow in an 8 arcsec beam , b u t unresolved parallel to  it. 

These m easurem ents have enabled us to  set an upper lim it on the physical size of the 

source, which is believed to  be a very dense (n (H 2) >  5 X 1013m - 3 ) core of dust and 

gas surrounding the object in the centre. W ithou t higher resolution m olecular line 

observations the  precise relationship betw een the two is unknown. The position of the 

subm illim etre continuum  core coincides exactly w ith all the m olecular line peaks. This 

core is found to  be capable of collim ating an in itially  isotropic wind in to  the observed 

bipolar structu re .

T he central object does not appear to fit the currently  popular models for proto- 

stellar evolution. Its high A y ,  low luminosity, and the presence of an outflow provides 

three possibilities: (i) th a t outflow is possible from p ro tostars  much younger than  had 

previously been expected, (ii) th a t  the source of the lum inosity is a m ore evolved pro­

to sta r w ith an outflow th a t has a much lower mass a n d /o r  accretion efficiency th an  has 

been inferred in T aurus, and the high A y  is due to  the orientation of the source, or (iii) 

th a t the source is already well-evolved and is a p re-m ain  sequence sta r th a t for some 

reason has rem ained deeply embedded.

34



C h a p te r  3

N G C  2024

3.1 I n tr o d u c t io n

NGC 2024 (also known as Orion B, W 12, G206.5-16.4) is a bright HII region in the 

Orion m olecular cloud complex. A t optical wavelengths its appearance is dom inated 

by a dark  dust lane th a t lies in front of the HII region, though in the  near-infrared  

the region is found to  contain m ore th an  th irty  point sources coincident w ith the radio 

continuum  emission (Barnes et al. 1989). A ridge of m olecular gas appears superim posed 

on the dark lane, and Thronson et al. (1984) suggested th a t the two were of the same 

origin and th a t the dense m olecular cloud lay in front of the HII region. However, recent 

observations have led to a p icture for the geom etry of the region in which the dense gas 

lies behind the HII (C rutcher et al. 1986; Mezger et al. 1988; Barnes et al. 1989). A 

schem atic d iagram  of this geom etry is shown in Figure 3.1. The interface betw een the 

radio HII region and the dense m olecular cloud is an ionisation front, and is also the 

site of considerable m olecular hydrogen emission (Barnes et al. 1989).

As p a rt of a  search for p ro tostellar condensations without lum inous stellar cores,

i.e., cold sources w ith dust tem peratures of about 14 K whose sole heating source is the 

in terste llar rad ia tion  field (ISR F), Mezger et al. (1988) m apped the m olecular ridge in 

NGC 2024 w ith the IRAM  30 m telescope in 1.3 mm dust continuum . They found th a t 

the cloud contained six m illim etre sources (Figure 3.2), which they in terp re ted  as h igh- 

density (n(H ) ~  1014 — 1015m - 3 ), cold (Taust ~  16Iv), isotherm al condensations, on 

the basis of the colour tem peratu re  derived from their liigh-resolution 1.3 mm m apping 

and lower resolution 350 /¿m m apping. The full continuum  spectrum , which includes 

da ta  taken w ith much bigger beams than  the 11 arcsec of the 1.3 mm m easurem ents of
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North

Figure 3.1: Schematic diagram  showing the arrangem ent of features of 
N G C2024 (adap ted  from  Barnes et al. 1989). The physical scale bars 
shown are for an assum ed distance of 450 pc.

Mezger et al., indicates th a t a w arm  dust com ponent of 45 K is still needed to  account 

for the far-in fra red  flux betw een 40 and 160/xm (Thronson et al. 1984). Mezger et al. 

therefore proposed th a t the cold pro tostellar condensations were em bedded w ithin much 

w arm er, less dense, gas and dust, th a t was perhaps heated externally  by the foreground 

HII region. If these six cores were tru ly  protostellar condensations they would be the 

first to  have been detected, and therefore w arrant detailed observations of the physical 

conditions present w ithin them .

F IR 6 is coincident w ith an H2O m aser (Genzel & Downes 1977), and has also re­

cently been found to be the source of a very energetic, young outflow (Richer 1990). 

There is extensive, highly-collim ated, high-velocity gas stretching approxim ately 5 arc- 

min n o rth -so u th , bu t here there are conflicting results. A m ap m ade w ith the 14m  

telescope of the Five College Radio A stronom y O bservatory (FCRA O ) in CO J  — 2 — 1 

(Sanders & W illner 1985) shows bipolar s tructu re  w ith red-shifted  emission toward the
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a 1950=O5h39m+

Figure 3.2: 1.3 mm  continuum  emission from NGC 2024, from Mezger et 
al. (1988).

south and b lue-sh ifted  emission tow ard the north , centred in the region of F IR 5 /F IR 6 . 

However, a  m ap in the same line m ade w ith the 15 m Jam es Clerk Maxwell Telescope 

(JC M T ) shows no such blue-shifted  emission (Richer et al. 1989), indicating a  unipolar 

struc tu re  for the h igh-velocity  gas. A t the present tim e it is not clear which set of ob­

servations are in error. This makes identification of the exciting source of the extended 

outflow extrem ely difficult based on positional coincidence, though it seems m ost likely 

to be either FIR 5 or F IR 6. A highly reddened near-infrared  source was found by Barnes 

et al. (1989) close to  FIR5 and F IR6 which they propose as a candidate for the origin 

of the CO outflow, though it is not associated with either of the dense cores.

A lthough the presence of phenom ena commonly associated with liigh-m ass s ta r for­

m ation shows th a t  a t least one of the m illim etre cores contains a young stellar object, 

in disagreem ent w ith  the contention of Mezger et al. (1988), the o ther five still require 

investigation. Consequently, CS and C34S J  — 7 — 6 observations of the molecular 

cloud have been carried out to  ascertain the excitation conditions w ithin the cores, in 

an a ttem p t to  shed light on the evolutionary sta te  of the sources, and to determ ine the 

d istribu tion  of dense m olecular gas on small scales to  compare w ith the dust continuum .
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An in itia l search for near-in frared  coun terparts to  the F IR  sources has also been un­

dertaken, to  test the hypothesis th a t the rem aining cores do not contain self-lum inous 

sources.

The results of the work on NGC 2024 are presented as follows. F irst of all the con­

clusions derived by Mezger et al. (1988) from the existing continuum  d a ta  are discussed. 

Then, h igh-reso lu tion  CS and C3'’S J  =  7 — 6 spectra  are presented and in terpreted  

w ith reference to the physical conditions w ithin the dense cores and the evolutionary 

s ta te  of the sources. Finally, the results of the near-in frared  search for stellar objects 

associated w ith  the m illim etre cores are presented. All this work has been carried out in 

collaboration w ith  Toby M oore, and M att M ountain helped with the CS 7 — 6 m apping 

observations. The CS 7 — 6 d a ta  have been published by M oore et al. (1989), and the 

near-in frared  d a ta  by M oore & Chandler (1989).

3.2 E x is t in g  c o n t in u u m  d a ta

The in te rp re ta tion  by Mezger et al. (19S8) of the 1.3m m  dust continuum  d a ta  as iso ther­

m al p ro tostellar cores requires careful consideration. Such objects represent a missing 

link observationally between quiescent clouds and young stellar objects th a t display 

the fam iliar signs of s ta r form ation such as energetic outflow and winds. The prim ary 

reason why they have rem ained as yet undetected is th a t they are extrem ely fain t, de­

riving their lum inosity  solely from the heating of dust grains by the rad iation  field th a t 

perm eates the Galaxy.

The appearance of isotherm al p ro tostellar condensations heated externally  by the 

G alactic ISRF has been calculated by M athis, Mezger Sz P anag ia  (1983). The equilib­

rium  tem peratu re  a tta in ed  by dust w ithin a condensation is approxim ately 10 to 15 K, 

and its  lum inosity  depends on the surface area being subjected to  the rad ia tion  field. 

Identifying such an object unam biguously as a cold, isotherm al “p ro to s ta r” therefore 

requires a  de term ination  of the dust tem perature  w ithin the core. This is only possible 

if h igh-resolution d a ta  is available for several frequencies, so th a t the full continuum  

spectrum  of each source can be modelled.

The continuum  d a ta  used by Mezger et al. are shown in Figure 3.3. They include 

far-in frared  d a ta  taken  w ith  a 49 arcsec beam  from Thronson et al. (1984), the 400/xm 

in tegrated  flux from  Hudson & Soifer (1976) observed w ith a  1.6 arcm in beam , a 1m m  

point taken w ith a  3.9 arcm in beam  (Chini et al. 1984), the 1.3 mm flux from Mezger
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et al., and their 350 pm  d a ta  taken w ith a 30 arcsec beam . A three-com ponent model 

was constructed  to  account for the observed d a ta , w ith warm  dust a t 45 K responsible 

for the shorter wavelength emission, and two cool com ponents a t 16 K invoked to fit the 

m illim etre da ta . The cool dust emission was separated  in to  th a t orig inating from the 

cores them selves, labelled w ith a 350 pm  optical depth  of 0.6 in Figure 3.3, and th a t 

originating from extended background emission, labelled w ith a  350 pm  optical depth  

of 0.1. The dust em issivity was assum ed to  vary as v2 w ithin their m odel, and the cool 

16 K com ponent dom inates the emission at wavelengths longer th an  350 pm .

X in (im

Figure 3.3: The in tegrated  dust emission spectrum  of N G C2024 and its 
decom position in to  three com ponents, from Mezger et al. (1988).

However, the m odel pu t forw ard by Mezger et al. to  account for the continuum  

spectrum  is no t unique, and there are other physical mechanisms th a t can m ake the 

spectral index appear less steep and enhance emission at long wavelengths th an  invoking

10
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a single tem pera tu re , cool, m assive dust com ponent. There is considerable struc tu re  in 

the radio continuum  on scales of a few arcsecs (Barnes et al. 1989) th a t could contribute 

to the flux a t longer wavelengths, though Mezger et al. claim th a t the m ap shown in 

Figure 3.2 was not affected by free-free emission. Since the na tu re  of tem pera tu re  gradi­

ents w ithin the dense m olecular cloud is unknown w ithout high—resolution observations 

at shorter wavelengths, it is perhaps more consistent to  trea t the eight m easured in te ­

grated  fluxes as orig inating from a single tem peratu re  dust com ponent, and relax the 

constrain t on the spectral index of the dust emissivity to  fit the data.

Acceptable fits (x2 < 4 w ith four degrees of freedom) consistent w ith the 30% error 

bars used by Mezger et al. can be obtained for all tem peratures betw een 42 and 70 K. 

These two extrem es are shown in Figure 3.4. The corresponding values of the dust 

emissivity index ¡3 lie between 1.6 and 2.0 respectively, and the 350/rm  optical depth 

varies from  being approxim ately  0.013 a t the lower end of the tem pera tu re  range to  0.67 

for Tdusl =  70 K. A relatively high optical depth is required for the high tem peratures, 

to account for the position of the tu rn -over in the spectrum . However, as far as using 

the x 2 s ta tis tic  as a m easure of the goodness-of-fit, the two extremes p lo tted  are equally 

valid. The indication is th a t the spectrum  itself does not require a cold dust com ponent, 

though of course this does not rule out the presence of tem pera tu re  gradients.

W hile a sing le-tem peratu re  fit is no more physically reasonable th an  a m u lti-  

com ponent m odel, there are insufficient d a ta  to  w arrant a detailed model including dust 

at several different tem peratures. Using the param eters from the sing le-tem peratu re  

fits reduces the  m ass, column density and num ber density of the cores by a  factor of 5.5 

on average relative to  those given in Mezger et al. (1988). The new values for each core 

are listed in Table 3.1, where the linear sizes m easured by Mezger et al. have been used 

to determ ine the densities.

The new num ber densities calculated using the revised dust tem peratures are still 

extrem ely high. The m ajor difference in using a dust tem peratu re  higher th an  the 16 K 

assumed by Mezger et al. is th a t the corresponding lum inosity of each core im plied by 

the observed 1.3 mm  flux is larger by up to a factor of 350. If the cores have lum inosities 

of 102 to  103 1/0 (obtained for tem peratures between 42 and 70 K) ra ther th an  the low 

values obtained using a tem peratu re  of 16 K (which lie in the range 2 to  9 Lq for the 

various cores), then  in ternal heating sources are needed. For a dust emissivity index (3 

of 2.0 the m ost lum inous source is FIR4, since it has the largest linear ex ten t and is the
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Wavelength (/¿m)

Figure 3.4: Two possible sing le-tem perature  grey body fits to the spec­
trum . T he solid curve is for Tdust =  42 K, and the dashed curve has 
Tdust =  70 K.

m ost optically th in , m aking it possible for significantly more energy to be rad ia ted  at 

shorter wavelengths th an  for the o ther cores.

Clearly a  single h igh-resolution m easurem ent alone cannot identify w hether the 

dense cores have em bedded young stellar objects, or if they have, the natu re  of those 

sources. F u rther h igh-resolution continuum  m easurem ents, ideally a t subm illim etre/ 

far-infrared  wavelengths, are needed to complete the continuum  spectra and enable the 

dust tem pera tu re  of the individual FIR  sources to  be determ ined.

3.3 CS em iss io n

D eterm ination of the excitation conditions of the gas w ithin the cores F IR l-6 is obvi­

ously a crucial step towards clarifying the evolutionary sta te  of the m illim etre sources. 

CS J  =  7 — 6 requires high densities of around 1013m -3 for the transition  to  be ther-
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Table 3.1: Revised core properties.

Source M h

( M 0 ) ( m - 3)
N u

( m - 2)

F IR l 2.0 >  1 .7 X 1 0 14 5 . 1 X 1 0 28
F IR 2 3.0 2 . 5 X 1 0 14 7 . 6 X 1 0 28
FIR3 6.7 >  1 .3 X 1 0 14 6 . 4 X 1 0 28
FIR4 5.2 3 . 9 X 1 0 13 2 . 6 X 1 0 28
FIR5 10.8 2 . 1 X 1 0 14 l.O xlO29
F IR 6 4.3 >  7 .0 X 1 0 13 3 . 6 X 1 0 28

m alised, though densities g reater than  1012m -3 can produce significant emission. The 

J  — 7 level is a t E rot/ k  = 66 K, m aking the 7 — 6 transition  ideally suited to  tracing 

w arm , dense m olecular gas. It has already been detected in NGC 2024 using a 1.2 arcm in 

beam  by Evans et al. (1987), though its relationship to the m illim etre cores rem ained 

unclear. W ith  the aim  of m apping the d istribution of the warm  gas observations of the 

same line have been carried out using an angular resolution of 15 arcsec. Also presented 

below are spectra  of the 7 — 6 transition  of the rare isotope C34S which have enabled 

the column density of h igh-excita tion  gas to  be calculated.

3 . 3 . 1  O b s e r v a t i o n s

The CS J  =  7 — 6 transition  at 342.882949 GHz was m apped w ith the JC M T  on M auna 

Kea, Hawaii, during 1988 Septem ber using a com m on-user 345 GHz Schottky receiver. 

Spectra were obtained w ith  a. 1024-channel acousto-optical spectrom eter (AOS) having 

a channel w idth of 488 kHz and spectral resolution of 1 MHz. The ridge containing 

F IR l-6 in NGC 2024 was m apped w ith a  15 arcsec beam , using a regular grid, w ith 

points separated  by 8 arcsec. The area was well-sam pled except towards F IR l, where 

only two spectra  were obtained fu rther to  the north . The pointing was checked at 

intervals of abou t 45 m inutes against the molecular line peak in O M C l (M asson et al.

1987), resulting in an rm s error of 3 arcsec. The spectra were corrected for rear spillover, 

atm ospheric and ohmic losses (Ivutner Sz Ulicli 1981), resulting in units of T * . A point 

a t an offset 30 arcm in east and 15 arcm in south was used as the reference position.

Individual spectra  of CS 7 -  6 were taken towards the positions of F IR l to  F IR6 

given in Mezger et al. (198S) in 1990 February, together w ith C34S 7 - 6  spectra  a t 

337.396602 GHz of F IR 2-6. The same 345 GHz receiver was used, this tim e combined
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with an AOS having a channel w idth 250 kHz and spectral resolution of 330 kHz. Sys­

tem  tem peratures of around 3000 K resulted in an rms noise of 0.3 K per channel for 

the 30 m inute in tegrations used for the C34S spectra, and 0.5 to  0 .7 Iv for the shorter 

in tegrations for the  CS spectra. The pointing was excellent, good to  approxim ately 2 

arcsec rm s. The off-position used was a point 4 arcm in west. The m ain-beam  efficiency 

rjMB was equal to  0.6 for bo th  sets of observations.

3 . 3 . 2  R e s u l t s

The result of the CS 7 — 6 m apping is presented in Figure 3.5. It shows the an tenna 

tem pera tu re  T*  in teg rated  over the whole line, J T * ( V ) d V ,  in Figure 3.5(a); the rms 

noise level is approxim ately  2 .5 K k m s_1. Figure 3.5(b) displays the peak value of T* ,  

where the rm s noise is approxim ately 1.0 K. The positions of F IR l-6 are m arked on the 

m ap, so th a t the d istribu tion  can be easily compared w ith th a t  of the dust continuum  

in Figure 3.2.

The spectra  taken  towards each core are shown in Figure 3.6. A reference position 

located directly betw een FIR4 and FIR5 was observed to  com pare w ith the emission 

from the cores, and is m arked R E F in Figure 3.6(e). The results are sum m arised in 

Table 3.2, where the peak value of T*  is given for both  lines in  each source, together 

with the centre E l s r  and the full w idth a t zero intensity.

Table 3.2: Observed CS param eters for the F IR  sources.

Source T *  (CS 7 - 6 )  
(K)

T*  (C34S 7 - 6 )
' (K)

F l s r  
( km  s_1)

FW ZI of CS 
line ( k m s- 1 )

F IR l 7.6 — 11.0 2.6
FIR2 8.2 1.4 10.6 3.2
FIR3 9.8 1.9 11.0 3.3
FIR4 8.9 1.5 11.2 3.8
FIR5 5.8 2.0 11.7 3.6
F IR6 6.8 1.3 11.7 6.0
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Figure 3.5: (a) In tegrated  CS 7 — 6 emission f  T * ( V ) d V  from NG C2024. 
Contours are draw n at 5, 10, 15 and 2 0 K k m s- 1 . (b) Contours of peak 
T*  a t in tervals of 1.5 K , s ta rtin g  from a base level of 3 K. The (0,0) 
position in bo th  m aps is a t cv(1950) =  5h39m12.2s, <5(1950) — —l o56'30".

3 . 3 . 3  D is c u s s io n

3 .3 .3 .1  M o rp h o lo g y  a n d  L T E  a n a ly s is

The m aps in Figure 3.5 show clearly th a t the warm  m olecular gas traced by the  CS 

7 — 6 emission is localised at or very near the positions of the m illim etre condensations 

reported by Mezger et al.. This indicates th a t there are discrete regions of heated gas 

associated w ith each of the FIR  sources, except perhaps a t F IR l where the m ap was 

poorly sam pled. The spectrum  taken towards F IR l shows th a t in fact there is significant 

emission a t th is position.

In order to  obtain  estim ates of the optical depth in CS 7 — 6 towards each source, 

the CS and C3'fS line profiles (Figure 3.6) have been fitted sim ultaneously to  a function 

of the form
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Figure 3.6: CS and C3'*S 7 — 6 spectra of the cores and reference position 
in NG C2024.
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T * (V )  = T0( l - e T(y )) (3.1)

with

r ( y )  =  r0e - (y - yo ) W .

The optical depth  as a function of velocity r (V )  is assum ed to  have a Gaussian d istri­

bution centred on y 0, and a  dispersion yD. The optical depth  in the centre of the line To 

of each species is assum ed to  be related  by ro(CS) =  t 0(C34S )X (C S )/X (C 34S), where 

X (C S )/X (C 34S) is the abundance ratio  of the CS and C34S molecules.

The line profiles for F IR 2-6  are w ell-fitted by the function given in equation 3.1, 

w ith an abundance ra tio  of approxim ately 10. Higher values of X (C S )/X (C 34S) th an  

this require higher optical depths in the CS 7 — 6 line, and im ply correspondingly 

lower excitation  tem pera tu res so th a t the C34S line is then  fain ter th an  th a t  observed. 

Results of the best fits for X (C S )/X (C 34S) =  20 are also given in Table 3.3 since it 

is inform ative to  exam ine the effect of the assum ed value on the derived excitation 

tem peratu re . T em peratu re  and density gradients can enhance the C34S emission above 

th a t obtained from a  homogeneous m edium , so a ratio  of 10 does not necessarily imply 

th a t the true  abundance ra tio  is o ther than  the terrestria l value of 23 (although Frerking 

et al., 1980, find th a t  the  ra tio  is lower th an  terrestria l by factors of 2 to  4 in in terste llar 

clouds). In particu la r, an outw ardly decreasing gradient in the excitation tem pera tu re  

can cause an apparen t decrease in X (C S )/X (C 34S), since optically-th ick  CS emission is 

absorbed in the cooler ou ter layers while the C34S emission rem ains unaffected. If this 

is the case, as seems m ost likely, and the true  abundance ra tio  is nearer the  terrestria l 

value, then the optical depth  derived assum ing X (C S )/X (C 34S) =  20 will be over­

estim ated  and the excitation  tem pera tu re  of the w arm  em itting  region under-estim ated . 

This should be borne in m ind when the results of the fitting  are discussed below.

The optical depth  of the CS 7 — 6 transition  for each source follows the  hydrogen 

column density  found from  the 1.3 mm continuum  d a ta  (Table 3.1) closely, in  the  sense 

th a t the source w ith the lowest column density, FIR4, is also the source w ith the  lowest 

CS optical depth , and FIR.5 is the m ost optically thick. This lends -weight to  the 

argum ent th a t the CS 7 -  6 emission originates from the FIR  cores.

The excitation  tem pera tu re  can be calculated using equation 1.18. Numerically,

for CS 7 — 6 , th is can be w ritten

T  16-5
ex in ( i  +  16-5gr-£=n) '
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Table 3.3: F itted  param eters for CS and C34S spectra.

Source ro(CS) Vo VD 
( k m s - 1 ) (k m s - 1 )

Peak 
T * (C S) (K)

Peak 
T * (C 34S) (K)

X (C S )/X (C 34S) =  10

F IR 2 1.11 10.64 0.92 7.90 1.24
FIR3 1.01 11.09 0.91 9.14 1.38
FIR4 0.21 11.38 1.06 8.66 0.99
FIR5 2.18 11.73 0.80 5.47 1.21
F IR 6 0.99 11.54 1.52 5.94 0.89

X (C S )/X (C 34S) =  20

F IR 2 2.49 10.64 0.82 7.59 0.97
FIR3 2.22 11.09 0.82 8.86 1.04
FIR4 0.97 11.39 0.97 8.79 0.67
FIR5 3.80 11.73 0.71 5.29 0.94
F IR 6 1.89 11.52 1.39 5.80 0.62

The rad ia tion  brightness tem pera tu re  TK is obtained by correcting the an tenna  tem per­

atu re  T*  for the m ain -beam  efficiency t?mb, and the source-beam  coupling efficiency r)c, 

giving Tr =  T * / tìmbt)c. Since r)c depends on the (unknown) source struc tu re  w ith in  the 

beam , the value of Tex has been calculated for two representative values of 7?c =  1.0 and 

77c =  0.5. T he results for abundance ratios of both  10 and 20 are listed in Table 3.4.

Table 3.4: E xcita tion  tem peratures for various values of rjc.

Source X (C S )/X (C 34S) =  10 X (C S )/X (C 34S) =  20
Tex(7?c= i .o )  r ex(77c= o.5) r ex(77c= i.o )  r ex(7?c=o.5)

F IR l a >19.8 >32.9
FIR2 27.0 47.0 21.0 35.2
FIR3 31.5 55.8 23.9 40.8
FIR4 87.6 167.4 31.1 55.0
FIR5 17.2 28.0 15.9 25.4
F IR 6 23.0 39.2 18.4 30.3

a Lower lim it obtained by assuming 7o(CS) >  1.

The difference betw een the excitation tem peratures calculated using abundance 

ratios differing by a factor of 2 are surprisingly small, and for all the sources except 

F IR 5, there is every indication th a t the excitation tem peratu re  is considerably higher 

than  16 K. An absolute lower lim it has been calculated for F IR l by assum ing th a t
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the CS emission is very optically thick, since no C34S d a ta  exist for this source. It 

seems likely th a t  excitation  tem peratu res of 40 to  50 K are applicable to  m ost of the 

m illim etre cores, sim ilar to  the sing le-tem peratu re  fits to  the continuum  spectrum , w ith 

FIR4 being particu larly  warm . The column density  of CS molecules can be estim ated  

by assum ing LTE, so th a t for the 7 — 6 transition  the optical depth is related  to  N ( CS) 

by

iV(CS) =  4.4 X 1015r oVDTexe49-4/ T” ( l  -  e16-5/7 ex) - i  m -2

where a Gaussian velocity d istribu tion  w ith velocity dispersion VD in k m s-1 has been 

assum ed. Values in the range 0.9 — 3.8 X 1018m -2 (the lowest value is for FIR4, the 

highest for FIR5) are obtained using the optical depths calculated for an abundance ra tio  

of 10, while for an abundance ra tio  of 20 CS column densities lie betw een 1.5 — 6.5 X 

1018m ~2. A ssum ing a  CS fractional abundance relative to  m olecular hydrogen X (C S ) 

of 5 X 10-9 (Irvine, G oldsm ith & H jalm arson 1987) gives hydrogen column densities of 

2 x 1026 to  1027m - 2 .

The derived excitation  tem peratu res are sim ilar to  those found from  the far-in frared  

continuum  (T hronson et al. 1984), leading Mezger et al. to  argue th a t the CS emission 

also originates from  the w arm er gas in  front of the m illim etre cores. However, in order 

to  produce num ber densities of the order of the critical density for significant excitation 

of the 7 — 6 line, the ex ten t of the em itting  regions m ust be less th an  about 1 arcsec. It 

is extrem ely unlikely th a t  localised clumps of very high density gas should exist on the 

front face of the m olecular cloud coincident w ith the FIR  cores, so these d a ta  provide 

evidence th a t tem pera tu res significantly higher than  th a t assumed by Mezger et al. 

apply to  the m illim etre cores, and th a t they contain self-lum inous em bedded sources.

3.3 .3 .2  Ind iv id ua l  cores

A further indication of high optical depth towards FIR5 and F IR6 is the fact th a t 

the in tegrated  emission peaks a t or near the F IR  sources, whereas the peak an tenna 

tem pera tu re  does not. O ptically-th ick  emission from the cores are more prone to  self­

absorption by cooler foreground m aterial, depressing the observed peak T*.

The CS 7 — 6 spectrum  of F IR6 is strikingly wide compared w ith the o ther sources, 

and its profile is the least well described by a G aussian velocity d istribu tion . The 

best explanation for the presence of such a feature is th a t extrem ely dense m ateria l is 

in teracting  w ith the energetic young outflow found by Richer (1990). This outflow is
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still very young (its dynam ical age is estim ated  to  be 400 years), and very lum inous 

(jLco — 15L q), w ith a to ta l kinetic energy of 7.0 X 1037J. For the  m ass determ ined 

by the m illim etre continuum  observations and the  velocity dispersion m easured in the 

CS 7 — 6 line, the kinetic energy of dense gas is approxim ately 1.1 X 1037 J. Now if 

the core were acting as the collim ating m echanism  of the outflow, and the outflow were 

the result of a spherically sym m etric stellar wind th a t  had broken out of the core in 

opposite directions, the rem ainder of the energy being dum ped in to  the core itself, then 

the core would have considerably m ore kinetic energy th an  observed. The collim ation 

of the outflow m ust therefore occur closer to  the source, and the wide lines seen in CS 

m ust be the result of the h igh-velocity  gas in teracting  w ith the surrounding m edium  as 

it emerges from  the  core.

This explanation would also seem to  apply to  the h igh-resolution HCO+ interfer­

om eter m ap of Barnes & C rutcher (1990), though their in te rp re ta tion  of the  observed 

features is m uch more exotic. They find HCO+ em ission a t different velocities offset 

spatially, and invoke an expanding torus centred on F IR 6 to  account for the morphology 

of the emission. They also see a “plum e” a t a  velocity of 1 5 k m s_1 extended n o r th -  

south whose origin they deduce to  be less th an  8 arcsec from  FIR5. I t is therefore likely 

th a t the large-scale, extended outflow is rela ted  to  the h igh-velocity  dense gas traced 

by the H CO + , and th a t bo th  originate from  an embedded source w ith in  FIR5.

F IR 6 is the only source showing signs of sm all-scale energetic ac tiv ity  in the CS 

spectra, and a m ore plausible explanation for the HCO+ m orphology th an  the ellipse 

of an inclined expanding torus of Barnes Sz C rutcher, is the presence of high-velocity, 

entrained dense gas. The sense of the velocity shift of the HCO+ is the same as th a t of 

the CO outflow, w ith b lue-sh ifted  emission to  the northeast and red-sh ifted  em ission 

to the southw est. This fits in w ith the picture th a t F IR6 contains a  very young stellar 

object th a t has not yet dispersed the dense cloud core.

FIR5 is on the edge of the m olecular cloud im m ediately south of the prom inent radio 

emission from the HII region (Barnes et al. 1989), and its location could be the reason 

for the lack of b lue-shifted , high-velocity CO (Richer et al. 1989). The northern  lobe 

probably expands directly in to  the HII region, and there is the definite possibility th a t 

the 0 9  s ta r  responsible for the ionisation is also em bedded nearby. The high hydrogen 

column density of FIR5 would then  explain why no near-infrared  or optical counterpart 

has yet been identified, although it seems unusual th a t such a lum inous source would
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be em bedded in the  coolest F IR  core, and there is no sign of a com pact HII region 

coincident w ith it. Clearly near-in frared  polarisation  m easurem ents are required in 

order to  determ ine unam biguously which is the  exciting s ta r  of the HII region.

The o ther source th a t  is in teresting  is a t the  o ther extrem e, FIR4. It has the 

lowest optical depth  in bo th  CS and dust continuum , and holds the m ost promise for 

the detection of an associated stellar object. The search for near-in frared  sources th a t 

could be em bedded w ithin the m illim etre cores is described in the following section.

3.4  N e a r —infrared  im ag in g

The results of the CS and C34S 7 — 6 observations clearly show th a t the m illim etre cores 

discovered by Mezger et al. (1988) are quite w arm , w ith gas excitation tem peratures 

higher th an  20 K, and m ore likely to  be in the region of 40 to  50 K. This requires the 

cores to  contain h o t, em bedded young stellar objects as the source of the  lum inosity, 

and prom pted an in itia l search for near-infrared  counterparts to  the  m illim etre sources. 

The results of the m edium -sensitivity , h igh -spatia l resolution, near-in frared  continuum  

observations in  the N G C2024 region are presented below.

3 . 4 . 1  O b s e r v a t i o n s

The observations were m ade as p a rt of the Service Observing Program m e a t the 3.8 m 

U.K. Infrared Telescope (U K IRT) on M auna Kea, Hawaii, on O ctober 24, 1988 w ith 

the com m on-user near-in frared  array  cam era IRC AM l l  The cam era was operated  a t 

the scale of 1.24 arcsec per pixel, resulting in an area of 77 x 72 arcsec per fram e. Expo­

sures were taken  w ithout sky chopping, through b road -band  filters a t J  (1 .25/tm ), H  

(1.65/rm ) and K  (2.22 /rm) towards fields centred on a(1950) =  5h39m11.5s, ¿(1950) =  

—1°55'47", and 5h39m13.3s, —1°57/15". C alibration observations were carried out using 

the infrared s tan d ard  s ta r  HD40335, assuming J  =  6.55, H  =  6.47 and K  =  6.45, and 

the absolute calibration uncertain ty  is estim ated to be about 10%. The dark current 

was sub trac ted  from  the image and sky fram es, and the image frames were then f la t-  

fielded by dividing by frames of nearby sky (at an offset of 10 arcm in east). O n-source 

in tegrations of 60 seconds yielded rms noise levels per pixel a t J ,  H  and K  of 0.021, 

0.027 and 0 .028m Jy  ((3.9, 2.9, 1.7) X 10-17 W m -2 /¿m_1) respectively. Stellar images

1 Andy Longmore, T im  Hawarden and Tom Geballe are acknowledged for approving and performing 
the U K IR T Service observations. U K IR T is operated on behalf of the U.K. Science & Engineering 
Research Council by the Royal Observatory, Edinburgh.



have half-pow er w idths of 1.9 arcsec in all the fram es, the  spatia l resolution being lim ­

ited  by the seeing. The absolute pointing accuracy of the observations is approxim ately 

2 arcsec.

3 . 4 . 2  R e s u l t s

The J , H  and K  fram es covering F IR l-6 are shown in Figure 3.7, where the  positions of 

the m illim etre cores are m arked by crosses. The brigh t object off the eastern  edge of the 

northern  field is the near-in frared  sta r N G C2024 #2  (G rasdalen 1974). The absolute 

value of the background level chosen may differ between the northern  and southern 

fields, since there is considerable diffuse emission in  the region originating from  dust 

heated by the HII region, and possibly from scattered  light.

In the southern field, covering FIR5 and F IR6, no sources were detected w ithin 

6 arcsec of the  1.3 m m  positions of either object. The source in itially  proposed as a 

possible origin of the extended CO outflow by Barnes et al. (1989), IRS 31, is ju st about 

visible in the K  fram e at an offset of Ac* = 2 arcsec, A S  =  —78 arcsec, and is m entioned 

for reference only. No photom etry  of this source is possible because it is too  close to  

the  edge of the fram e.

The near-in frared  sources detected are listed in Table 3.5, w ith  K  flux densities 

and H  — K  and J  — H  colours, where available. One of the sources in the  IRCAM  

fram es, listed as source 29 in Table 3.5, has also been observed by Barnes et al. For 

com parison, they ob tain  values of J  — 13.5, H  = 11.2 and K  = 9.5, whilst photom etry  

from the IRCAM  fram es give J  — 13.3, H  =  11.2 and K  =  10.0. The difference in the 

K  m agnitude is probably  because the 10 arcsec aperture  used by Barnes et al. included 

source 31 (Table 3.5; this is not  the same source as IRS 31 found by Barnes et al.) and 

a considerable am ount of extended emission. This list is not a com plete sample of the 

near-in frared  sources in the IRCAM  fram es, and therefore cannot be used to  examine 

the lum inosity function of the objects detected. A more extended survey of the region 

is required for th a t , so th a t the extended diffuse emission can be accurately sub trac ted  

first.

Figure 3.8 displays the area, around the cores FIR4 a t H  and K ,  showing an unre­

solved object a t 2 /.im w ithin 2 arcsec of the m illim etre continuum  peak. Contours are 

the same as for Figure 3.7. The (0,0) position, m arked by a cross, is the position of the 

1.3m m  peak found by Mezger et al., a(1950) =  5h39m12.6s, ¿(1950) =  —1°56'10". This
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5 0  0

R.A. Offset (arcsec)

Figure 3.7: (a) J  fram es of NGC2024. Contours are a t 3a intervals of 
0 .062m Jy  per pixel above the sky background. The (0,0) position is the 
sam e as Figure 3.5.
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Figure 3.7: (b) H  frames of NGC2024. Contours are a t 5a intervals of 
0 .134m Jy  per pixel above the sky background.

54



o  
m

o<D
CO
o

0) o
CO

o
<D

□

O
in
I

R.A. Offset (arcsec)

Figure 3.7: (c) IC frames of NGC2024. Contours are a t lOcr intervals of 
0.278 m Jy  per pixel above the sky background.
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Table 3.5: Results of the near-in frared  photom etry.

Source O ther P osition“ S K J  -  H H  -  K A perture  b
nam e Ac* (") AS  (") (m Jy) (mag) (mag) (arcsec)

1 1RS 20 c +21 +  17 60 3.5 1.5 7
2 - 1 7 +  18 26 2.8 1.4 7
3 +36 +  19 15 >4.7 2.3 6
4 F IR 4 d +  5 +20 12 — >4.4 6
5 -3 5 +25 29 3.4 1.7 7
6 - 1 5 +28 33 2.4 1.1 7
7 +  16 +29 30 3.4 1.6 6
8 -  8 +30 5 >4.3 1.4 5
9 +  16 +40 91 2.8 0.8 7

10 -2 8 +40 38 3.1 1.6 6
11 +22 +42 30 3.7 1.6 6
12 +  9 +44 17 2.9 1.6 6
13 -3 3 +51 21 3.5 1.9 6
14 -  5 +52 9 >2.9 3.5 5
15 e -4 5 +55 5 — — 5
16 -20 +55 15 2.1 1.1 5
17 +19 +59 40 >5.5 2.6 6
18 +  6 +60 10 >4.1 2.4 5
19 - 1 9 +62 10 2.7 1.8 5
20 -11 +67 3 >3.2 2.1 5
21 -  4 +68 7 >3.6 2.6 5
22 - 2 4 +69 5 >3.5 2.2 5
23 - 3 8 +72 11 3.4 1.9 5
24 +  1 +74 3 1.5 1.4 5
25 +  14 +77 4 >2.9 2.4 5
26 +  4 +78 6 >2.9 3.0 5
27 -1 9 -7 4 15 1.5 0.6 7

28 1RS 22 c +26 -7 3 24 0.5 0.1 7

29 1RS 3 C + s -1 9 65 2.1 1.2 7
30 -20 -3 4 5 >3.8 1.9 5
31 +  5 - 1 6 11 >4.0 2.6

5
“ Offsets from a(1950) =  5h39m12.2s, ¿(1950) =  -1°56 '30". 
b The diam eter of a circular software aperture. 
c Barnes et al. (1989). 
d Mezger et al. (1988). 
e Not included in H  or J  frame.
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source is not detected  at H  or a t J ,  and photom etry  in a 6 arcsec circular apertu re  gives 

a K  flux density of S k  — 12m Jy. A 3cr upper lim it to  the peak surface brightness of 

FIR4 a t H  gives a lower lim it to  the H  — K  colour index of 4.4.

Associated w ith the 2 /on point source in FIR4 is a brigh t, com pact pa tch  of ex­

tended emission abou t 6 x 4  arcsec in size. This small nebulosity is clearly visible a t H  

and I i  bu t was only weakly detected at J .  In an elliptical apertu re  w ith a sem i-m ajor 

axis of 6.5 arcsec and eccentricity 0.5, S j  — 6m Jy , S jj =  25m Jy  and S k  — 61m Jy , 

w ith corresponding m agnitudes of J  — 13.6, H  =  11.6 and K  =  10.1. Therefore the 

colours in teg rated  over the nebula are J  -  H  =  2.0 and H  — K  =  1.5, considerably bluer 

than  the source itself.

The extended pa tch  of emission in all three southern  fram es at about A a  =  +40", 

A 8 =  —20" is coincident with the southern com pact peak (SC P) in radio continuum  

found by C rutcher et al. (1986).

3 . 4 . 3  D is c u s s io n

The weak 2 /im  poin t source in Figure 3.8(b) can be confidently identified w ith the 

dense core N G C 2024 FIR4. W ith in  the pointing accuracy of the present observations, 

the near-in frared  object is coincident w ith the 1.3 mm position quoted by Mezger et al. 

(1988). Also, the FIR4 candidate is the m ost reddened object found in  either of the 

fram es -  the m ean H  — Ii colour of all detected sources (Table 3.5) is 1.8 , whilst for FIR4 

H  — I i  > 4.4. This is consistent w ith the  model of the region described in section 3.1 

which places the 1.3 m m  cores in the densest p a rt of the m olecular cloud, behind the HII 

region. Hence these objects suffer greater extinction th an  the stars associated w ith the 

HII region itself, which are obscured only by the foreground dust bar. The new 2 /an  

source is also the only object clearly associated w ith localised extended emission, even 

though the region contains a large am ount of diffuse emission associated either with 

N G C2024 # 2  (the  very bright 2 /im  sta r found by Grasdalen, 1974; see Figure 3.7), or 

w ith the northern  com pact peak (N C P) in the radio continuum  (C rutcher et al. 1986).

The presence of near-infrared  emission is a clear indication th a t the core possesses 

a hot stellar source deeply em bedded w ithin it. The cold isotherm al condensations 

postu lated  by Mezger et al. would be completely undetectable a t 2 /an  and the external 

layers of such objects are unlikely to be heated to sufficiently high tem peratures (a 

few x 100 K) by a diffuse rad iation  field. In addition, the 2 /on source is less th an  2 arcsec
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Figure 3.8: (a) i yS/im surface brightness around FIR4. (b) The same 
region at 2-22/¿m. Contours are the same as for Figure 3.7.
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(<  1,000A U  at 450pc) in size and, since the observed dimensions of the dust core are 

approxim ately 14 X 8 arcsec (M ezger et al.), it is clear th a t  the near-in frared  emission 

cannot be from  an externally  heated layer around an otherw ise cold condensation.

If the observed 1.3 m m  flux is combined w ith an estim ated  tem pera tu re  and asso­

ciated dust optical depth , the bolom etric lum inosity of FIR4 can be approxim ated to 

be a few x 100 L0 . This gives a  rough upper lim it to  the K  band lum inosity  since, for a 

blackbody observed through a K  filter w ith passband w idth 0.4/zm, the m axim um  pos­

sible value of T/^'/Xbol is 0.13 (which occurs for a tem pera tu re  of 1670 K). Hence, from 

the observed K  flux density, a rough upper lim it to  the extinction tow ard the source 

w ithin FIR4 of A k  < 9 is obtained , im plying th a t A y  < 80, using the extinction law 

of Rieke & Lebofsky (1985). The corresponding foreground m olecular hydrogen column 

density is 1V(H2) <  8 x 1026m -2 (from the standard  conversion of Bohlin, Savage & 

Drake, 1978), sim ilar to  the value obtained from  the CS observations.

A peak 60 /zm optical depth  of tqo — 0.3 was calculated by Thronson et al. using 

a 50 arcsec beam  b u t, since th is value is likely to  be an average over large am ounts of 

extended and much m ore optically th in  emission, reo is probably much higher in the 

spatially  com pact cores. The rough extinction lim it of 9 m ag a t 2 /zm is consistent w ith 

Tgo =  0.3 bu t only applies to  FIR4 which, since it  is the only one detected in the n e a r-  

infrared, is probably the least obscured of all the cores. On the  o ther hand, near-in frared  

emission from sources w ith high optical depths out to  m id-infrared  wavelengths m ay be 

enhanced by high scattering  efficiencies in the 1 /zm to  3 ¿zm range and by the  effects of 

strong forw ard scattering  by large dust grains (Moore 1989). Also, the  d istribu tion  of 

extinguishing m ateria l m ay be anisotropic and the possibility of detection m ay depend 

on the orien tation  of the source.

The patch  of b right extended emission associated w ith the new near-in frared  source 

a t FIR4 (Figure 3.8) closely resembles the type of infrared reflection nebula associated 

w ith high-velocity  m olecular outflows, although on a small scale. The nebula is unipolar 

ra ther th an  sym m etrically b ipolar and the extended emission is much less reddened than  

the source, bu t these features are common (e.g. GSS30 in Opliiuchus: Castelaz et al., 

1985; SGS1 in NGC 1333: Castelaz et al., 1986; GG D27: Y am ashita et al., 1987; R 

Mon: Aspin et al., 1988 and Y am ashita et a l ,  1989). Since such nebulae are thought to 

arise from photons scattered  in the compressed dusty shell around a collim ated outflow 

from the central object, it is plausible th a t FIR4 is generating a sim ilar bu t sm aller
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outflow.

Com paratively un-reddened near-in frared  light is scattered  in the nebula towards 

the observer, after em erging through a region of reduced extinction, perhaps directly 

caused by the outflow. The scattered  light m ay become even bluer in  colour if the 

w avelength-dependent grain albedo falls rapidly  beyond about 1 n m  (as predicted by 

D raine & Lee, 1984). The common asym m etry of reflection nebulae is often explained 

as being due to  (and used as evidence for) the presence of a  large in terste llar disk around 

the central source, tilted  so as to  obscure and redden bo th  the source and the far lobe of 

the nebula. However, strong forw ard scattering  of near-in frared  rad ia tion  by large dust 

grains m ay also con tribu te  to  the alm ost universal suppression of the backw ard-directed  

lobe in b ipolar reflection nebulae (M oore 1989).

W ith in  FIR 4 there appears to  be a heavily extinguished, low to m edium  m ass stellar 

object which m ay be producing a com pact collim ated outflow. This description suggests 

a very unevolved T  Tauri s ta r , a type of object frequently associated w ith m assive winds 

and outflows th roughout a considerable portion of its early developm ent.

The current observations provide no evidence of near-in frared  rad ia tion  from  the 

o ther northern  F IR  cores. The source abou t 4 arcsec southw est of FIR2 (Figure 3.7) 

is unlikely to  be a true  association; the offset is twice the l a  positional uncertain ty  of 

the present da ta . A lthough the object (source 19) is som ewhat reddened (J  — E  =  2.7, 

H  — K  = 1.8) it is unresolved and its size and colour are not distinguishable from a 

num ber of unrelated  nearby sources in the larger observed area. This object, like the 

o ther sim ilar sources nearby, is m ost likely to  be one of the cluster th a t  includes the 

m ain ionising sources for the optical HII region.

Since, as observed in the m illim etre continuum , FIR4 is qualitatively no different 

from the five o ther F IR  cores found by Mezger et al., there are two plausible conclu­

sions th a t  m ay be draw n from the detection of near-infrared  emission and the inferred 

presence of a ho t cen tral source in only one of the four observed. It m ost likely th a t  the 

sources th a t  are currently  undetected in the near-infrared  also contain hot cores but 

are too deeply em bedded and too faint to  have been found by the present observations. 

A lternatively, if some or all of the undetected cores are subsequently found to  be true 

cold p ro tostars , it is clearly dem onstrated  th a t it is not possible to determ ine the natu re  

of a young em bedded source on the basis of only far-infrared  and (sub)m illim etre obser­

vations. In order to  discount either possibility more sensitive observations are required
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in the near-in frared  and m id-infrared  continuum , especially between 5 ¿¿m and 2 0 /¿m, 

where extinction is significantly reduced and where a hot dust spectrum  should peak. 

N ear-infrared polarim etry  will be required to  support the suggestion th a t  the nebulos­

ity  associated w ith FIR4 is due to  scattered ligh t in an outflow -associated reflection 

nebula.

3.5 C o n c lu s io n s

The liigh-resolution CS and C31S 7 — 6 observations have revealed the presence of 

dense, w arm  gas associated w ith the m illim etre continuum  sources in N G C2024 found 

by Mezger et al. (1988). The excitation tem peratures obtained from  the d a ta  are consid­

erably m ore than  the 16 K assum ed by Mezger et al. for the dust emission, and indicate 

th a t the sources contain in term ediate lum inosity (102 to  103 L0 ) em bedded young stellar 

objects. A re-analysis of existing continuum  d a ta  shows th a t a dust tem pera tu re  in the 

range 42 to  abou t 70 Iv fits the continuum  emission from the whole region well, w ithout 

the need for a  m assive cool com ponent to account for the  long-w avelength data .

The excitation  tem pera tu re  of the 7 — 6 line from the m ost extended m illim etre 

core, FIR5, is also the lowest, and this object is a  good candidate for the  source of the 

extended outflow th a t runs n o rth -so u th  over about 5 arcm in. A particu larly  wide CS 

7 — 6 line is observed towards F IR6, which has recently been found to  be the  origin of a 

very young and energetic outflow (Richer 1990). This is in terp re ted  as being the  result 

of a high-velocity  wind in teracting  w ith the surrounding cloud core, and I also suggest 

th a t  this m odel accounts for the existing high-resolution HCO+ d a ta  ra th e r than  the 

expanding torus pu t forward by Barnes & C rutcher (1990).

The lowest optical depth in the CS 7 — 6 line is found tow ards FIR4, wdbch is consis­

ten t w ith the detection of 2 /im  continuum  emission from th a t  source. The presence of 

near-in frared  emission is strong evidence th a t the core contains a hot em bedded stellar 

source ra th e r th an  a cold p ro tostellar condensation, as has been proposed. Accom pa­

nying the near-in frared  source is a compact unipolar nebula which has the  distinctive 

features of an infrared reflection nebula and is likely to  be associated w ith  an unevolved, 

collim ated outflow from the central object. In the m illim etre continuum , FIR4 is qual­

itatively  no different from the o ther cores in N G C2024 which w'ere not detected in the 

near-infrared . E ither the o ther cores are also hot sources but too deeply em bedded to 

have been detected by these observations, or far-infrared  and subm illim etre observations
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alone cannot distinguish between cold sources and deeply em bedded young stars.



C h a p t e r  4

D R 2 1 ( O H )

4.1 I n tr o d u c t io n

D R 21(0H ) is p a rt of a large complex of massive s ta r  form ation in the Cygnus X region 

of the sky. It lies 3 arcm in no rth  of the DR21 group of com pact HII regions, w ithin 

the sam e cloud. Dickel, Dickel Sz W ilson (1978) proposed th a t the DR21 cloud (V ls r  =  

- 3  k in s - 1 ) is in terac ting  w ith the W75 cloud (average V ls r  =  + 9 k m s _1), the la tte r  

showing a velocity gradient from +  l l k m s _1 near W 75N down to  -fS k m s-1 southeast 

of DR21. S tar form ation is occurring along a ridge at an angle of about 40° to  the 

G alactic plane in bo th  clouds. The m odel they described is shown in Figure 4.1.

D R 21(O H ), although having associated masers of OH (Norris et al. 1982), H20  

(Genzel &; Downes 1977) and CH3OH (B atrla  & M enten 1988) signifying the presence 

of h igh-m ass, young stellar objects, shows no sign of radio continuum  emission down 

to a lim it of lO m Jy at 14.5 GHz (Johnston, Henkel & W ilson 1984). This fact, plus the 

lack of any sign of the energetic outflow or shocked m olecular hydrogen such as th a t 

displayed by DR21 indicates th a t D R21(OH) probably contains source(s) a t a  younger 

stage of evolution.

H igh-resolution interferom eter m easurem ents in 1.4 mm continuum  (W oody et al. 

1989), form aldehyde 2U — 2!2 (Johnston et al. 1984) and therm al m ethanol emission 

(B atrla  &: M enten 1988) show structu re  on scales less than  10 arcsec, w ith two or more 

clumps associated w ith the various masers. More extensive m illim etre and subm illim etre 

m apping (R ichardson, Sandell & Krisciunas 1989; M angum, W ootten & M undy 1989) 

has revealed fu rther sources of dust continuum  emission w ithin an area of 1.5 x 1.5 

arcm in, w ith relatively low dust tem peratures (about 40 K), and molecular hydrogen
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Figure 4.1: Schematic model of the D R 21-W 75 region pu t forw ard by 
Dickel et al. (1978). The filled circles represent regions of enhanced 
tem pera tu re  and density as observed in CO emission, and the  open circle 
indicates a  region of increased line width.

num ber densities of approxim ately 1012m - 3 . A further H20  m aser source to  the north  

of DR21(OH) (C ato  et al. 1976; Genzel & Downes 1977) has also been found to be a 

source of 50 and 100 ¡am continuum  (Harvey et al. 1986).

The existence of such a large num ber of closely associated sources clearly requires 

extensive, high resolution m apping, to  examine the overall relationship of the various 

far-in frared  and m aser sources. Any model for the m echanism  th a t triggered s ta r  for­

m ation in the region has to  account for the observed m orphology in bo th  the W75 cloud 

and the DR21 cloud, so detailed m apping of the respective cloud cores is essential. 

The evolutionary s ta te  of the sources around DR.21(OH) are as yet uncertain , though 

Richardson et al. suggested th a t the cores are still undergoing collapse. Below I use high 

resolution (11 arcsec) observations of 1.3 mm continuum  emission to  trace the regions of 

high tem pera tu re /co lum n density of the cloud cores, for a region 5 x 5  arcm in around 

DR21(OH) itse lf and the more northern  sources. I also present CS and C34S spectra 

tow ards DR21(OH) th a t reveal the kinem atics of the various sources, and fit them  with 

a simple LTE tw o-com ponent model. The core contains extensive h igh-density  gas th a t 

could be in a  s ta te  of infall. My thanks go to Rolf Chini and W alter Gear for obtaining
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the 1.3 mm  m ap, and to  Toby Moore and M att M ountain  for taking the CS spectra.

The distance to  D R 21(0H ) has frequently  been assum ed to  be 3 kpc, though Dickel 

et al. argue th a t  the  complex is a t 2 kpc. I have adopted the la tte r  distance in my 

calculations, since Dickel et al. suggest th a t 3 kpc is probably an upper lim it.

4.2  D u s t  C o n t in u u m  E m iss io n

A dvantage has been taken of the fact th a t 1.3 mm continuum  emission is optically 

th in , m aking a sensitive probe of variations in (dust column density) x (tem pera tu re), 

particu larly  in areas where the contribution from  free-free emission is thought to  be 

negligible. An extensive m ap of the entire  region is used below to  identify  the  various 

far-in fra red /m illim etre  sources, to  com pare the m orphology w ith  o ther regions of s ta r  

form ation, and to  try  to  determ ine the evolutionary s ta te  of the em bedded young stellar 

objects tak ing  in to  account existing data .

4 . 2 . 1  O b s e r v a t i o n s

The 1.3 m m  continuum  observations were m ade using the M ax Planck In s titu t fur R a­

dioastronom ie (M PIfR) 3He cooled bolom eter a t the N asm yth focus of the In s titu t de 

R adioastronom ie M illim étrique (IRAM ) 30 m telescope on Pico Veleta, Spain, in 1989 

M arch. A t this wavelength the beam  size was 11 arcsec; chopping in azim uth at a 

frequency of 8.5 Hz was achieved using the secondary, w ith the  beam s separated  by 30 

arcsec. U ranus was m apped as a calibration source, assuming a brightness tem pera tu re  

of 99 ±  3 K, and the pointing, which was found to be repeatable to  w ithin 2 arcsec rm s, 

was checked against U ranus and NG C7027. The zenith opacity  was m onitored by sky 

dips, and the zenith  transm ission was found to be 80 -  90% at 230 GHz. M apping was 

perform ed by scanning the source in the direction of the chopper throw  w ith a  scanning 

velocity of 8 arcm in per m inute, using a scan separation of 4 arcsec.

T hree m aps of 4 x 3 arcm in centred on o(1950) =  20h37m14.9s, ¿(1950) =  42°12'00" 

and three m aps of 6 X 5 arcm in centred on 20ll37m14.9s, 42°12/30" were taken, together 

w ith a 3 X 2 arcm in m ap of Uranus, which was processed in an identical m anner to  the 

m aps of D R21(O H) for calibration purposes.
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The six continuum  m aps were converted in to  single-beam  m aps using the  algorithm  of 

Em erson, Klein &: Haslam  (1979), transform ed in to  celestial coordinates using the N 0D 2 

software (H aslam  1974), and coadded. The resulting  im age is shown in Figure 4.2. The 

rms noise varies across the  final m ap, depending on how m any m aps contribu ted  to 

a  particu la r po in t, the  lowest noise (approxim ately  30m.Jy per beam ) therefore being 

tow ards D R 21(0H ) itself.

The emission is extended along a n o rth -so u th  ridge, w ith emission from  D R21 

evident ju s t a t the b o ttom  of the region m apped. F igure 4.2 clearly shows the three 

sources reported  by Richardson et al. (1989) and M angum  et al. (1990), and I adopt the 

no tation  used by M angum  et al., nam ely D R21(O H)M , D R2 l(O H )S and D R21(OH)W . 

The m ap also reveals two m uch fain ter sources im m ediately to  the no rth  of DR21(O H)M , 

one 39 arcsec no rth , D R2l(O H )N l, and one 58 arcsec no rth , DR21(O H)N2. All five 

sources seem to  be p a rt of an associated group w ithin the larger ridge. Positions of these 

five sources together w ith the three bright objects 2 arcm inutes no rth  of DR21(OH)M  

are given in Table 4.1.

4 .2 .2  R e su l t s

Table 4.1: Positions of the m illim etre sources near D R21(OH).

Source a(1950) <$(1950) Rem arks
Name m (° ' ")

DR21(OH)S 20 37 14.5 42 11 25 F irst detected by Gear et al. (1988)
D R21(O H )W 20 37 12.4 42 11 45 F irst detected by Richardson et al.
DR21(OH)M 20 37 14.0 42 12 08 W oody et al. show it to  be trvo sources
D R 21(O H )N l 20 37 13.1 42 12 46 No previous observations
DR21(O H)N2 20 37 12.8 42 13 05 No previous observations
F IR 1(H20 ) 20 37 13.4 42 13 57 Has associated H20  m aser
FIR2 20 37 15.4 42 14 19 No previous observations
FIR 3(H 20 ) 20 37 16.3 42 15 14 Possibly associated w ith H20  m aser

O btaining in teg rated  fluxes for all of the sources is slightly com plicated by the bright 

diffuse emission associated w ith the ridge. I have therefore sub trac ted  off a base level of 

500 m Jy  per beam , and calculated the to ta l flux per source accordingly. U ncertainties 

in the  flux per beam  in the m ap are dom inated by the calibration, and are estim ated  to 

be 10% (Table 4.2). In tegrated  fluxes have larger uncertain ties, estim ated  to  be about 

20%, because of the problem s associated with determ ining a suitable background level.
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Figure 4.2: 1.3m m  continuum  emission from  D R21(OH); the dashed line 
m arks the edge of the m apped area. Contours are draw n a t intervals of 
150 m Jy  per beam  betw een 150 and 1050, 300 m Jy  per beam  between 
1050 and 1950, and then  a t intervals of 600m Jy  per beam . Offsets are 
w ith respect to  «(1950) =  20h37m14.9s, <5(1950) =  42°12'30".
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The results are given in Table 4.2, together w ith  deconvolved source w idths along the 

m ajor and m inor axes assum ing a G aussian source and Gaussian beam . The position 

angle of the m ajor axis is given in degrees east of north .

Table 4.2: 1.3 mm photom etry  and source sizes.

Source Peak flux 
(Jy  beam - 1 )

In tegrated  
fiuxa (Jy)

M ajor axis 
FW HM  (")

M inor axis 
FW HM  (")

P.A. of m ajor 
axis (°)

DR21(OH)S 1.9 ±  0.2 5 ±  1 22 14 117
DR21(O H )W 1.7 ±  0.2 2.3 ±  0.5 24 15 0
DR21(OH)M 4.0 ±  0.4 10 ±  2 18 14 79
D R 21(O H )N l 0.85 ±  0.08 0.7 ±  0.1 22 18 176
D R 2l(O H )N 2 0.77 ±  0.08 0.34 ±  0.07 15 unresolved 12
FIR 1(H20 ) 0.83 ±  0.08 0.38 ±  0.08 9 unresolved 97
FIR2 1.0 ±  0.1 0.9 ±  0.2 18 9 20
FIR 3(H20 ) 1.0 ±  0.1b > 0.5 a t edge of m ap

a Assumes a  background level of 500 m Jy  per beam . 
b Peak pixel lies on the edge of the m ap.

The dust tem pera tu res have been estim ated  from  the full continuum  spectrum  for 

two of the sources for which fu rther d a ta  exists, D R 2l(O H )M  and FIR 1(H 20 ) .  Since 

the o ther objects in the near vicinity of D R21(OH)M , including F IR2 , do not even 

show signs of m aser emission, they are possibly younger th an  DR21(O H )M , and so a 

tem pera tu re  lower th an  th a t of DR21(OH)M  has been assum ed of 30 K. The two H20  

m aser sources to  the no rth  are likely to  be slightly m ore evolved, and so the  tem pera tu re  

found for F IR l(H 20 )  has been used for both. A value for the  dust em issivity index (5 

of 2.0 was used for all sources since fits to  the spectra  of DR21(O H)M  and FIR 1(H20 )  

indicated th a t this would be reasonable.

The corresponding cloud mass was then calculated using equation 1.8 and the 

tem pera tu re  listed in Table 4.3. If ¡5 =  1.0 then the values of the  m ass, and m olecular 

hydrogen column and space densities in Table 4.3 are too high by a factor (1300/400) =  

3.25, since the g a s -to -d u s t conversion used was calculated for 400 /¿m (H ildebrand 1983). 

The peak m olecular hydrogen column density and space density has been calculated 

assum ing th a t the mass is d istribu ted  with Gaussian geometry. The lum inosity for the 

sources o ther than  DR21(OH)M  and FIR1(H20 )  have been estim ated by assum ing th a t 

a single tem pera tu re  dust com ponent is responsible for the observed 1.3 mm emission.
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Table 4.3: Derived properties of the sources near D R 2 l(0 H ).

Source îdust
(K)

Lum inosity“
(L©)

M ass“
(M 0 )

N ( H 2) peak 
( m - 2)

n (H 2) peak 
(m -3)

DR21(OH)S 30b ~  2x l 03 660 9 .3 x l0 27 1 .7 x l0 12
DR 21(O H )W 30b ~  2x l 03 300 3.6X1027 e.oxio11
DR21(O H)M 40c 4.1X103 940 1.6X1028 3.2X1012
D R21(O H )N l 30b ~  2x l 03 92 1.0X1027 1.6x lO n
DR21(O H)N2 30b ~  7 X102 45 > 1.4X1027 > 3.9X1011
FIR 1(H20 ) 65c 2.6X103 21 > l . l x l O 27 > 3.9X1011
FIR2 30fc ~  1X103 120 1.3X1027 3.2X1011
FIR 3(H20 ) 65b > 27

“ Assumes a distance of 2 kpc.
6 Assum ed value (see tex t).
c C alculated from fitting  the continuum  spectrum .

4 . 2 . 3  I n d i v i d u a l  s o u r c e s

4.2 .3 .1  D R 2 1 ( O H ) M

D R 21(0H )M  has been resolved in to  two continuum  com ponents by W oody et al. (1989) 

using the Owens Valley Interferom eter, though it ju st appears slightly elongated in 

Figure 4.2. Figure 4.3 shows where the various com ponents lie w ith respect to  the

1.3 mm  dust continuum  and the masers.

T he flux listed  in Table 4.2 is p lo tted  in Figure 4.4 together w ith existing photom ­

etry  poin ts from  Harvey et al. (1986), Gear et al. (1988), and Richardson et al. (1989). 

The resolution used by Harvey et al. should have been sufficient to  resolve D R21(OH)M  

and DR21(OH)S if there had been significant emission from  the  m ore southerly source. 

However no such source was found at 50 and lOO^m, so I assum e th a t the flux they 

m easure is m ainly due to  DR21(OH)M . The 800/rm flux of R ichardson et al. lies some­

w hat above a sm ooth curve betw een the o ther points longward of 100 gm , so ju s t the 

four poin ts a t 1.3 m m , 1.1 m m , 350 /¿m and 100 /an  were fitted  to  a greybody function of 

the form  B (v ) ( 1 — where if is the source solid angle and r  a  id3. For (3 = 2.0,

the fit is shown in Figure 4.4. The results for this fit are Ta„st =  4 0 K, Ti00^m =  26.5 

and if =  1.14 X 10_9 sr, w ith a y 2 of 0.85. The implied optical depth a t 1.3 mm is 0.16 

which is high, and is necessary to  give the required spectral slope at long wavelengths. 

Model fits w ith a value of ¡3 less than  2.0 failed to  converge, because the tem pera tu re  

required to  fit the slope at long wavelengths is then too high to  account for the observed
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R.A. Offset (o rc sec )

Figure 4.3: The position of features relative to  D R 21(0H )M . The peaks 
found by the in terferom eter (W oody et al. 1989) are m arked by filled 
triangles, and the peaks in the form aldehyde emission (Johnston  et al.
1984) are indicated  by crosses. The group of OH m asers (Norris et al.
1982) are m arked by an open square, the H2O m aser positions (Genzel 
& Downes 1977) are m arked by dashed circles and the m ethanol masers 
(P lam beck & M enten 1990) are shown as open circles.

position of the turnover in the spectrum . This model is extrem ely simple and takes no 

account of density or tem pera tu re  gradients, bu t if they exist they will serve to broaden 

the spectrum  w ithout the need for such high optical depths.

The value of 0  corresponds to  a source diam eter of 9.6 arcsec for spherical geometry, 

or 6.5 arcsec FW HM  for G aussian geometry. This can be com pared with the value 

obtained by fitting  the m ap w ith a two dimensional Gaussian along the m ajor and 

m inor axes shown in Table 4.2. The agreem ent is rem arkably good, and indicates 

th a t tem pera tu re  gradients are relatively small over the regions responsible for the fa r-  

in frared /subm illim etre emission.
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Figure 4.4: The continuum  spectrum  of D R 21(0H )M , w ith a fit for 
Tdust — 40 K.

4 .2 .3 .2  D R 2 1 ( O H )S  and D R 2 1 ( O H ) W

The two brigh t continuum  sources to the south of DR21(OH)M  were first reported  

by Gear et al. (19S8) and Richardson et al. (1989). Neither shows any sign of m aser 

activity, and bo th  are sites of significant therm al m ethanol emission (B a trla  Sz M enten

1988). The existing photom etry  for both  sources is p lo tted  in Figure 4.5. A rough upper 

lim it to  the 50 and 100//m fluxes of 600 Jy  can be obtained for DR21(OH)S from the 

far-in frared  m apping of Harvey et al. (1986), giving an estim ated dust tem pera tu re  in 

the range 15 to  50 K, consistent w ith the tem pera tu re  assumed in Table 4.3.

4 .2 .3 .3  D R 2 l ( O H ) N l  and D R 2 1 (O H )N 2

Two new sources th a t are considerably fainter than  DR21(OH)M  have been found im ­

m ediately to  the no rth . They are part of the same group and have core masses of
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Wavelength {¡im)

Figure 4.5: Existing photom etry  of D R2l(O H )S  and D R 21(0H )W .
Fluxes come from Gear et al. (1988), R ichardson et al. (1989) and the 
present work.

50 — 100 M g w ith the assum ed tem pera tu re  of 30 K, although they  could be colder 

and correspondingly more massive. They appear to  be either younger th an  the m ore 

southerly sources, or a site of lower-m ass s ta r  form ation. E ither way, they  clearly 

w arran t fu rther investigation.

4 .2 .3 .4  F I R 1 ( H 20 )

FIR 1(H20 )  has been observed by Harvey et al. (1986) in the mid and far-in frared , who 

proposed th a t it is a young p re-m ain  sequence s ta r  th a t is the  exciting source for the 

H20  m aser found by C ato et al. (1976) and Genzel Sz Downes (1977). Figure 4.2 shows it 

to  be s itua ted  near a ridge of emission extended in R.A. th a t could indicate the  presence 

of another, fain ter, em bedded source. The 8 to  120/m i photom etry  of Harvey et al., 

together w ith the 1.3 mm point in shown in Figure 4.6. Its  spectral shape is typical
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of em bedded YSOs (Yorke & Sliustov 1981). It has significantly more m id-infrared  

emission th an  D R21(OH)M  and is detectable in the near-in frared , and is probably less 

deeply em bedded. The lack of d a ta  longward of 100 /rm m eans th a t the only way of 

estim ating  the dust conditions is to  solve the equation B{v,  T ) ( l  — e~T^ ) £ l  w ith r  a  i/^, 

using the three points a t 50 ¿¿m, 100/xm and 1.3 mm. Solutions were found for (3 — 2.0 

and (3 =  1.5 bu t not for (3 =  1.0. Both are shown in Figure 4.6. They give very similar 

tem pera tu res (65 K) and 1.3m m  optical depth  (0.06), and clearly m ore subm illim etre 

points are needed to  distinguish betw een the two. For spherical sym m etry the implied 

source d iam eter is 2.5 arcsec, consistent w ith the fact th a t  i t  was unresolved by an 11 

arcsec beam .

Wavelength (¿¿m)

Figure 4.6: The spectrum  of F IR 1(H20 ) w ith fits for a  tem pera tu re  of 
65 K. The solid curve has (3 = 2, and the dashed curve has /3 =  1.5.
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4.2 .3 .5  F I R 2  and F I R 3 ( H 20 )

There have been no previous observations of FIR2, bu t if it were as warm  as F IR 1(H20 ) 

it would have shown up in the  50 and 100 /zm m aps of Harvey et al. (1986). FIR 3(H20 )  is

flux and mass to  be estim ated. A H20  m aser was found at a(1950) =  20h37m16.7s, 

¿(1950) =  42°15'15" by Genzel & Downes (1977) which is alm ost certainly associated 

w ith the observed m illim etre source.

4 . 2 . 4  D is c u s s io n

4.2 .4 .1  Evolutionary state of the sources

To decide w hether the cores contain embedded, lum inous p ro tostars or young stellar 

objects, I consider the possible contributions to  the lum inosity  of the cores from heating 

by the in terste llar rad ia tion  field (ISR F), and the release of grav itational energy due to 

contraction.

T he contribu tion  to  the lum inosity of a dense core from the ISRF has been cal­

culated by M athis, Mezger & Panag ia  (1983), who worked out the  expected flux from 

an isotherm al p ro tostellar condensation, the m axim um  lum inosity of which would be 

a tta ined  if the core were an isolated globule subjected to  the u n a ttenuated  ISRF. The 

equilibrium  tem pera tu re  of dust subjected to the G alactic ISRF is about 10 to  15 K, so 

under these conditions the lum inosity is given by

where the value of the  ISRF J  Jvclv between 0.09/im  and 1m m  is 2 x 10 6 W m  2s 1

From  the linear sizes given in Table 4.2, the m axim um  contribution to  the lum inos­

ity  of a source by heating due to  the ISRF is for D R 21(O H )N l, where Xisrf =  1.6 Lq . 

A lthough the lum inosities in Table 4.3 are estim ated by assum ing tem peratures con­

siderably higher than  the dust equilibrium  tem peratu re , a sim ilar calculation using a 

tem pera tu re  of 12 K indicates th a t for D R 21(0H )N 1 T isrf =  0.03Atot-

The value of the ISRF can be enhanced by the close proxim ity of newly-form ed OB 

field stars. The closest early -type  stars to DR21(OH) are those associated with DR21,

unfortunately  on the edge of the m ap, which allows only lower lim its to  the in tegrated

L  =  4tt2R 2

(M athis et al. 1983). The lum inosity is therefore proportional to  the surface area of the 

core, and the above equation can be rearranged to give
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which contains ZAMS stars between 0 8  and BO (H arris 1973, corrected for a distance of 

2kpc) a t a  distance of nearly 2 p c  to  the south. If these were not still embedded w ithin 

a large am ount of dust (the  visual extinction tow ards the centre of the OB cluster is 

more th an  400 m agnitudes from the results of R ichardson et al. 1989) they would have 

a  significant effect on the heating of the o ther cores. However they are far too heavily 

extinguished to  be contribu ting  to  the lum inosity of DR21(OH). I therefore conclude 

th a t any such contribution is negligible.

Now I look a t the  possible contribution to  the lum inosity  from gravitational con­

traction . The m axim um  ra te  a t which g ravitational energy can be rad iated  away from 

a  collapsing cloud occurs when none of the energy goes in to  raising the tem perature

of the infalling gas. This m eans th a t the collapse is isotherm al, and m ay be a reason­

able approxim ation for collapsing molecular clouds un til they become optically-th ick  to 

infrared rad iation . The cloud under consideration cannot be in free-fall since in th a t 

situation  all the  energy would be converted in to  the  kinetic energy of the gas, bu t for 

sim plicity im agine th a t its infall velocity is some fraction e of the free-fall velocity, and 

th a t the rem ainder of the energy released by the contraction is rad iated  away.

Consider a spherically sym m etric cloud w ith an in itia l density d istribu tion  p ,(r,) , 

where i denotes the in itial conditions. Conservation of the energy of a shell mass

m =  4%rjdripi(ri)  a t radius r demands th a t

G M (<  r ,)m  1 / dr  \  2 f  dE  , | +  - m  —  -  — dt =  C0v.svrv.M-t
r  2  V d t  J J  d t

where d E  I  dt is the lum inosity  of the shell due to  its  contraction, and M (<  r ,)  =  

/ 0ri 4irr,2pi(r^)dr,i is the  mass w ithin the shell. J ( d E /d t )d t  is therefore the to ta l energy 

th a t has been lost by the shell due to radiation,, and the lum inosity  d E / dt is 

d E  G M ( < r i ) m d r  d2r dr  =  ---------------     U 772-
d t  r 2 d t  d t 2 d t

If the collapse velocity is a fraction of the free-fall velocity, it is given by

^  =  f(2G M « r i ) ) ^ ( i - i ) , / 2 ,

so th a t  the ra te  a t which gravitational energy is lost is 

dt r2 \ r  T{J

This has a m axim um  for e =  l / v ^ -  eKj‘-7y ’)  b&l wu' h i  i-fts (trv.- vw i

To obtain  the lum inosity d E /d t  solely as a function of tim e, r ( t ) m ust be evaluated. 

This can be done by m aking the substitu tion  r  =  r,- cos2 9 (e.g. Dyson & W illiams 1980), 

so th a t  the tim e after the s ta r t of the collapse, t , is
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, =  ( 2^ f c ) lZ2 (e + i Sin2'')'
and the lum inosity of the shell in term s of 6 is

The sim plest s itua tion  is for a cloud th a t is in itially  uniform  w ith density po and 

radius 72,, for which the expression for the to ta l lum inosity  (sum m ing over all r,) as a 

function of 9 (inserting the above value for e) is

/ d E \  =  2^2  G3/2 J5/2JJ?
\ d t J tol 135 V ‘ cos 5 0

W ritten  explicitly as a function of R ,  the outside radius of the cloud, and M c]oucj , the 

to ta l mass of the cloud, the lum inosity  is

so th a t for R  <C R i,  the lum inosity is v irtually  independent of Ri.

The result of calculating (d E / d t ) tot as a function of t is p lo tted  in Figure 4.7 for 

a cloud of 1000 M g w ith an in itia l radius 1 pc. The collapse tim e tc is where r = 0, 

a t which point the lum inosity  is infinite. The lum inosity is >  103Lg, sim ilar to  th a t 

observed (see Table 4.3) for a to ta l of ju s t 4000 years a t the end of the collapse, less if 

the m ass of the cloud is lower.

For the individual sources I have calculated the lum inosity th a t  we would see now 

from a cloud w ith the m ass given in Table 4.3 and the linear dimension obtained from the 

source sizes listed in Table 4.2. The m axim um  contribution is found for DR21(OH)M , 

for which approxim ately 6% of the lum inosity could be due to  the release of grav itational 

energy.

This is the m axim um  possible contribution th a t grav itational contraction can make 

towards the  lum inosity, and there are several m echanism s th a t would tend to  slow the 

collapse to  significantly less th an  the free-fall velocity. Support from m agnetic pressure 

can be significant (M ouschovias & Spitzer 1976; Tomisaka, Ikeuchi Sz N akam ura 19SS), 

and wide m olecular lines show th a t supersonic turbulence is prevalent w ithin GMCs (e.g. 

Larson 1981). It therefore seems likely th a t the lum inosity of the cores in DR21(OH) 

require the presence of em bedded self-lum inous sources to  account for the observations, 

and th a t any such sources m ust be very young to  have left the cloud core so apparently  

undisturbed  by the kind of phenom ena currently  d isrupting DR21.
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Figure 4.7: T he m axim um  lum inosity obtainable from  the grav itational 
contraction of a  cloud of 1000 M0 w ith an in itial radius lp c .

T he other extrem e can also be considered, whereby all the  lum inosity from each 

core is due to  a single, em bedded, ZAMS star. The lum inosity of DR21(OH)M  implies 

a ZAMS s ta r  of spectral type B2 or later. To work out w hether the upper lim it on 

the radio continuum  emission is useful for setting  an upper lim it on the spectral type, 

I have calculated a  corresponding upper lim it to  the expected flux of ionizing photons. 

To do this, I first used the expression for the absorption coefficient k(u) given in Spitzer 

(1978), which was originally derived by Oster (1961). The optical depth r  is then 

approxim ated by n (v) l  where / is the path leng th  through the source, and by using the 

R ayleigh-Jeans approxim ation, assuming small optical depth  and a uniform  spherical 

source, the following expression for the flux density S( v)  is obtained:

5 ( v)
9.77  X 1 0 ~ 10 * _ y / T f o-5 (  9s \ 3 ( D \

mJy

{ 0 .1 9 5 1 o g (l)  -  0.130log ( ¿ A )  -0 .1 7 }

77



Here, ne is the electron num ber density, 0S is the source diam eter, T  the electron

tem peratu re  and D  is the distance to  the source. Now, for a Strom gren sphere w ith

radius R s  is related  to  the ra te  a t which the s ta r  em its ionizing photons S* by

s * _  4yr P3 2 a 
p y  -  - 7 fR s neP2,

where /?2 is the ra te  of recom binations in to  levels n  >  2 of hydrogen. Spitzer (1978) 

gives /?2 =  2.68 x 10_ 11T _o-5 cm3 s_1 for T  ~  104 K, so th a t the expression for 5+ m ay

be w ritten

This is only true  for an electron tem pera tu re  of 104K.

The result for DR21(O H)M  gives S* < 4.2 X 1045 s_1, im plying a  spectral type la te r 

then BO.5 (P anag ia  1973), consistent w ith the estim ate  from  the  lum inosity, b u t unfortu­

nately  not se tting  a  stronger lim it. The lum inosity of the fain test ob ject, D R 21(O H )N l, 

implies a spectral type of about B5.

T he new m ass estim ates from  the  1.3 m m  continuum  presented in  th is section alle­

viate the problem  found by Padin  et al. (1989), where the h igh-reso lu tion  in terferom eter 

m easurem ents im plied th a t a lower cu t-o ff a t 6M q had to  be applied to  a  Salpeter IM F 

to account for their low m ass-to -lum inosity  ra tio . They clearly missed a large am ount 

of extended emission th a t the single-beam  m apping detected, and standard  IM Fs {e.g. 

Miller & Scalo 1979) can now account for the observations. For exam ple, if the cloud 

had already finished form ing stars and a  M iller-Scalo mass function were applicable, the 

m ass function can be norm alised to  fit the observed lum inosity  (A ppendix A) so th a t 

the highest m ass s ta r  present is 14.8 M q . In this case, the to ta l m ass of stars formed is 

150 M q , giving a s ta r  form ation efficiency of M stars/(^cloud +  -kfstars) =  0.14. This is not 

unreasonable, though it seems unlikely th a t s ta r  form ation has now finished, because 

the cloud core has evidently not been dispersed by active s ta r form ation.

A b e tte r  explanation th a t accounts for the lum inosity is the  presence of a s ta r  

w ith a m ass slightly higher th an  14.8M q , th a t  is responsible for the  m ajority  of the 

lum inosity and explains the proxim ity of the m asers. In this s itua tion , again assuming 

th a t a M iller-Scalo IM F is appropriate  a t the tim e th a t s ta r form ation w ithin the cloud 

has finished, the im plication is th a t the lower-m ass stars have yet to  form. There is 

certainly no problem  w ith  finding enough m ateria l from which to  m ake these stars.

The region has several features in common w ith o ther areas of h igh-m ass s ta r  

form ation. The dense cores in the cloud are s itua ted  in an extended ridge, sim ilar to
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th a t found in N G C 2024 (C hap ter 3) and OMC1 (M ezger, W ink & Zylka 1990). The 

to ta l mass of the cloud core is 2000 M q, com parable to  the value obtained by Mezger 

et al. for O M C1 of 1700M 0 . A t the distance of D R2 l(O H ), the two cores O M C l and 

OMC2 would subtend an angle of about 5 arcm in. The linear resolution is a factor of

4.4 worse, so the separation of the m illim etre continuum  peaks in DR21(OH) found by 

the Owens Valley Interferom eter (W oody et al. 1989) are still fu rther apart th an  the 

various sources found in the dense cores of O M C l (M ezger et al.).

The com parison w ith Orion also illustrates the large separation  of the m ethanol 

masers (Plam beck &: M enten, 1990, Figure 4.3), im plying th a t they are associated w ith 

dense clumps a t considerable distances from the exciting source. This suggests the 

presence of an energetic outflow th a t is still too young to  have d isrupted  the core signif­

icantly, and the dense m ethanol clumps occur a t the  in terface betw een the  outflowing 

gas and the surrounding dense m edium  (as P lam beck & M enten have suggested for 

DR21). The line of m ethanol m asers is parallel to  the  large-scale  D R21 outflow, as 

would be the case if a m agnetic field threading the whole GM C were responsible for the 

observed orien tation , or if winds preferentially break out of the  cloud core perpendic­

ular to the ridge. Any high-velocity  CO would be difficult to  detect first because the 

region is so confused by its  location along a spiral arm , and secondly emission from  W 75 

would m ask any red-w ing emission from  DR21(O H). The upper lim it to  the  m olecular 

hydrogen v =  1 — 0 5 (1 ) line flux of 6 X 10-16 W  m -2 (Fischer, Righini-Cohen & Simon 

1980) does not rule out the presence of shocked H2 emission, since the extinction at 

2 pm  im plied by the 1.3 mm d a ta  of approxim ately 80 m ag is extrem ely high.

To sum m arise, the lum inosities of the 1.3m m  continuum  sources near DR21(OH) 

require the presence of em bedded young sources. S tar form ation is still going on w ithin 

the cloud core, and the m ost likely explanation for the existence of the various masers 

separated  by such a large distance near DR21(OH)M  is the  presence of an outflow th a t 

is still very young, and as yet has not been detected.

4.3 CS em iss io n

The densities found w ithin the cores of DR21(OH) from the  m illim etre continuum  ob­

servations above show th a t a molecule sensitive to  high densities is required if the 

kinem atics of the core are to be examined. The CS 1 — 0 and 2 — 1 transitions re­

quire densities of (0.7 -  4) X 1011 m -3 to  be therm alised, which are clearly suitable for
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D R 21(0H ).

4 . 3 . 1  O b s e r v a t i o n s

Observations of the molecules CS and C34S were carried out in 1988 April using the 

N obeyam a Radio O bservatory (NRO) 45 m telescope, Japan . The ro ta tional transitions 

J  =  1 — 0 and J  =  2 — 1 were observed sim ultaneously, for each isotope, by using a 

polarization beam  sp litte r to  direct the two polarizations to  different receivers, nam ely 

an SIS receiver for the  49 GHz transitions, and a Schottky receiver for the 98 GHz 

transitions. Spectra of all transitions were taken  w ith h igh-reso lu tion  (37 kHz) 2048- 

channel acousto -op tical spectrom eters, resulting  in to ta l bandw idths of 40 MHz. The 

single sideband system  tem pera tu re  obtained for the SIS receiver a t 49 GHz was about 

300 K, and for the  Schottky receiver a t 98 GHz, Tsys was abou t 600 K. The system  

tem peratu res were corrected for rear spillover and for atm ospheric and ohmic losses 

(K utner &: Ulich 1981). The telescope beam  was approxim ately Gaussian w ith  half­

power w idths of 36 arcsec a t 49 GHz and 18 arcsec a t 98 GHz, w ith  m ain beam  efficiencies 

of 0.88 and 0.52 respectively.

The CS and C34S emission was m apped using a grid spacing of 15 arcsec, resulting 

in  oversam pled J  =  1 — 0 m aps and undersam pled J  = 2 — 1 m aps. For the CS 

transitions a t 48.990964 GHz and 97.980968 GHz two m aps were m ade, one w ith 7 x 7  

pixels and one w ith  8x 8 pixels, w ith slightly different centres. For the C34S transitions at 

48.206956 GHz and 96.412982 GHz a 7 X 6 m ap was m ade w ith the same centre position 

as the 7 X 7 CS m ap. High signal to  noise spectra  were taken tow ards DR21(OH)M , 

DR21(OH)S and D R21(O H )W  in all four lines. Pointing was checked by observing 

the SiO m aser in NML Cyg a t 43 GHz, giving a repeatab ility  of 5 arcsec rm s, apart 

from  a correction of 10 arcsec needed for the 8 x 8 m ap. A point 2.5 arcm in east of 

a(1950) =  20h37m14.9s, ¿(1950) =  42°12'10" was used as a sky reference.

4 . 3 . 2  R e s u l t s

Spectra are shown in units of m ain beam  brightness tem pera tu re , TMB. Here, I have 

used the m ain beam  brightness tem peratu re  as an approxim ation for T*  (in the notation  

of K utner & Ulich 1981), so th a t to obtain  the true brightness tem pera tu re  distribution 

Tr  the spectra  should also be divided by the source-beam  coupling efficiency, t?c. Since 

T]c is unknown w ithout prior knowledge of the true source d istribu tion , I assume th a t
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77c =  1 in the analysis below, which will only be true  for very extended sources.

The high signal-to -no ise  CS and C34S line profiles th a t  were taken  tow ards the 

three sources DR21(O H )M , D R 21(0H )S  and D R 21(0H )W  are displayed in Figure 4.8 

to  Figure 4.10. The profiles show considerable s truc tu re , ranging from  slightly asym ­

m etrical absorption in the CS J  =  2 — 1 tow ards DR21(OH)S to  deep self-absorption 

and asym m etric profiles even in the optically th inner transitions towards DR21(OH)M .

The m ap spectra, which are m ore noisy bu t which are useful for exam ining trends 

in line s trengths and profiles across the source, are shown in Figure 4.11 to  Figure 4.14, 

where the  CS and C34S spectra  have been re-sam pled to  0 .5 k m s_1 and l.O k m s-1 

resolution respectively. Offsets are relative to  the position of the  1.3 m m  continuum  

source DR21(O H )M , <*(1950) =  20h37m14.0s, ¿(1950) =  42°12/08". A lthough the J  = 

2 — 1 m aps are undersam pled, the d a ta  th a t exist represent the best approxim ation 

to the actual brightness d istribu tion  available and so have not been sm oothed for the 

purpose of exam ining the morphology. For comparison betw een the 2 — 1 and 1 — 0 lines 

the 2 — 1 spectra  have been sm oothed to  36 arcsec resolution.

T he lines are very broad , w ith  emission extending from  V ls r  =  —10 to + 4 k m s_1 

over m ost of the m ap. The to ta l in tegrated  emission betw een these two velocities for 

each transition  is shown in Figure 4.15 to  Figure 4.17; the positions of the continuum  

sources D R21(O H)M , DR21(OH)S and D R21(OH)W  are all m arked by crosses in the 

CS 2 — 1 m ap, Figure 4.16.

In order to  investigate the kinem atics of the various clumps w ithin the core, the 

emission has been in teg rated  over various velocity channels. These are shown in Fig­

ure 4.18 to Figure 4.20 for both  of the CS transitions and C34S 2 — 1. The C34S 1 — 0 

has insufficient signal-to -no ise  to  provide any useful velocity inform ation.

4 . 3 . 3  D is cu ss io n

4.3 .3 .1  Morphology

It is clear th a t the CS emission, especially the liigh-resolution CS 2 — 1, corresponds 

very closely w ith  the  dust continuum , though the peaks of the in tegrated  emission for 

the various transitions are offset by several arcseconds. This difference is unlikely to  be 

a pointing error, since the 2 - 1  and 1 - 0  m aps were taken sim ultaneously. Indeed, 

there appears to  be a com ponent at a velocity of — l k m s -1 in the spectra towards 

DR21(O H)M  and D R21(O H )W , especially evident in the C34S 2 -  1 of DR21(OH)M
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V LSR ( k m s  ' )

Figure 4.8: Spectra taken  towards DR21(OH)M : (a) CS 2 — 1 (b) CS
1 -  0 (c) C34S 2 -  1 (d) C34S 1 - 0 .
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Figure 4.9: Spectra taken towards DR21(OH)S: (a) CS 2 —1 (b) CS 1 — 0
(c) C34S 2 -  1 (d) C34S 1 -  0.
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VLSR ( kmS ')

Figure 4.10: Spectra taken towards DR21(O H)W : (a) CS 2 — 1 (b) CS
1 -  0 (c) C34S 2 -  1 (d) C34S 1 -  0.
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Figure 4.11: CS 1 — 0 m ap spectra  of D R 21(0H ).
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Figure 4.12: CS 2 — 1 m ap spectra of D R 21(0H ).
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Figure 4.13: C3i,S 1 — 0 m ap spectra of D R 21(0H ).
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Figure 4.14: C3<1S 2 — 1 m ap spectra  of D R 21(0H ).
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R.A. Offset (arcsec)

Figure 4.15: In tegrated  CS 1 -  0 emission between V l s r  =  —10 and 
+ 4  k m s- 1 . Contours are a t intervals of 3 Iv km s“ 1, from  a base level of 
6 K km s_1.
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50 0 - 5 0

R.A. Offset (arcsec)

Figure 4.16: In tegrated  CS 2 -  1 emission betw een Vlsr. =  - 1 0  and 
+ 4 k m s - 1 . Contours are a t spacings of 6 K k m s - 1 , from a base of 
12 Iv km  s - 1 .
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R.A. Offset (arcsec)

Figure 4.17: In tegrated  C34S emission between V l s r  =  —10 and
+ 4 k m s - 1 : (a) 1 — 0: contours are a t l K k m s -1 spacing from a base 
of 2 K k m s - 1 ; (b) 2 — 1: contours are a t 2 K k m s _1 intervals w ith the 
lowest a t 4 K km s_1.
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R.A. Offset (arcsec)

Figure 4.18: CS 1 — 0 channel m aps. The velocity intervals used are as 
follows: (a) V l s r  = —15 to — S k m s- 1 ; (b) V l s r  = —8 to  —6 k m s _1; 
(c) - 6  to —4 k m s _1; (d) - 4  to - 2 k m s - 1 ; (e) - 2  to  O km s- 1 ; (f) 0 to 
4 k m s _1. Figures (a), (b) and (f) have contours a t 0 .4 K k m s_1 from 
a base of O .S K km s- 1 , and for Figures (c), (d) and (e) contours are a t 
O .SK km s-1 from a. base of 1 .6 K k m s_1.
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R.A. Offset (arcsec)

Figure 4.19: CS 2 — 1 channel m aps. The velocity intervals are the 
same as for Figure 4.18. Figures (a), (b) and (f) have contours at 
1 .5 K k m s_1 from 3 .0 K k m s_1, and Figures (c), (d) and (e) has con­
tours a t 3 .0 K k m s _1 from a base level of G .O Kkm s- 1 .
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R.A. Offset (orcsec)

Figure 4.20: C34S 2 — 1 channel m aps. The velocity intervals used are (a) 
- 1 0  to - 5 k m s _1; (b) —5 to  — l k m s - 1 ; (c) —1 to  4 k m s -1 . Figures (a) 
and (c) have contours a t 0 .7 5 K k m s_1 from  a base of 1 .5 K k m s- 1 , and 
Figure (b) has contours spaced by 1 .5 K k m s_1 from 3 .0 K k m s _1.
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(Figure 4.8(c)), th a t is strikingly absent from  DR21(O H)S. This com ponent is relatively 

faint and presum ably optically th in , and the m ap of the in tegrated  in tensity  from the 

velocity channel th a t contains 'ke.^ emission (Figures 4.18(f) and 4.19(f)) shows th a t 

it peaks a t identical positions in bo th  transitions of CS, indicating th a t the slightly 

different positions of the peaks tow ards D R21(O H )M  is a result of high optical depth 

in the self-reversed 2 — 1 spectra.

Em ission from DR21(OH)M  dom inates all the velocity channels, though a t the 

cloud rest velocity (F igure 4.18(d)) the CS 1 — 0 peaks more towards the centre of 

the cluster, in betw een the three m ain continuum  sources. The CS 2 — 1 is extrem ely 

self-absorbed a t th a t  velocity especially tow ards DR21(O H )M , which explains the odd 

m orphology of Figure 4.19(d). The emission from  DR21(OH)S is much less prom inent 

in the m ap of to ta l in tegrated  emission than  in dust continuum . It appears predom i­

nan tly  a t velocities bluew ard of the cloud rest velocity, - 3 k m s - 1 , w ith an indication of 

extended high-velocity  blueshifted emission tow ards the  east especially evident in the 

CS 2 — 1 channel m ap (Figure 4.19(b)).

D R 21(O H )W  shows up strongly as a  separate source in the red channels, between 

—2 and - f4 k m s _1 (Figures 4.19(e) and (f)). There is also ano ther red-sh ifted  clump 

ju st to  the south of DR21(O H)W  which exists in both  CS 2 — 1 and 1 - 0 ,  and seems 

to be present in the 2 .7m m  continuum  and Cls O J  =  1 — 0 of M angum , W ootten  Sz 

M undy (1989). The various clumps th a t become evident a t different velocities m ust 

be quite dense (>  1011m ~3) to  produce significant CS emission, and would also have 

coun terparts in the dust continuum  m ap in Figure 4.2 if the region were not so dom inated 

by large-scale extended emission. Com parison of Figure 4.16 w ith the interferom eter 

m ap m ade using the  BIM A array (Plam beck & M enten 1990) in the same line show 

th a t DR21(OH)M  is connected to DR21(O H)W  by a ridge of CS 2 — 1 emission roughly 

perpendicular to  the orientation of the line of m ethanol m asers. This also shows up in 

the C3‘‘S 2 — 1 channel m aps a t the cloud velocity (F igure 4.20(b)) and at red-shifted  

velocities (F igure 4.20(c)).

T here is no sign of emission from DR21(OH)S in the interferom eter m ap (Plam beck 

& M enten 1990) or the C3,|S m aps presented here, although it is not clear th a t the 

in terferom eter m ap extended far enough south , and the C31S spectra  are quite noisy. 

However if the effect is real, it means th a t this core is colder than  the others and 

th a t the sm all-scale clum ping of warm  gas is no t significant for this source, although
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emission in the J  = 1 — 0 line of C180  has been detected  (M angum , W ootten  & M undy

1989). E ither way, it  is the ridge of dense gas betw een D R 21(0H )M  and D R 21(0H )W  

th a t is the m ost striking feature revealed by the CS contour m aps, together w ith the 

separation of the various clumps associated w ith  the  continuum  sources in to  distinct 

velocity com ponents.

4 .3 .3 .2  CS spectra

The features evident in the velocity channel m aps also show up clearly in the m ap 

spectra, Figure 4.11 to  4.14. Towards the east of the m apped area, the CS 2 — 1 

spectra  especially show clear emission out to  — lO k m s-1 d istinctly  lacking towards the 

west. There is little  emission redw ard of 0 k m s_1 except tow ards DR21(OH)M  and 

D R 21(0H )W . The lines are particu larly  broad tow ards DR21fO H )M , and there is a 

general trend  for blue-w ing emission tow ards the  east and red-w ing  emission towards 

the west. This corresponds well w ith the trend  in  velocities of the  m ethanol maser 

clumps found by B atrla  & M enten (1988) and Plam beck & M enten (1990), and in 

general the LSR velocity of the OH and H2O m asers tends to  decrease from  about 

— l k m s -1 to  —5 k m s _1 w ith increasing R.A.

Over much of the m apped area the CS 2 — 1 spectra  show prom inent asym m etric 

self-absorption features. The self-absorption appears a t a sim ilar velocity to  the  rest 

velocity of the cloud, and is approxim ately  constan t over a large area of the core region, 

indicating th a t the com ponents responsible for the foreground absorption and the back­

ground emission are associated. The m ost likely cause is the presence of infall, where 

the velocity of the infalling gas is redshifted along the line of sight relative to  the cloud 

rest velocity. The tem pera tu re  an d /o r  the density m ust also decrease w ith increasing 

distance from the cloud centre to  result in self-reversal.

A lthough the presence of a foreground cloud w ith  a velocity com ponent towards 

the source can successfully reproduce the same profile, so th a t single spectra can easily 

be m isin terpreted  (e.g. M enten et al. 1987), this does not appear to  be the case for 

DR21(OH). A cool foreground cloud would result in absorption in all the spectra th a t 

are sufficiently brigh t, unless it  was very small and happened to  coincide w ith the dense 

core, which seems unreasonable. The self-absorption peaks tow ards the centre of the 

cloud, and is v irtually  non-existent a t offsets of ±20 arcsec in R .A ., even though the lines 

are still very bright. Infall can explain this behaviour, since towards the edge of the cloud
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core any infalling m ateria l has its velocity alm ost perpendicular to  the line of sight, and 

results in little  or no red-sh ifted  absorption. T he foreground gas m ay still absorb a t the 

rest velocity of the cloud, bu t the  resulting profiles are not asym m etric. Therefore, the 

profiles across the D R 21(0H ) cloud can be explained qualitatively  by infall, although 

they are com plicated by the existence of the clum ps a t d istinct velocities described in 

section 4.3.3.1.

There appears to  be less self-absorption tow ards D R 2l(O H )S , which could either be 

because it is s itua ted  tow ards the front edge of the cloud where there is less foreground 

m ateria l, or because the emission from the source is too  blue-sh ifted  relative to  the 

foreground for self-absorp tion  to  take place.

Com parison of the CS 2 — 1 spectrum  of D R 21(0H )M  w ith the interferom eter 

m easurem ents of Plam beck & M enten (1990, F igure 4.21), taken w ith a beam  10 x 5 

arcsec a t a position angle of 30°, shows th a t for the resolution of the  2 — 1 at least, there 

is very little  beam  dilution, and r]c ~  1. A t the cloud rest velocity of —3 k m s _1 the 

brightness tem pera tu re  of the P lam beck & M enten spectrum  falls to  approxim ately zero, 

which could either be because the  emission seen a t th a t  velocity in  the NRO spectra 

is too large-scale to  be detected by the in terferom eter, and all the emission from  any 

com pact sources a t th a t  velocity has been entirely absorbed by m ateria l in directly in 

front of DR21(O H)M , or because there is a “hole” tow ards D R21(O H)M , where the 

absorbing m ateria l is a  sm all-scale clump coincident w ith  the  peak, th a t  is not spatially  

resolved in the NRO spectra. The form er explanation fits in  w ith  the  picture of the 

outw ardly-decreasing gradient in the excitation tem pera tu re  necessary to  produce the 

typical infall profiles, the la tte r  being less believable because of the  requirem ent of a 

chance coincidence. The interferom eter spectrum  also indicates th a t  the high-velocity  

emission is associated w ith relatively sm all-scale s tructu re .

4 .3 .3 .3  LTE m o d e l l in g

The cloud clearly contains a large num ber of individual sources em bedded in sepa­

ra te  clumps, rendering a detailed, physically reasonable, rad iative transfer analysis very 

difficult unless one is prepared to  ignore the evidence provided by high-resolution ob­

servations. However, in order to  obtain  an idea of the excitation conditions w ithin the 

bulk of the cloud, I have approxim ated the CS emission by a simple tw o-slab model, 

w ith warm , dense gas in the background and cooler gas in the foreground at a velocity
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V lsh (km  s-1 )

Figure 4.21: The interferom eter spectrum  of CS 2 — 1 taken w ith a 10 x 5 
arcsec beam , from  Plam beck & M enten (1990).

redshifted relative to  the  background.

All gas was assum ed to  be in LTE. The geom etry is shown in Figure 4.22, though 

for the purpose of the  m odelling the foreground gas is assum ed to  be sufficiently far 

away from the  background gas th a t rad iative transfer effects betw een the  two slabs 

are negligible, and the background emission acts as a  spatially  uniform  illum inating 

rad iation  field for the foreground gas a t each point.

I have not taken in to  consideration the effect of variations in the excitation condi­

tions as a  function of position on the rad iative transfer a t a particu la r po in t, so th a t 

effectively each poin t where the CS and C34S profiles were m easured vs assum ed to 

be independent of the surrounding points. This is a ra th e r sim plistic view, bu t the 

results of higher resolution observations show th a t  a m ore detailed geom etry and tim e 

consuming m odel was not justified.

For the purpose of the m odelling, the CS and C34S 2 — 1 spectra  were smoothed 

to 36 arcsec resolution for com parison w ith the 1 — 0 spectra. The results are shown in 

Figure 4.23 for points where d a ta  in all four transitions existed.

The line profiles towards each individual point were fitted  by the function

T ( V )  = J ( T i ) ( l  -  +  J (T 2)( 1 -  e-*>), (4.1)

where J (T )  has been defined in equation 1.14. The subscript ‘1’ refers to  the background

98



slab 1
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V
to observer

Figure 4.22: Geom etry for the  LTE m odelling.

gas, and ‘2’ refers to  the foreground gas, as in Figure 4.22. The velocity d istribution of 

bo th  the foreground and background com ponents was assum ed to  be G aussian, resulting 

in a norm alised velocity profile function 

1
4>{V) -(Vr_v0)2/ V V

VDn 1/'2

where Fd is the e~ 1 velocity dispersion and Vo is the central LSR velocity of the d istri­

bution. This then gives, for the optical depth  as a function of V  for a  transition  w ith 

frequency (see equation 1.16),

9^3/2 n  p-(V-Vo)2/VD*
t ( V)  = -  1 -  e - hv^ kT« ) — -------- -----------N .

K ’ 3e0 /cTex J v '  Vo

VD is m easured in m s - 1 . Num erically this becomes

n p- ( v - v0)2/ vd 2
t ( V )  =  1.323 X 10“ 18 j e -o .o ^ B j ( ] - \ ) I T cx^1 _  e —0.048i>ji/Tex}---------- ----------- iY, (4 .2 )

Tex '  D

w ith VD in k m s-1 and vji and B  in GHz. N  is the column density of the particular 

species in units of molecules m - 2 .

The functional form of r (V )  (equation 4.2) was used in equation 4.1, and the spectra 

a t each individual point were fitted  sim ultaneously by varying V0, VD, Tex and N  for both 

the background and foreground gas, using a m inim isation of x 2 m ethod. The rm s noise,
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Figure 4.23: CS 2 — 1 and C31S 2 — 1 spectra  sm oothed to  36 arcsec 
resolution. The C31S spectra  (dotted  lines) have been m ultiplied by 2 
for clarity.
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m easured away from the line for all the spectra, was assum ed to  be constant over the 

whole line w idth. The same excitation tem pera tu re  was assum ed for bo th  the CS and 

C34S lines. An in itia l test fitting  the abundance ra tio  X (C S )/X (C 34S) for each position 

indicated th a t a value between 10 and 20 was appropria te , so X (C S )/X (C 34S) =  15 was 

used for the whole region. The terrestria l abundance ra tio  of S to 34S is approxim ately 

23, though Frerking et al. (1980) find th a t for in terste llar clouds the ratio  of CS to C34S 

can be lower than  this by factors of 2 to  4.

The high signal-to -no ise  spectra  could not be fitted  because there was no way of 

sm oothing the  2 — 1 d a ta  to 36 arcsec resolution. However, all the m ap spectra a t the 

positions shown in Figure 4.23 were modelled, w ith the following conditions. Inspection 

of the depth  of the self-absorption indicated th a t a  foreground excitation tem peratu re  

of 5 K was appropriate , so to  reduce the num ber of free param eters this was fixed. O ther 

conditions were set such th a t T2 < T j, 1V2 < N \ ,  (ko)2 >  (^o)i and (VD)2 <  (Hd) i . For 

points th a t could not be fitted  w ithin these constrain ts, one of the  param eters was fixed 

by ex trapo la ting  from  nearby poin ts (for exam ple, if the  fitting  resulted in Tj < 5K , 

then  the column density of the foreground gas, vV2, was set to  zero). These points are 

m arked by stars in Figure 4.24, which shows the model spectra  for each point to  be 

compared w ith  Figures 4.11, 4.13 and 4.23. The corresponding fitted  param eters, w ith 

palm  trees indicating which were assum ed values, are displayed in Figure 4.25.

Figure 4.25 shows th a t the column density for bo th  the w arm  and cool compoxrents, 

and the excitation tem pera tu re  of the background, all peak ju st to the south  of the (0,0) 

position, coincident w ith the in tegrated  CS J  =  1 — 0 peak. The fact th a t Ar2 follows 

N\ so closely is evidence th a t the absorbing m aterial is physically associated w ith the 

w arm er background gas.

Towards the  edge of the cloud the excitation tem pera tu re  decreases to  about 10 K, 

a value commonly observed in m olecular clouds. However, this gas m ust still be quite 

dense (>  1010m ~3, though in fact it need not necessarily be in LTE) for significant CS 

emission. The peak excitation tem pera tu re  is about 40 K, rem arkably sim ilar to  th a t 

derived from  the continuum  spectrum . This is m ost likely to be a coincidence because 

of the uncertain ties associated w ith calibration and beam  dilution. Nevertheless, it 

provides confidence th a t the values of the o ther param eters found by the m odelling are 

sensible.

The peak column density of warm  CS was found to  be 1.5 x 1019m -2 which, for
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Figure 4.24: Model CS and C34S 2 -  1 and 1 -  0 spectra  for D R 21(0H ). 
For all the positions, the brightest line is CS 2 -  1, the second brigh t­
est CS 1 - 0 ,  the th ird  brightest C34S 2 — 1, and the fain test is C34S 
1 - 0 .  Positions m arked by stars are those for which one of the model 
param eters had to be fixed (see tex t).
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7.6 12.3 25 .2 63 .8 6 5 .8 51 .2 3 1 .6

10.5 15.1 38 .6 9 1 .2 88 .4 5 7 .4 31 .5

11.6 18.3 50 .5 132.5 97 .6 6 3 .7 38.1

12.6 18.9 50 .7 150.4 88 .6 65.1 4 4 .7

14.9 23 .8 41 .8 72 .2 72 .7 5 2 .8 26 .9

12.7 19.2 29.1 47 .6 58 .2 4 3 .6 22 .8

a. (Ncs), (10 17m-2 )

0.0 6 .4 16.2 39 .9 28 .9 2 2 .0 16.1

0 .0 5 .6 2 8 .8 4 2 .3 35 .4 21 .8 20 .7

0.0 5.2 35 .2 52 .8 3 0 .0 22 .4 22.1

0.0 5.9 34 .7 62.9 27.1 17.3 23 .8

0 .0 11.5 23 .3 3 8 .0 2 2 .6 12.6
f

0 .0

0 .0 0 .0 0 .0 24 .6 19.2 0 .0 0 .0

b. (Ncs)2 (10 16m 2)

Figure 4.25: F itted  param eters corresponding to  the spectra  in Fig­
ure 4.24. (a) CS column density of the background, warm  gas; (b) CS 
column density of the foreground, absorbing gas. Points m arked by palm  
trees are assum ed values.
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- 3 .1 6 - 3 .0 9 - 3 .2 2 - 2 .9 3 - 2 .7 8 - 2 .7 4 - 2 .9 7

- 3 .2 2 - 3 .2 7 - 3 .2 4 - 3 .0 0 - 2 .8 6 - 2 .8 9 - 3 .0 9

- 3 .5 7 - 3 .5 4 - 3 .3 2 - 3 .0 0 - 2 .9 8 - 3 .0 1 - 3 .1 9

- 3 .8 6 - 3 .6 7 - 3 .3 1 - 3 .0 6 - 3 .1 0 - 3 .0 4 - 3 .1 3

- 3 .9 8 - 3 ,6 9 - 3 .5 0 - 3 .3 3 - 3 .2 1 - 3 .0 0 - 3 .0 7

- 3 .7 3 - 3 .6 9 - 3 .7 8 - 3 .5 2 - 3 .3 5 - 3 .0 9 - 2 .9 5

c. (v0), (kms ’ )

- - 2 .2 2 - 2 .8 1 - 2 .6 1 - 2 .3 8 - 2 .0 6 - 2 .0 3

- - 2 .2 5 - 2 .5 8 - 2 .5 3 - 2 .4 8 - 2 .1 7 - 2 .1 6

- - 2 .2 2 - 2 .5 4 - 2 .4 7 - 2 .5 2 - 2 .3 4 - 2 .1 7

- - 1 .8 7 - 2 .4 6 - 2 .4 6 - 2 .5 8 - 2 .4 9 - 2 .3 9

- - 1 .4 3 - 1 .9 0 - 2 .4 3 - 2 .5 5 - 2 .6 6 -

- - - - 2 .5 5 - 2 .4 3 - -

d. (V0)2 (kms ')

Figure 4.25: (c) The central Vlsr of the Gaussian velocity distribution 
for the background gas; (d) the same as Figure (c) for the foreground 
gas.
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1.84 2.00 2.40 2.33 2.32 2.28 2.30

2.27 2.24 2.33 2.37 2.44 2.30 2.31

2.85 2.26 2.33 2.30 2.32 2.20 2.10

2.89 2.51 2.23 2.12 2.12 2.09 2.02

2.67 2.34 2.20 2.10 2.05 2.08 2.10

2.50 2.1 1 2.06 2.01 2.01 2.01 1.90

e. (VD), (kms ’ )

- 0 .47 1.48 1.63 1.41 1.39 1.26

- 0.51 1.48 1.53 1.44 1.38 1.33

- 0.54
if-
1.50 1.69 1.34 1.40 1.44

- 0.59 1.70 1.96 1.35 1.36 1.57

- 0.91 1.70 1.70 1.37 1.40 -

- - - 1.40 1.42 - -

f. (V0)2 (kms 1)

Figure 4.25: (e) The velocity dispersion of the warm  background gas; (f) 
the same as Figure (e) for the foreground absorbing gas.
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T
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r
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Figure 4.25: (g) The excitation  tem pera tu re  of the background gas.

an assum ed CS fractional abundance relative to  m olecular hydrogen X (C S ) of 5 x 10-9 

(Irvine, G oldsm ith & H jalm arson 1987) gives N(H2) ~  3 x l 0 2' m - 2 . The value of X (C S ) 

was found by Irvine et al. to  vary by an order of m agnitude from  cloud to cloud, so this 

is highly uncertain . However the column density of m olecular hydrogen derived by this 

m ethod is sim ilar to  th a t found from the dust continuum , and results in a  to ta l mass of 

the area m odelled of about 1800M q .  The column density of the cool CS peaks a t the 

same position as the w arm  gas, though the actual values obtained are not meaningful 

because it is unlikely to  be in LTE a t a tem pera tu re  of 5K . If the gas is really a t a 

kinetic tem pera tu re  g reater th an  5 Iv as seems m ost likely, then the values of N 2 given 

in Figure 4.25(b) are too large.

The velocity w idth (V̂ >)j has a  m axim um  roughly a t the position of D R21(OH)M , 

though tow ards the sou th -easte rn  edge (Vd)i is large where the blue wings are evident 

in the spectra. Similarly, (Vr0)i has its m ost blueshifted value a t those points. The 

average value of (Vo)2 -  (^o)i> not including those points obviously dom inated by wing
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emission, is 0 .7km  s_1. There is also a tendency for the value of (Vo)i to  decrease from 

the no rth -w est to sou th -east, in the same sense as the  proposed velocity shear observed 

in W 75 which could be due the in teraction  of the two clouds (Dickel et al. 1978). (I'd) 2 

has a definite m axim um  towards the column density  peak.

The corresponding optical depths of the w arm  background emission are interm e­

diate for CS, w ith values tow ards DR21(OH)M  at V  =  (Vo)i of r(C S  2 -  1) =  1.24, 

r(C S  1 -  0) =  0.34, r (C 34S 2 -  1) =  0.080 and r ( C 34S 1 -  0) =  0.022. The CS emission 

is therefore ra the r sensitive to  density and tem pera tu re  variations.

The results of the LTE m odelling therefore provides a  picture th a t  fits in well w ith 

the continuum  da ta . Dense, w arm  gas and dust a t a tem pera tu re  of approxim ately 40 K 

is localised in the core of the GM C, w ith cooler m ateria l, still w ith ra the r high molecular 

hydrogen num ber densities of around 1010m ~3, located  a t a distance of 0.44pc from 

the centre. Towards the positions of DR21(OH)S and D R21(O H )W  the CS excitation 

tem pera tu re  is about 20 K, though this num ber is probably  beam  diluted. The m or­

phology and m ass of the dense gas traced by the CS emission is sim ilar to  th a t derived 

from the continuum  observations (section 4.2), indicating th a t they are tracing the same 

m aterial.

4.3 .3 .4  Applicability of the model

The assum ption th a t all the gas is in LTE implies th a t it is all above the critical density 

for th a t  transition  (section 1.4) so th a t the excitation tem pera tu re  is equal to  the kinetic 

tem peratu re . Since the critical density is higher for higher J  transitions the lower levels 

become therm alised first. If the higher levels are under-populated  then the partition  

function is bigger th an  the true  num ber of available s ta tes, and for a given excitation 

tem pera tu re  the  analysis will result in an overestim ate of N  even if Tex =  T -̂m for the 

low levels. Similarly, if the lower sta tes are not therm ally  populated  so th a t Tex is less 

th an  Tkin, N  is again overestim ated. For a. given Tex all deviations from  LTE under 

usual cloud conditions for CS will result in an overestim ate of N .

Since kinetic tem peratures as low as 5K  are not seen in m olecular clouds (typically 

Tkin ^  10 K) the absorbing layer of gas in the model is not in LTE and the model 

results in values of N 2 th a t are too high. W ithou t solving the sta tistica l equilibrium 

of the level populations under the influence of both  collisions and radiative processes it 

is difficult to  tell by how much 1V2 is overestim ated. For the warm  bulk of the gas at
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an excitation tem pera tu re  of 40 K the p a rtitio n  function for a molecule w ith an infinite 

num ber of levels (as has been assum ed here -  equation 1.12) has a value ~  34. For 

a three-level molecule w ith the J  =  0 ,1 ,2  levels therm ally  populated  w ith the same 

excitation tem pera tu re  the pa rtitio n  function would be ~  8, so the value of N \ derived 

here is no m ore than  a factor of 4 too big as long as the lowest three levels follow the 

Boltzm ann d istribu tion  (im plying m olecular hydrogen num ber densities > 1011 m - 3 ).

If, as is m ost likely, an inw ardly increasing tem pera tu re  gradient exists, Cantó, 

Rodríguez & A nglada (1987) showed th a t the excitation  tem pera tu re  derived will depend 

on the optical depth of the transitions. T hey investigated  the  relationship between the 

optical depth , excitation tem pera tu re  and filling factor derived by assum ing a single 

tem pera tu re  (as is common in the lite ra tu re ), w ith the actual optical depth  and range 

of excitation tem peratu res present in a sm ooth source (i.e. non-clum py, so th a t the 

true filling factor /  =  1). They show th a t a  tem pera tu re  gradient along the line of sight 

will produce fictitious filling factors if a single tem pera tu re  is assum ed, and th a t the 

tem pera tu re  derived in th is m anner is physically unrelated  to  the tem peratures actually 

present in the  source and can be m uch larger. This happens when, in the single­

tem peratu re  analysis, the optical depth  ra tio  r (2 — l ) / r ( l  — 0) s ta rts  to  approach the 

value obtained for Tex =  oo of 4. The derived excitation tem pera tu re  then exceeds any 

tem pera tu re  actually  present in the em itting  region, and the  corresponding filling factor 

then has to  become very small to  account for the observed brightness tem perature.

The model described above inherently  assumes a  sm ooth source w ith /  =  1. Since 

/  is defined by the relation

r* = / j ( r ) ( i - o

this m eans th a t  for the same observed value of T*  the excitation tem pera tu re  found 

in m y model will be lower than  th a t given by a single tem pera tu re  derived from the 

line ratios. As was poin ted  out by Cantó et al. the value of /  usually depends on 

which transition  is used for the calculation, since it  bears no relation to the true  source 

s tructu re  and is in troduced purely to tie in the  sing le-tem perature  analysis w ith the 

observations. From  the work of Cantó et al. i t  is clear th a t se tting  /  =  1 and finding a. 

best-fit for the  excitation tem pera tu re  will result in a value closer to  the actual range 

of tem peratures present over a larger range of optical depths than  solving equations for 

the line ratios, if tem pera tu re  gradients exist.

If density gradients exist then the observed emission will originate predom inantly
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in regions w ith high tem pera tu re  a n d /o r  density unless the  transition  is significantly 

optically thick. Then, since the filling factor will no longer be unity, the derived exci­

ta tio n  tem pera tu re  will be an underestim ate  of the true  peak tem perature . This could 

well be the case for DR21(O H), bu t higher resolution observations are needed before 

the effect can be quantified.

It is useful to  com pare these results w ith those of Snell et al. (1984), who modelled 

CS and C34S emission from  a num ber of dense cloud cores using a large velocity gra­

dient (LVG) rad iative transfer analysis. They found th a t  a  constant abundance ratio  

X(CS)/A T(C34S) for an individual cloud could not fit their d a ta , w ith variations in the 

ra tio  by abou t a  factor of 2 necessary to  fit all the positions w ithin the cloud. This is 

sim ilar to  the  results of the in itia l test of the m odel described in section 4.3.3.3, where 

the low ratio  of about 10 was found to  be suitable tow ards the  centre of the cloud and 

a ra tio  of 20 fitted  the outer parts.

T he enhancem ent of emission from  the  rare  isotope com pared w ith CS could be 

caused by several effects. For exam ple, if the filling factor is less th an  unity, then the 

optical depth  of the em itting  clumps is higher th an  th a t derived in the  modelling, so th a t 

the C34S lines are brighter than  expected from a  terrestria l isotope ratio . A lternatively, 

a  gradient in the excitation tem pera tu re  will result in lower brightness tem peratures in 

the CS lines if the foreground cooler m edium  is optically thick, whereas the C34S lines 

will not be affected. It seems clear th a t  bo th  of these effects are contribu ting  to the 

variation in the relative brightness of the C34S lines in D R 21(O H ), and the contribution 

of each will only be determ ined by a  full radiative transfer analysis w ith a  physically 

reasonable cloud geometry.

To sum m arise, the  model will produce over-estim ates of the beam -averaged column 

density, N , though the num bers obtained will be good to  w ithin an order of m agnitude. 

In the  presence of tem pera tu re  gradients, the excitation tem peratures derived from the 

fitting are b e tte r  constrained to be w ithin the range of the actual tem peratures present 

th an  solving the LTE equations ju st using line ra tios, because the filling factor /  has 

been assum ed to  be unity. The model therefore results in the best approxim ation to the 

true  cloud conditions w ithin the assum ption of LTE.
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The next stage is to  determ ine whether the linew idths found in the CS spectra are 

consistent w ith the  cloud being supported in virial equilibrium . The stability  of the 

cloud is determ ined by the contributions to  the  various term s in the virial equation, 

which for a self-gravitating m agnetized fluid is

surface 1 ( m agnetic )
pressure > +  < tension > . 

term  J [ term  J

1 is the m om ent of inertia , K  is the bulk kinetic energy, f  P d V  =  ( 7 — 1)17 for a 

perfect gas w ith therm al energy U and ra tio  of specific heat capacities 7 , ft is the 

gravitational po ten tia l energy and the fourth  term , f  - ^ d V ,  is the m agnetic energy. 

Contributions to  the surface pressure term  come from the  therm al and m agnetic pressure 

of the surrounding intercloud medium.

Initially, one can neglect the surface pressure and m agnetic term s. The bulk kinetic 

energy K  can be estim ated  from the velocity dispersion observed in the CS lines. This 

involves m aking the assum ption th a t the large line w idths detected are due to  support 

mechanisms for the cloud core, ra the r than  (for example) h igh-velocity  infalling gas at 

the centre, and th a t the support is isotropic. Then, by also assum ing spherical sym m etry 

so th a t the three-dim ensional velocity dispersion a  is equal to  \ f z  VD,

3 9K  =  - M V d2.
2

M  is the cloud m ass, which is approxim ately 2000 M0 from  the continuum  and CS data. 

This can be evaluated num erically using VD — 2 .4km  s-1 to  give K  =  3.4 X 1040 J. The 

sound speed cs for gas w ith Tkin =  40 K is 0.4 km s_1, which is much smaller than  the CS 

line widths. The therm al energy is therefore negligible com pared w ith the bulk kinetic 

energy.

The gravitational po ten tia l energy ft is given by

G M 2 (3 -  a)
R  ( 5 - 2  a)

for a cloud with radius R  and density d istribution p <x r~ a . The extent of the emission 

used depends on the geom etry assumed. The half-pow er w idth in right ascension as­

suming Gaussian source and beam  geom etry is ~  45 arcsec in bo th  the CS 1 — 0 and

2 — 1, corresponding to  a diam eter of 0.44pc at a  distance of 2kpc, A lternatively if a 

power-law  density d istribu tion  is assumed it is best to equate the radius R  to  the to ta l

4 .3 .3 .5  C loud  eq u ilib r iu m

1 d2I
2 l m = 2 K  +  d I

P d V  +  ft +
r B 2 
/   dV

J  2 p o
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extent of the emission, which is approxim ately 60 arcsec. Both for the Gaussian cloud 

and for a power law w ith a  =  2 (predicted for the envelopes of cloud cores, e.g. Shu 

1977) this gives ft =  6 X 104° J.

R otation  could also provide support, though if  the slight velocity shift shown in 

Figure 4.25(c) of abou t l k m s -1 across a region w ith linear dimension of l p c  were 

due to  ro ta tion , its  angular velocity is significantly less th an  Keplerian. Therefore, the 

m agnitude of the ro ta tiona l energy is likely to  be less th an  10% of the turbulent energy 

calculated from the observed velocity dispersion of 2 .4 k m s_1.

Com parison of the term s calculated above show th a t w ithin the uncertainties due 

to lack of knowledge about the  true  source geometry, the cloud is close to  being in 

virial equilibrium . The effect of m agnetic fields and external pressure have not been 

included, though an in ternal m agnetic field will tend  to  give more support against 

collapse, and external pressure will tend to  increase the inw ard acceleration of the gas. 

If virial equilibrium  is assumed , the virial mass obtained by equating d2I / d t 2 to zero is 

2500 M0 .

The virial theorem  says nothing about the underlying na tu re  of the high velocity 

dispersion, and the source of the wide molecular lines rem ains undeterm ined by this 

analysis. However, since the asym m etrically absorbed line profiles are m ost likely caused 

by the infalling outer p a rts  of the cloud, the line wings in spectra towards the cloud 

centre could well originate very close to  the em bedded sources where high infall velocities 

are m ost likely to  occur, and the density is sufficiently high for significant emission even 

from C34S. A nother possibility is th a t the line wings are caused by high-velocity, dense 

gas th a t has been swept up by a very young, energetic outflow.

So, the cloud core is roughly in equilibrium , on large scales a t least. Deep within 

the centre of each core s ta r  form ation is taking place, and especially in DR21(OH)M , is 

responsible for the wing emission from relatively high-velocity, dense gas.

4.4  C o n c lu s io n s

High-resolution 1.3 mm dust continuum  observations have revealed the presence of 

at least eight dense cores located along a ridge in the DR21 cloud. Three of these, 

DR21(OH)M , F IR 1(H20 ) and F IR3(H20 ), are associated w ith H2O masers. The dust 

tem peratures obtained for those sources for which other d a ta  exist are 40 and 65 K 

(D R21(OH)M  and FIR 1(H20 )  respectively), the F IR  sources to  the north  being warmer
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and probably more evolved than  those near D R 21(0H ). The presence of embedded 

sources is required to  explain the  lum inosity  of the cores, since contributions from the 

in terste llar rad iation  field and g rav ita tional contraction are all negligible. This is true 

even for the cooler cores to  the  south , though any such sources m ust still be very young 

for the cloud to  have rem ained undispersed. The lum inosity of D R 21(0H )M  is probably 

dom inated by a single s ta r  w ith a mass of approxim ately  15 M q, w ith the lower mass 

stars yet to  form. This s ta r  is associated w ith the OH, H2O and CH3OH m asers, and 

could also be heating the two m illim etre continuum  peaks found by the Owens Valley 

In terferom eter (W oody et al. 1989).

The velocity struc tu re  of the cores around D R 21(0H ) have been studied by m apping 

the region in CS and C3''S 2 -  1 and 1 -  0. The three cores, DR21(O H)M , DR21(OH)S 

and D R21(O H )W , all appear a t slightly different velocities, w ith DR21(O H )W  appar­

ently  connected to  DR21(O H)M  by a ridge of dense gas oriented perpendicular to  the 

m ethanol m asers (Plam beck Sz M enten 1990). Self-reversed line profiles are found in 

CS 2 — 1 th a t can be explained by the presence of infall over the central regions. The 

CS and C34S spectra  are all relatively  wide, w ith wing emission m ost prom inent east of 

DR21(OH)M . M odelling the spectra  by a simple tw o-com ponent geometry, w ith all the 

gas in LTE, indicates th a t the w arm , em itting  gas (w ith a peak excitation tem perature 

of about 40 K) is physically associated w ith the cooler absorbing gas in  the  foreground. 

A typical in terste llar abundance ra tio  AT(CS)/X(C34S) =  15 can adequately account 

for the brightness of the CS and C34S lines.

The mass of the DR21(OH) cloud (which includes DR21(O H)M , DR21(OH)S and 

D R21(O H )W ) is about 2000 M q, from  bo th  the continuum  d a ta  and the CS data. It 

is approxim ately in virial equilibrium , provided the wide lines are caused by supportive 

turbulence ra the r than  infalling dense gas a t the centre of the cloud. However the wing 

emission, together w ith the orien tation  and separation of the various m asers associated 

w ith DR21(O H)M , im ply the presence of a very young outflow, yet to be detected, th a t 

could provide a m eans of support for the cloud core. Observations in  a rare isotope of 

CO are required, since emission from 12CO is too confused in  this region of the sky.
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C h a p te r  5

C o n c lu s io n s

The work presented in this thesis set out to  exam ine several areas of s ta r  form ation 

previously believed to be the  youngest of their type in  the context of the  current ideas 

outlined in  C hap ter 1. All of the sources have been found to  be quite young, although 

none was found to be a  “true p ro to s ta r” since they have all probably already begun 

nuclear burning. B335 has been studied as an example of isolated, low -m ass s ta r  for­

m ation, and has been used as a  test of theoretical evolutionary tracks, and to examine 

possible outflow collim ation m echanism s; N G C2024 contains em bedded, in te rm ed ia te - 

mass cores th a t have been found to  be a t varying stages of evolution; the sources near 

DR21(OH) are cores of a GM C at a correspondingly higher tem pera tu re  than  found in 

the low -m ass case, and are poten tia lly  the youngest high-m ass objects yet discovered.

5.1 L ow —m ass  s tar  form ation : B 335

The core of the isolated  globule B335 has been m apped in therm al subm illim etrc dust 

continuum  emission, and has been found to be elongated perpendicular to  the outflow. 

The emission has not been resolved by an 8 arcsec beam  in the direction of the outflow 

axis, giving dimensions of 1900X <  1500 AU (FW H M ). The core has been found to be 

very dense, w ith  m olecular hydrogen num ber densities of ?z(H2) > 5 X 1013m - 3 , and 

optical extinction in excess of 320 mag.

Evolutionary state The detailed modelling carried out by Shu and coworkers of the 

evolution of low -m ass p ro tostars has been used to  try  to determ ine the evolutionary 

s ta te  of the em bedded source in B335. The presence of an evolved outflow whilst the 

lum inosity  of the exciting source is so low and the extinction so high presents three
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possibilities:

( i)  Outflow is possible from  sources m uch younger th an  previously expected. This 

sta tem en t also implies th a t if the wind driving the  outflow is pro tostellar in origin 

then  deuterium  burning cannot be the driving m echanism , and some other device for 

driving the p ro toste llar m ass loss m ust be found. Disk winds are not discounted by this 

argum ent, although the energetics of the core are not conducive to  being able to drive 

the outflow.

(ii) The em bedded source is a m ore evolved p ro to sta r whose low lum inosity can be 

accounted for by invoking a lower m ass an d /o r  accretion efficiency th an  th a t assumed 

for the theoretical tracks in Taurus. The high extinction tow ards the source then has 

to be due to  the orien tation  of a  thick disk. The fact th a t  B335 is an isolated globule 

ra th e r th an  p a rt of a large complex like Taurus could be influencing the na tu re  of the 

s ta r  form ation occurring there, b u t then the generality  of the s ta r  form ation theory is 

brought in to  question.

( iii)  The source is a pre-m ain-sequence s ta r  w ith a  suitably  low lum inosity  th a t has 

rem ained em bedded, w ith its  high extinction again due to  the orien tation  of a thick disk. 

The fact th a t  the s ta r  is not yet visible could be because the outflow is not energetic 

enough to  disperse the core.

Given the presence of an evolved outflow and a possible HH object (Vrba. et al. 

1986) it  seems likely th a t  one of the la tte r  two explanations is the  case.

C o l l im a t io n  o f  th e  o u tf lo w  The mass (2M 0 ) and radius (about 1000AU) of the 

core traced  by the dust emission m eans th a t it is sufficiently g rav itationally  bound to be 

able to collim ate an in itially  isotropic wind in to  the observed bipolar s truc tu re , though 

this doesn’t rule out an intrinsically  anisotropic wind. Indeed, an anisotropic, bipolar 

wind would help to  explain why the core has not yet been dispersed perpendicular to the 

outflow axis. It appears th a t the outflow cannot be driven by a disk wind as suggested 

by P u d ritz  &: N orm an (1986).

Futu re  work The subm illim etre observations of B335 provide the first therm al con­

tinuum  evidence for disk s tructu re  perpendicular to  an outflow on circum stellar scales. 

F la ttened , elongated structu res have been detected in m olecular line emission in sources 

such as IRAS 16923 (M undy, W ilking & Myers 1986) and L1551IRS5 (Sargent et al. 

1988), bu t in these cases the continuum  emission was unresolved. Clearly, further h igh-

114



resolution interferom etric  m easurem ents of B335 a t opticaU y-thin wavelengths will be 

next essential step tow ards detecting the circum stellar disks th a t  have been predicted 

by theory. As an exam ple, a  linear resolution of about 400 AU can be achieved for B335 

by the Owens Valley M illim etre Wave Interferom eter, sufficient to  probe the structu re  

of dust disks w ith dimensions of a few xlOOO AU.

D etailed exam ination of the in teraction  of the outflow or p ro tostellar wind w ith 

its surroundings will determ ine w hether the observed core m orphology of B335 can be 

explained by the fact th a t  the outflow is insufficiently energetic to  disperse the dense 

gas. Since the effects of the in teraction  will be m ost prom inent close to the source, the 

best probe will again be in terferom etric  observations of the h igh-velocity  gas.

5.2 I n te r m e d ia te -m a s s  star  form ation: N G C 2 0 2 4

The h igh-reso lu tion  observations in  CS and C34S 7 — 6 showed th a t m ost, if  not all, 

of the six dense cores, F I R l -6, discovered by Mezger et al. (1988) are too w arm  to be 

p ro tostellar condensations. Significant CS 7—6 emission has been found to be associated 

w ith all of the dense cores, w ith excitation  tem peratures in the  range 20 to 60 K. This 

is considerably higher than  the  tem pera tu re  of 16 K suggested by Mezger et al., and 

a re-analysis of the existing continuum  d a ta  from  the entire region shows th a t single­

tem pera tu re  fits in the range 42 to  70 K can also account for the observed dust spectrum . 

The revised m ass estim ates of the cores lie between 2 and 11 M q . Lum inosities of 102 

to  1O3L0 are im plied, which requires the presence of em bedded heating sources. The 

evolutionary s ta te  of three of the sources have been examined in m ore detail:

F I R 4  The lowest optical depth  in  the CS 7 — 6 line, and in m illim etre continuum , 

is found tow ards FIR4. The results of a search for near-in frared  emission associated 

w ith the cores revealed a highly reddened 2 ¿zm source coincident w ith FIR4, whilst no 

other cores were detected. The presence of near-infrared  emission is strong evidence 

th a t the core does in fact contain an em bedded stellar source and is not a protostellar 

condensation. Also found near the 2 gm  source is a compact unipolar nebula. It appears 

to  have the features of an infrared reflection nebula, and is probably the result of 

an outflow from  the central object having broken through the interface between the 

m olecular cloud and the foreground HII region. Its extent from  the exciting source is 

only 4500 AU, so it is likely to  be very young.
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F IR 5  FIR 5 is the only core th a t  could still be cold enough to be a pro tostellar con­

densation, based on the CS observations. It is the m ost extended source of therm al 

dust emission, and the excitation  tem pera tu re  of the CS 7 — 6 line is the lowest of all 

six cores. However, h igh-reso lu tion  HCO+ observations led Barnes & C rutcher (1990) 

to  suggest th a t FIR5 is a  good candidate for the origin of the outflow th a t  extends over 

5 arcm in. In the context of the picture of s ta r  form ation presented in C hapter 1, this 

is clearly not consistent w ith  FIR5 being a p ro tostellar condensation. If FIR5 is the 

source of the outflow, then  its  high extinction could be due to  its environm ent, since 

any stellar wind can m ost easily evaporate in to  the HII region ra th e r than  dispersing 

the surrounding core.

F I R 6  The CS 7 — 6 spectrum  of F IR 6 is particu larly  wide w ith emission extending to 

± 3 k m s _1 either side of the cloud rest velocity, alm ost twice as broad as the emission 

from  all the  o ther cores. It has recently been found to  be the  source of a very energetic, 

young m olecular outflow (R icher 1990), and the CS line is therefore in terp reted  as 

resulting from  the in terac tion  of a  h igh-velocity  wind w ith the surrounding dense core. 

This also seems to  explain the kinem atics of the existing H CO + da ta , ra the r than the 

expanding torus suggested by Barnes Sz C rutcher (1990).

All of the sources described above are beyond the “p ro to s ta r” stage. The rem aining 

cores, F IR 1-3 , m ay be a t com parable evolutionary stages, and since they are all quali­

tatively  sim ilar to  F IR 4-6  in m illim etre continuum  emission and CS 7 — 6, this is ra ther 

likely. T he close proxim ity of the HII region m ay have triggered s ta r  form ation in the 

ridge by driving a shock in to  the  m olecular cloud, bu t this does not explain why the 

core located  closest to  the  ionisation front, FIR5, is also the coldest.

Futu re  work There are several questions th a t rem ain to  be answered about s ta r  for­

m ation  in  NGC 2024. N ear-in frared  polarim etry of the nebula associated w ith FIR4 will 

confirm its  origin, and polarim etry  of the scattered  near-in frared  emission ju st north  

of the ionisation front will pin down the  position of the ionising source of the HII re­

gion th a t has not yet been identified. M id-infrared observations of the dense cores are 

needed since these will reveal the d istribution of hot dust, and will not be contam i­

nated  dust being heated by the foreground HII region th a t could be contributing to the 

F IR /m illim etre  emission. Finally, F IR6 provides the ideal opportun ity  of exam ining the 

in teraction  of a  stellar wind on the dense gas in the environs of a very young outflow
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source.

5.3 H ig h —m a ss  s ta r  form ation : D R 2 1 (O H )

Of all the three sources exam ined in this thesis, D R 21(0H ) is potentially  the youngest, 

though its  larger distance m akes linear resolution a problem . 1.3 mm therm al dust 

continuum  m apping, w ith a resolution of 11 arcsec (0.1 pc) has shown th a t ju st north  of 

the complex of com pact HII regions D R21, lies a chain of dense cores s itua ted  in the same 

cloud, bu t w ith far less sign of ac tiv ity  com pared w ith the m ore southerly  sources. B right

1.3 m m  emission has been found to  be associated w ith three m aser sources, DR21(OH)M , 

F IR l(H 20 ) and F IR 3(H20 ). For those objects where o ther shorter wavelength d a ta  

already exists, the tem pera tu re  of the  dust, obtained by fitting  the  continuum  spectra 

by a single tem pera tu re , is around 40 to  65 K, typical of cores form ing high-m ass stars. 

T he sources close to  D R21(O H) are coolest and probably the youngest, though then- 

lower tem pera tu re  could also be an indication th a t they are sites of lower-m ass s ta r 

form ation.

Core  morphology The location of the embedded sources w ith in  the  D R21 cloud is 

consistent w ith s ta r  form ation tak ing  place from  the inside outw ards ra the r than  sta r 

form ation being triggered externally  as has been suggested for some other sources ( e.cj. 

Ho, Klein iz Haschick 1986). D R21(O H) is also sufficiently far away from D R21 th a t  it 

appears to  be unaffected by the s ta r  form ation going on there, im plying th a t the origin 

of the dense ridge around D R21(O H) was probably independent of the activ ity  to the 

south. In th is respect, the m orphology of the cores w ithin the more extended GMC 

can be adequately  explained by the  model described by M cstcl (1965), in which a cloud 

contracting  under the influence of a  m agnetic field will form a flattened structu re , w ith 

sm aller fragm ents condensing from  the collapsing cloud.

Stellar content The lum inosity of the cores is sufficiently high (each core is a few 

x 1 0 3 L q )  th a t  it  can only be produced by em bedded young stars. The possible contri­

bution to  the heating of the cores from the in terste llar rad iation  field and the release of 

g rav itational energy is too small to  account for the observed luminosity. However, since 

the cloud core has rem ained undispersed, and there is no sign of an HII region indicative 

of OB sta rs  th a t could disrupt the  cloud, it m ust still be very young. It seems m ost likely
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th a t  to  account for the presence of the OH, H2O and CH3OH m asers associated w ith 

D R 21(0 )M , there is a  single s ta r w ith a mass of approxim ately 15 M0 th a t  accounts 

for the lum inosity. For a  M iller-Scalo IM F, this result also implies th a t  the lower mass 

sta rs  have yet to  form , since s ta r  form ation has clearly not yet finished w ithin the cores, 

which is again consistent w ith the different tim escales predicted by theory (e.g. Shu, 

Adam s & Liza.no 1987). This s ta r  could also be heating the  two m illim etre continuum  

peaks th a t  have been found by higher resolution interferom eter m easurem ents (Woody 

et al. 1989). U nfortunately  the existing upper lim it on the radio continuum  flux does 

not place a tigh ter upper lim it on the possible spectral type of the exciting star.

Co re  dynamics The cores are sufficiently dense th a t the lower levels of CS are likely 

to  be therm alised, so the  1 - 0  and 2 — 1 transitions of CS and C34S have been used 

to  exam ine the velocity struc tu re  w ith in  the cloud. The individual clumps appear in 

different velocity channels, separated  by approxim ately 5 k m s- 1 , w ith one of the  sources 

im m ediately  to  the south  of DR21(O H)M  apparently  connected to the m aser source by a 

ridge of emission. This ridge is perpendicular to  the  orientation of the m ethanol m asers 

(Plam beck & M enten 1990).

The CS 2 — 1 profiles tow ards the centre of the cluster are self-reversed, and the 

variation of the profiles across the cloud can be explained by the presence of cooler, 

infalling gas along the line-of-sigh t. All the  spectra  are relatively wide, even the C31S 

lines, and wing emission is present to  the east of DR21(OH)M . In order to  obtain a 

quan tita tive  estim ate  of the excitation  conditions of CS, the spectra a t each position 

has been m odelled by two com ponents, w ith warm  background gas in LTE and cooler 

foreground gas, also in LTE. The results indicate th a t the two com ponents are phys­

ically associated, and the w arm  gas has a peak excitation tem pera tu re  of about 40 K 

at the centre. C om paring this w ith the dust tem perature , it is apparen t th a t the LTE 

assum ption was justified.

The m ass of the cloud core is about 2000 M q, obtained from bo th  the dust con­

tinuum  emission and the  CS da ta . The CS linew idths, together w ith the derived mass, 

indicate th a t  the cloud is approxim ately in virial equilibrium.

F u tu re  w ork  It appears th a t one of the sources of the wide CS lines, and presum ably 

also one of the sources of tu rbu len t support of the cloud, is the presence of an extremely 

young outflow. This has yet to  be detected directly, since the usual m ethod of exam ining
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the line wings of 12CO will not work because the  proxim ity of the  W75 cloud masks 

the emission. A t present its  existence can only be inferred from  the wings detected 

by the  CS m apping, and the orien tation  and separation  of the m asers associated w ith 

DR21(O H )M . To verify this suggestion will require observations in 13C 0  th a t will not 

be so confused by high optical depth .

5.4  F u tu re  o b se r v a t io n s  o f  p ro to s ta r s

It has become apparen t th a t  one of the m ajor problem s th a t  faces the detection of 

p ro to stars  is th a t of unam biguously identifying the stage of evolution of embedded 

sources. A lthough the therm al dust emission can, in  theory, be used to  quantify the 

evolutionary  phase of p ro tostars  (Adam s 1990), it  seems th a t  the models are not yet 

a t a stage of being able to  explain all the observations, and th a t  they also contain a 

num ber of unknown param eters th a t cannot be determ ined observationally.

The work presented in C hapters 2 and 3 showed th a t among other things, the 

presence of an outflow can be used to  infer th a t the source from  which it originates 

has passed its p ro toste llar phase. As long as the dynam ical lifetim e of the outflow is 

assum ed to be a  m easure of how recently  the em bedded source left th a t phase, sources 

w ith  com pact outflows can be taken as being the youngest outflow sources. Those 

sources th a t  do not yet have outflows can then be regarded as candidate pro tostars. This 

presents a  m eans of testing  the m ain ideas of p ro tostellar evolution empirically, since 

for low -m ass objects whose accretion lum inosity is a strong function of age, we m ight 

expect a  strong correlation betw een the source lum inosity and its  outflow energetics, if 

the accretion process or a process related  to  the accretion phase (for example, the onset 

of deuterium  burning) is responsible for the production of the  outflow'.

A detailed investigation of the lum inosity and outflow energetics of low-lum inosity 

sources, particu larly  in a region such as Taurus which is known to  be actively forming 

low -m ass sta rs , is therefore required. The best way of identifying cool, embedded 

objects is to  use the far-in frared  colours provided by the IRAS Point Soxirce Catalogue 

(e.g. Em erson 1987); Heyer et al. (1987) have surveyed IRAS sources in Taurus by- 

m aking undersam pled m aps using a 45 arcsec beam , bu t subsequent liigh-resolution 

observations (e.g. Terebey, Vogel & Myers 1989; Chandler et al. in preparation) have 

shown th a t they missed com pact, high-velocity gas.

O ther surveys for h igh-velocity  gas associated w ith YSOs which are large enough
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to  enable s ta tis tica l studies of the outflow phenom enon have concentrated on luminous 

infrared sources, w ith  L * > 40 L q  (e.g. Bally & Lada 1983; M argulis, Lada & Snell 

1988; Snell et al. 1988; Snell, Dickman & Huang 1990). They therefore represent either 

m edium  to high m ass objects, or more evolved, low -m ass, pre-m ain-sequence stars. A 

correlation betw een flow m echanical lum inosity and m om entum  transpo rt ra te  versus 

to ta l bolom etric lum inosity  of the associated infrared sources was proposed by Bally & 

Lada (1983), which was found to  weaken if only the high lum inosity  sources (>  500 L q )  

were considered. The correlation found by B ertout (1988), who examined a sample of 

outflow sources whose orientation could be estim ated from their flow morphology, is 

stronger th an  th a t  of Bally & Lada. This was used as evidence th a t the outflows associ­

ated  w ith h igh-lum inosity  sources could be radiatively driven, although he commented 

th a t  the  s itua tion  is no t so clear for low -lum inosity sources. It is therefore im portan t 

to  survey low -lum inosity  sources for compact, h igh-velocity gas, for which a stronger 

correlation th an  found in previous surveys m ight be expected.

A part from  extending the existing d a ta  set to lower mass sources, such a survey 

could also be used to  exam ine the earliest stages of p ro tostellar evolution by identifying 

cold cores th a t have no associated outflow. These sources are probably so young th a t 

they  have not yet reached a  stage of energetic mass loss. The next stage is then to 

determ ine w hether the  surrounding core can unam biguously be identified to  be collaps­

ing. This can only be done using spectral line m apping, to  search for the asym m etric 

profiles signifying the  infall of molecular m aterial. This m ay prove to be the hardest 

p a rt of finding a  p ro to star, since it requires high spectral and spatia l resolution, high 

in strum en ta l sensitivity  and careful d a ta  analysis and in te rp re ta tion . However the im ­

portance of such a  discovery cannot be over em phasised, and the study of very early 

stellar evolution rem ains one of the m ost interesting, if difficult, areas of observational 

astronom y.
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A p p e n d ix  A

T h e  s te l l a r  c o n te n t  o f  D R 2 1 ( O H )

The functional form  of the IM F given by Miller & Scalo (1979) is used below to esti­

m ate  the m ass of m ain-sequence stars in D R 2 l(0 H ) th a t can account for the observed 

lum inosity. I have used the three-segm ented  pow er-law  fit to  the num ber of stars per 

un it m ass,

n(M)  = k D0M ° l ,

which for M  in un its  of M q  has w ith Do =  42, D\  =  —1.4 for 0.1 <  M / M g  < 1, 

Dq =  42, D\  =  —2.5 for 1 <  M /M g  < 10, and Dq =  240, D\  =  —3.3 for 10 < M / M g. 

k is a  suitable norm alisation constan t.

For a given norm alisation, the  mass of the highest mass s ta r likely to  be present, 

M u, will be

rMo
/ Mn( M) AM = Mu

JMi

where the m ass M\  is defined by the criterion

rMo
/ n{M)(lM =  1

and M q is the upper mass lim it of the IM F, taken to be 62 M g by M iller & Scalo (1979). 

T he q uan tita tive  analysis for DR21(OH) below shows th a t se tting  M q =  oo makes a 

negligible difference to  the final result because of the lim it on the num ber of high-m ass 

stars set by the observed lum inosity. The next highest m ass s ta r  is then defined by 

/•Ah
/ n( M) dM =  1

JMi

and its m ass is M n ( M ) d M . The to ta l mass of stars present can then be found by 

sum m ing all the s ta rs , assum ing the lowest mass s ta r present is 0.1 M g:
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x  rM, rM0
M stars =  V  I M n (M )c lM  =  /  M n (M )d M .¡JMi+i J o.i
The lum inosity  o f  this ensemble o f stars can be  fo u n d  b y  a p p ro x im a tin g  ( T / L q )  = 

( M /M q )3 over the en tire  m ass range (Allen 1955), giving

/  rMt
¿observed =  /  I I M T l ( A /)d A f

T  V ^h+i

T he observed lum inosity  of DR21(OH)M  can then  be used to  determ ine the nor­

m alisation and hence the value of M u if the d istribu tion  o f stellar masses is d ra w n  from  

such a  function. The equations were solved iteratively, and a  value of M tl =  14.8 M© 

was found for ¿observed =  4100 L q. Higher values of M u resulted in  all of the lu m in o s ity  

being produced by a  small num ber of high to  m edium  m ass stars, w ith  no lo w -m a ss  

stars yet form ed. Lower values of M u did not produce su ffic ien t lu m in o s ity . T h is  va lu e  

of M u m ay be com pared w ith  the upper lim it obtained i f  all the lu m in o s ity  is p ro d u c e d  

be a  single h igh-m ass s ta r, which is 16 M q .
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S U M M A R Y
High-resolution submillimetre continuum observations of the far-infrared source in 
the isolated Bok globule B335 have been made using the JCMT. The continuum 
source is resolved perpendicular to the axis of the accompanying outflow in an 8 
arcsec beam, but unresolved parallel to it. We conclude that it is a very dense 
[/z(H2) S; 5 x 1013 rrT3] core of dust and gas surrounding a central protostellar or pre- 
main-sequence object. We find that this core is able to collimate an initially isotropic 
wind into its observed bipolar structure. The central object does not appear to fit the 
currently popular models for protostellar evolution, because of its high A v, low 
luminosity, and the presence of an outflow. We propose three alternatives to explain 
these features: (i) outflow is possible from protostars much younger than had previ­
ously been expected; (ii) the luminosity source is a more evolved protostar with an 
outflow, that has unusually low' mass and/or accretion efficiency, and the high A v  is 
due to the orientation of the source, or (iii) the source is already well-evolved and is a 
pre-main-sequence star that, for some reason, has remained deeply embedded.

1 IN T R O D U C T IO N

B335 is an isolated dark  cloud with a relatively simple struc­
ture com pared with most m olecular clouds. A n upper limit 
of 400 pc has been placed on its distance by the absence of 
foreground stars (Bok & M cCarthy 1974), although large- 
scale extinction m easurem ents and its coincidence with the 
Lindblad ring (Tomita, Saito & O htani 1979; Elmegreen 
1982) have led most authors to use a distance of 250 pc, 
which we have also adopted. A n  associated com pact, 
embedded, far-infrared/subm illim etre continuum  source was 
detected by Keene et al. (1983), and a low-velocity bipolar 
outflow was found to be centred on the far-infrared (FIR) 
source by Frerking & Fangcr (1982) and Goldsmith, Snell & 
Hemeon-Heyer (1984). T he large-scale structure and 
dynamics of the globule have been studied in detail by 
Frerking. Langer & W ilson (1987), who, after detecting a 
blue- and red-shifted com ponent in 12C O  7 = 1 —0 channel 
maps offset from the original outflow (Fanger, Frerking &

Wilson 1986). deduced that the globule was in fact evolved, 
with two outflows, rather than a young cloud still undergoing 
star-form ation as had previously been thought. M ore 
recently, however, the overlapping red- and blue-shifted 
emission has been interpreted as the result of a highly- 
collimated single bipolar outflow, oriented in the plane of the 
sky (Hirano et al. 1988: Cabrit, Goldsmith & Snell 1988; 
M oriarty-Schieven & Snell 1989). H irano et al. (1988) con­
cluded that the flow must be focused within 0.02 pc of the 
driving source.

B335 also has a possible H erb ig-H aro  (HH) object in the 
red lobe of the outflow, detected by H a  emission (Vrba et al. 
1986). This might be considered surprising, since one would 
expect HH objects to be detected preferentially in the blue 
lobe, but as the outflow is nearly in the plane of the sky the 
column density of intervening dust and gas is likely to  be 
similar for both the blue and red lobes. M oreover, the red 
lobe appears to have broken out of the edge of the cloud 
(M oriarty-Schieven & Snell 1989), indicating that there must



be a steeper density gradient along the red lobe than the blue 
lobe, making it possible for us to detect optical emission from 
nearer to the central object in the red lobe than the blue lobe.

The F IR  source at the centre o f the outflow was barely 
resolved in a 55 arcsec beam  at 360 /xm by G ee et al. (1985), 
who claimed a source size of 28 ±  5 arcsec. Gee et al. (1985) 
argued that their data were consistent with a protostellar 
source, but were unable to resolve the accretion disc that 
they proposed as the source of the luminosity, and a possible 
driving source of the outflow. In order to try to test their 
model by resolving small-scale structure associated with the 
FIR source, we have m ade high-resolution submillim etre 
continuum observations, in an attem pt to determ ine the 
evolutionary state of this interesting object.

2 O B S E R V A T IO N S

The observations were m ade with the 15-m Jam es Clerk 
Maxwell Telescope (JC M T ) on M auna Kea, Hawaii, during 
1988 April, August and October. Photom etry was 
performed using the com m on-user 3H e cooled bolom eter 
UKT14, with filters centred on 2 mm, 1.3 mm, 1.1 mm, 800 
/¡m, 600 /¿m, 450 /xm and 350 /<m. Flux calibration was 
performed against M ars and Uranus, and is the m ost signifi­
cant source of uncertainty in the photom etry, due to  varia­
tion in the sky transparency over the period of the 
observations. T he photom etry is shown in Table 1, w here the 
total uncertainties include both the statistical and estim ated 
calibration uncertainties. Two over-sam pled maps were 
made at 800 /im  with a 17 arcsec beam. They were taken in 
an azimuth elevation coordinate system by chopping and 
scanning simultaneously, producing differential maps, cover­
ing an area 105 x 105 arcsec, using 7.5 arcsec pixel spacing 
and a chop throw  of 60 arcsec. They were reduced using the 
n o d2 software (Haslam 1 9 7 4 ) ,  and co-added. T he pointing 
accuracy is estim ated to be ~ 4 arcsec for the 800 /<m maps. 
A map was also m ade at 450  um with 3 arcsec spacing, for 
which the HPBW  at 450  /¡m  was m easured to be 8 ±  1 arcsec 
from a beam  m ap of U ranus. This map was produced from  
an evenly-spaced grid of single photom etry points. T he 
pointing was checked directly before and after the 450 /im  
map using K 3-50, and was found to be accurate to ± 2  
arcsec over that period.

Table 1. Submillimetre photometry.

Wavelength Effective Beam Flux per Statistical Total uncertainty

freq (GHz) size (") beam (Jy) uncertainty (Jy) (Jy)
2 mm 156 32 3 a  =  0.57

1.3 mm 238 21 0.64 0.03 0.07

1.1mm 272 19 0.68 0.02 0.07

800 pm 380 17 1.88 0.03 0.28

13 1.30 0.07 0.21

600 pm 463 19 4.0 0.3 0.85

450 pm 676 18 15.0 1.3 4.7

8 9.8 1.1 3.1

S=±oro 854 18 35 2.4 14

3 R E S U L T S

The 800 /rm  m ap is displayed in Fig. 1 together with the CO 
7 = 1 —0 contours of the outflow from  H irano et al. (1988,
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R.A . o f f s e t  (arcmin)

Figure 1. 800 fxm map of B335 taken with a 17 arcsec beam (solid 
contours), together with CO 7 = 1 —0 contours from HKNT (the 
blue wing is represented by the dashed contours, and the red wing 
by the dotted contours). The lowest contour in the continuum map 
is at 0.2 Jy, and the contour interval is at 1 a  spacing of 0.2 Jy. The 
RA and Dec. axes are offsets from the position of the submillimetre 
source, et(1950)= 19h34m35.7s± 0 .7 s, <5(1950) =  07°27T5"± 10".

R.A. o f fse t  (arcsec)

Figure 2. 450 fxm map taken with an 8 arcsec beam. The lowest 
contour is at 1.1 Jy, and the contour interval is at 1er intervals of 
1.1 Jy. The RA and Dec. axes are offsets from the position of the 
submillimetre peak, as in Fig. 1.

hereafter H K N T ). T h e  contours in the continuum m ap are at 
1 a  intervals of 0.2 Jy, and fitting a Gaussian to the flux dis­
tribution gives a FW H M  of 22 ±  2 arcsec. Approximating the 
actual source distribution to be Gaussian, and after decon­
volving with our 17 arcsec beam , we obtain a source size of 
14 ± 3  arcsec. T he Ict contour is extended north-south  (the 
axis of symmetry of the outflow is east-west); this low-level 
emission appears in both of the two maps that have been co­
added to produce the contour plot displayed in Fig. 1. A t the 
time that the maps were taken the angles between an 
RA-Dec. coordinate system and the local (az-el) coordinate 
system were ~ 20° and ~  55°, so any extended emission is 
therefore away from  the chop direction (azimuth).

T he high-resolution 450  /¡in map is shown in Fig. 2, 
where the contours are at 1 a  intervals of 1.1 Jy, and the peak 
is 9.8 Jy. This m ap covers the central 20 arcsec of the 800 
fim  map, and again approxim ating the source distribution to 
be Gaussian, the deconvolved source size is < 6  arcsec in 
right ascension and 7.5 ± 2 .0  arcsec in declination. W ithout 
fully resolving the source at several wavelengths we do not
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have enough inform ation to  be able to  model the effects of a 
tem perature and density gradient, o r the way in  which the 
apparent source size varies as a function of frequency, so we 
will use the approxim ation of G aussian distributions bearing 
in mind that such gradients are likely to exist. V LA  N H 3(1,1) 
observations (P. E. Palmer, quoted in Davidson 1987) 
also indicate a core size less than 15 arcsec. T he position 
of the submillim etre source in B335 is a(1950 ) =  
19h34m35.7s ±  0.7s, 3(1950) =  07°27 '15"±  10".

In order to  com pare the photom etric data (Table 1) with 
earlier m easurem ents m ade with larger beams, we have 
calculated the flux that would be obtained in a 50 arcsec 
G aussian beam , by convolving the maps with suitably 
norm alized G aussian functions. In order to do this we have 
had to assume that the source distribution shown in the 800 
/¿m m ap is approxim ately valid for all wavelengths A ^  600 
um, and that the source distribution shown in the 450 /<m 
map is approxim ately valid for A =  350 /¿m as well. T here are 
some difficulties with this when using the 450 /am map, first 
because the diffraction-limited beam  at 450 g m  has non- 
G aussian wings, and secondly because we did not m ap far 
enough to  get entirely off the source. We have approxim ated 
the beam  to  be Gaussian and we have ignored any missed 
flux outside the region of the map. This results in large 
uncertainties in the flux in a 50 arcsec beam  at 450 and 350 
/jm , but is a m ore reasonable estimate than would have been 
obtained had we assumed the same source distribution as at 
800 /(m. T h e  results of this re-beaming are shown in Table 2. 
They are also plotted in Fig. 3, together with previous

Table 2. Simulated fluxes in a 50 arcsec beam.

Wavelength

2 mm 

1.3 mm 

1.1 mm 

800 pm  

600 pm  

450 pm  

350 ^m

Effective Flux in a Statistical

freq (GHz) 50" beam (Jy) uncertainty (Jy) 

3tr =  0.76 

1.20 

1.39 

4.06 

8.2 

19.1 

45

Total uncertainty

(Jy)
156

238

272

380

463

676

854

0.08

0.07

0.13

0.7

1.7

3

0.14

0.16

0.62

1.8

7.6

21

W ave le n g th  (/xm )

Figure 3. Far-infrared/submillimetre spectrum of B335. Key: •  
data from this paper; o  data from Gee et al. (1985); A data from 
Keene et al. (1983); A  data from the IRAS Point Source Catalog.

W a ve le n g th  ( /x m )

Figure 4. Data taken with beams < 50 arcsec, together with the best
optically thin fit Q tB v(23 K), where rc c v 1 
best ‘optically thick' fit QBV(31 K ) ( l— e~ 
line).

(dashed line) and the
), where rccv1-6 (solid

measurements from  Keene et al. (1983), Gee et al. (1985) 
and fluxes from the IRAS Point Source Catalog.

If a steep density gradient exists then even the longer 
wavelengths will contain a significant contribution from the 
warmer dust responsible for the 60 //m  emission, so all data 
taken with a beam  size of ^ 5 0  arcsec (11 points, Fig. 4), 
including the 60 fim point, have been used to try to obtain 
average param eters for the dust within the central region. If 
the usual assumption that the dust continuum  emission is 
optically thin is made, a blackbody curve with r°cv^ 
(1 < 0 < 2 )  does not fit the 60 /¿m point well (the best opti­
cally thin fit is the dashed line in Fig. 4). T he results for this
fit are 7 = 2 3  K, 0 = 1 .0 ,  Q r 450 pm 1 x 1 0  10 where Q is
the effective solid angle of the source in steradians, and
X2=12.6 with 11 data points and 3 free parameters. The
source size in the 450 /am m ap then indicates that

450 fxm > 0 .1 , and so the ‘optim ally thin’ approximation is

source model of the spectrum , 7V(H2)~  1 x 1029 m~
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only valid (to within 20 per cent) for wavelengths a  100 /am. 
Flowever, if the same points are fitted to  a blackbody curve 
modified by (1 — e~T) (i.e. making no assum ptions about the 
optical depth of the emission) where r «  we find a better 
fit (x2 = 6.3 with 11 data points and 4 free param eters -  the 
tem perature, the optical depth, the frequency dependence of 
the optical depth /3, and the source size), which is for 
T=  31 K (solid curve, Fig. 4). Integrating under this curve 
gives a luminosity of ~ 2 .6 L 0 . W ithin this model, which 
assumes a uniformly bright isotherm al source, we find 
/3 =  1.6, r450/jm =  1-7, and a source area of 3.7 square 
arcsec. T he optical depth (and im plied colum n density) and 
the source size derived from  such a fit are com plicated mean 
values, and are difficult to in terpret relative to the observed 
source. A  lower limit to the tem perature of 7 =  15 K is 
required to account for the R ayleigh-Jeans part of the 
spectrum  including the observed emission at 350 /am.

T he column and space m olecular hydrogen number 
densities can be estimated from  the dust continuum  emission 
(Hildebrand 1983), although the gas-to-dust ratio has only 
been calibrated using interstellar clouds that are optically 
thin in the submillimetre. Using the Chicago assumptions of 
H ildebrand, we find that, for the extrem e of our uniform

n(H 2) ~ 1 x 1015 m 3, and the mass of the gas associated with 
the dust is ~  1.3M 0 . This is in excellent agreem ent with the
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mass obtained by Keene et al. (1983) of — 2.5 M 0 (who used 
a temperature of 15 K) since, in the Raylcigh-Jeans region of 
the spectrum where the emission is optically thin, the flux is 
proportional to M dus, x Tdust. Given that in fact a single tem­
perature is unlikely to be a good approxim ation to the 
emitting dust, the mass derived from  fitting the continuum 
spectrum with a single tem perature is rather uncertain. How­
ever, to within the uncertainties of the calibration of the dust- 
to-gas ratio, these num bers indicate a core mass 
,Wcore ~ 2 M q. Associating this with the source in the 450 //m  
map, we find actual lower limits to peak values of 
N(H2) ^  1 x 1028 m -2 and n (H 2)S: 5 x 1013 m ~3.

4 D IS C U S S IO N

4.1 The submillmietre source

The structure of the submillimetre continuum source has still 
not been fully resolved by our observations, but there is 
some evidence for an elongation NS, perpendicular to the 
axis of the outflow. T he position of the source is the same as 
that found by G ee et al. (1985), which is 20 arcsec east of 
that given by Keene et al. (1983). T his means that the peak in 
many molecular line maps (CS 7 = 2 - 1 ;  N H 3; H C 3N) is 
coincident with the dust continuum  source; previously, it had 
been thought that the F IR  source was not the significant 
HC3N emitting region (Hasegawa et al. 1986), although a 
close association was suggested. One notable exception to 
the observed proximity between submillimetre emission and 
molecular line emission is the C l80  peak (Walmsley & 
Menten 1987), which is ~ 30 arcsec away from  the F IR  
source. This may be due to optical depth effects o r pointing 
uncertainty, but within the specified pointing errors of both 
our observations and those of Walmsley & M enten, it seems 
that the C 180  emission does not trace the same m olecular gas 
as the dust continuum  and other ‘high-density’ molecular line 
tracers. Velocity inform ation on very small scales is needed 
to establish the true relationship of the cloud core, as traced 
by the submillimetre continuum  and molecular emission, to 
the central exciting object.

If we try to classify the source in B335 according to the 
current models of pre-stellar evolution (e.g. Shu, A dam s & 
Lizano 1987) then it has already passed the ‘protostellar' 
phase and is now in its ‘outflow ’ phase. This being the case, 
the rem arkable property of this source is its low luminosity. 
The conditions in the surrounding cloud are very similar to 
those in the large-scale region of star form ation in Taurus (i.e. 
an isothermal sound speed of ~ 0 .2  km s -1 and rotation 
velocity of the cloud core of ¿ 1 0 -14 rad s~*), for which 
Adams (1989) has plotted theoretical tracks of protostellar 
evolution in a L - A v diagram. O ur m easured value of L and 
derived value of A  v lie very close to the theoretical track, but 
in a region before outflow is supposed to have taken place. If 
these tracks are correct, then our results could m ean that 
outflow is possible from  objects much younger than the Shu 
et al. (1987) model expects, and the source in B335 repre­
sents an extremely early stage of protostellar evolution.

On the other hand, if B335 is not a young protostar, then 
the low luminosity and high extinction must be explained by 
some other reason. If the inclination angle of the outflow also 
defines the inclination angle of a disc or flattened core, then 
the anomalously high extinction could be due to the high

column density of gas and dust in the disc plane, and the low 
luminosity could then be due to a m ore evolved object. It is 
possible for a source near the beginning of its outflow phase 
to have a lower luminosity than that predicted by Adams, 
L ada & Shu (1987) if the param eters they used for the 
Taurus m olecular cloud are not applicable to an isolated 
globule such as B335, so that relative to Taurus the mass of 
the protostar-disc system is low and /o r the accretion effi­
ciency is low. A nother possibility is that the source is much 
more evolved and is already well down its Hayashi track, but 
for some reason has rem ained deeply em bedded, perhaps 
because the outflow is not energetic enough to have 
disrupted the surrounding cloud. If the latter is the case, then 
the stellar birthline of Stahler (1983) indicates that the 
luminosity of B335 is consistent with a pre-main-sequence 
star of mass <1.5  M 0 . T he central exciting source in B335 is 
so deeply em bedded [A VS 320 mag using the conversion of 
V (H 2) to E(B -  V ) of Bohlin, Savage & Drake (1978) and 
the extinction law of Rieke & Lebofsky (1985)] that it will 
not even be observable in the near-infrared.

4.2 The relationship between the submillimetre source 
and the molecular outflow

T he outflow associated with the F IR  source in B335 has 
recently been identified as lying almost in the plane of the 
sky, and we observe it at an angle of 80° ±  5° to the axis of the 
outflow. Therefore, the velocity, momentum, energy, force 
and mechanical luminosity of the outflow are now believed 
to be higher than had previously been thought. T he revised 
param eters of the outflow have been calculated by HKNT, 
Cabrit et al. (1988, hereafter CGS) and Moriarty-Schieven & 
Snell (1989, hereafter M-SS), and we have used the results of 
all three papers to estimate the effect of the outflow on the 
core, and to try to  constrain m odels for its collimation.

We consider several models for the driving source of the 
outflow and the collimation mechanism. First, models in 
which the flow is intrinsically bipolar require an anisotropic 
mechanism for the production of the wind. All such models 
require the presence of an accretion disc, the rotational 
energy of which is the source of the energy of the outflow. 
Torbett (1984) suggests that one mechanism  for the produc­
tion of a bipolar outflow is via the hydrodynamic ejection of 
material at the inner boundary of an accretion disc, produc­
ing pressure-driven winds that are intrinsically bipolar. 
Pudritz & N orm an (1986) and Konigl (1989) present 
arguments for hydrom agnetic winds from  accretion discs 
being the driving source of outflows. A ll of these models will 
require that the stored rotational energy of the disc be 
greater than the energy of the outflow in order for the disc to 
be able to supply the required energy to power the outflow. 
This assumes that we are considering a quasi-stationary 
system, and will not apply to a source if we happen to 
observe it just at the end of its outflow phase, when we might 
expect the rotational energy to  be less than that of the out­
flow. A s an example we consider a uniform Keplerian disc, 
and calculate the rotational energy that can be stored and 
used as an energy source for the outflow.

If the mass of the ‘disc’ (which we identify as being the 
mass of the submillimetre source) is M d, the radius of the 
disc is Rd (from the 450 jum map Rd= 1.4 x 1014 m), M* is 
the mass of the central young stellar object and G is the
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SU M M A R Y
New optical observations show that three southern carbon stars with silicate dust 
shells are J stars, in addition to two already known from the northern hemisphere. Four 
more J stars have similar red IRAS  colours although infrared spectra are lacking. A 
review of published data suggests that all the carbon stars with silicate shells may be J 
stars. These dust shells are all very red and must be optically thick, yet the carbon 
stars are not conspicuously reddened at optical wavelengths. The infrared sources are 
not very variable, although the probability is high that a companion of such red colour 
would be a variable of large amplitude. It is suggested that material expelled from the 
carbon star, starting while it still had an oxygen-rich envelope, has accumulated in a 
disc around a hypothetical companion. The properties of J stars with silicate dust 
shells are consistent with this suggestion, while the unusual feature of the infrared 
sources are accounted for.

1 IN T R O D U C T IO N

T he IRAS mission of 1983 provided spectra of approxi­
mately 4000 stars with dust shells (IRAS Science Team 1986) 
and most of those with diagnostic spectral features may be 
classified as O -rich (silicate features: Woolf & Ney 1969; 
Forrest, Gillett & Stein 1975) or C-rich (SiC emission: 
Treffers & C ohen 1974). The great majority of these IRAS 
spectral classifications are in agreement with the classifica­
tion of the photospheric spectrum  of the star at visible wave­
lengths but a few have the ‘wrong’ type of infrared spectrum  
for their visible-light spectrum. C arbon stars with silicate 
features in their infrared spectra present a challenge to 
current theories of stellar evolution and have been studied by 
several w orkers (Little-M arenin 1986; W illems & de Jong 
1986, 1988; N akada et al. 1987; Little-M arenin, Benson & 
Dickinson 1988; Deguchi et al. 1988; Chan & Kwok 1988; 
Vardya 1989a). T he principal hypotheses suggested are:

(i) these stars are binaries in which the shell belongs to  an 
M-type com panion (Little-M arenin 1986), and

(ii) the stars are observed in a brief evolutionary stage 
after conversion from  an M to a carbon star but before the 
oxygen-rich circum stellar shell of the form er has had time to 
dissipate (Willems & de Jong 1986,1988).

Few of the 20 carbon stars with silicate shells identified in 
the literature have been studied in detail, and initial examina­
tion of the data suggested that several had been included in 
error. Additionally, the IRAS LRS spectra (IRAS Science 
Team 1986) of the well-established examples are not typical 
of optically observable stars with silicate spectra. All have 
very strong, and in one case unusually broad, 9.7 /tm 
emission superim posed on rather flat continua; the [ 12]—[25] 
colours are redder than those of most red variables found in 
the General Catalogue of Variable Stars (Kholopov et al. 
1985). All these stars, as well as five additional examples 
which were noticed, have been re-examined to see whether 
their inclusion in the list of carbon stars with silicate shells is 
justified (Section 2). T he IRAS data for the surviving 
examples are examined to place these stars in the context of 
stars with silicate shells in general (Section 3). Optical 
spectroscopy of three possible southern examples is used to 
check the association of silicate shells with l3C-rich carbon 
stars (Section 4). A n expanded list of 13C-rich carbon stars 
has been com pared with the IRAS catalogue to search for 
additional examples of such stars (Section 5). Finally, the 
available data are discussed in term s of possible models 
(Section 6).

A n especially striking result is that the two best-studied 
stars of this type are 13C-rich carbon stars o r J  stars (Willems 
& de Jong 1986). This has led to the developm ent of an 
alternative to the widely accepted M --S  — C sequence of 
evolution on the asymptotic giant branch (Willems & de Jong 
1988; Chan & Kwok 1988).

2 Reclassification of LRS spectra
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T he Low Resolution Spectra obtained with the IRAS satel­
lite were classified on a two-digit scheme, in which the digits 
were assigned by com puter to  characterize the overall shape 
of the spectrum  and to give quantitative inform ation on the
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Summary. CS ( 7 = 7 - 6 )  observations of N G C 2024, at 15-arcsec resolution, 
show strong emission closely associated with the recently identified 
submillim etre continuum  sources. Significant excitation of this line indicates the 
presence of localized regions of dense, heated m olecular gas and implies that 
the continuum  peaks contain heavily-obscured luminous stellar cores. A  lower 
limit of 28 K is obtained for the line excitation tem perature from the observed 
line strengths. A  re-analysis o f existing continuum  data predicts an effective 
dust tem perature of Td = 4 1 K over the whole region. Lower limits of 
~ 3 x 10 26 m " 2 are derived for the column density of heated m olecular hydro­
gen toward each continuum  source, assuming Ta  — Td and optically thin lines. 
T here is some evidence for significant optical thickness in 7 = 7 - 6  toward at 
least two of the sources.

1 Introduction

In a recent paper, M ezger et al. (1988) (hereafter M 88) presented high-resolution maps of the 
1300-/tm dust emission from the cloud core region of N G C 2024 and reported six new 
sources, previously undetected by far-infrared and low-resolution molecular line studies. By 
using a three-com ponent model of the 12-//m to 1300-/tm  continuum, these new objects were 
interpreted as high-density (nH~ 10u - 1 0 15 m “ -’), cold (Td~ 16K), isothermal condensations 
without luminous stellar cores, i.e. true protostars.

The time-scale for the isotherm al phase of p rotostar developm ent (e.g. N akano 1985) is 
likely to be significantly shorter than the sound-crossing time of the cloud ( ~  106yr). The 
presence of six sources in roughly the same evolutionary state thus implies simultaneous 
formation, presum ably by contraction and fragm entation of the entire cloud. To find out more 
about the evolutionary state of the new sources and the physical conditions in their vicinity, we 
have observed the region at 15-arcsec resolution in the 7 =  7 — 6 transition of CS (detected in a 
large beam by Evans et al. 1987), mapping the distribution of warm gas and determ ining its 
relationship to the submillim etre cores.
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2 Observations and results

T he observations were m ade with the 15-m James Clerk Maxwell Telescope (JCM T) on 
M auna Kea, Hawaii, during the nights of 1988 Septem ber 8 -1 1 , with the common-user, 
345 G H z Schottky receiver and a 1024-channel AOS backend. Fully sampling with an 8- 
arcsec regular grid, we have m apped an area containing all six FIR  sources identified by M88 
and covering most of the dark  cloud core region. T he beam  size at 343 G H z was 15 arcsec. 
T he results are shown as maps of integrated antenna tem perature ( T * ) in Fig. l(a)and peak T* 
in Fig. 1(b). It should be noted that the portion of the map covering the northernm ost con­
tinuum  source, F IR  1, is not well sampled. Only two data points were obtained to the north of 
this object.

T he values of peak T* tow ard each of the M 88 sources covered by Fig. 1 are listed in Table 
1. For conversion to the T £ scale, the forward scattering efficiency is =  0.8. Total on-source 
integration time per point was 6 0 -9 0  s, yielding m ean rms noise levels of 1.2 K per 488-kHz 
channel. T he 1 o  noise in Fig. 1(a) is 0.3 K kms " '.  Calibration was done via an internal rotating 
hot load. Absolute pointing was checked at intervals o f about 45 min against the molecular line 
peak in OM C-1 (M asson et al. 1987) and the rms erro r was less than 3 arcsec throughout.

3 Discussion

3.1 T H E  WARM M O L E C U L A R  GAS

Fig. 1 shows clearly that the w arm  molecular gas traced by C S (J=  7 -  6) (7=  7 is at E /k  =  66 K 
above the ground state) is localized at o r very near the positions of the submillimetre 
condensations reported  by M 88. This implies that there are discrete regions of heated gas 
associated with each of F IR  2 -6 , and hence that there are probably self-luminous heating 
sources within each core. A  relatively advanced state of evolution in F IR  6 is also inferred by 
its close proximity to the origin of an extensive bipolar m olecular outflow (Sanders & Willner

R .A . o f f s e t  (arcsec)  R.A. o f f s e t  (arcsec)

Figure 1. (a) Integrated CS(/= 7 — 6) emission (J7"*( V )dV ) in NGC 2024. Contours are drawn at 5,10, 15 and 
2 0K km s_l. The 1<t noise level is around 0.3 K km s“ '. The offset centre is 5h39m12?2 — 1°56'30" (1950). (b) 
Contours of peak T % at intervals of 1.5 K from 3 K. The mean 1 a noise level is —0.8 K.



CS (J =  7 -  6) from NGC2024 3p

Table 1. Observed and derived parameters toward FIR sources.

source peak T'a /TJ(V)dV TL N?-Se Vo md (1300/rm)

/K /Kkms-1 /K /1017m-2 /kms-1 / |§ 0

FIR 1 2.9 6.0 13.9 0.9 8.2 1.9
FIR 2 7.9“ 20.2“ 27.2 3.1 8.0 2.0
FIR 3 8.4“ 21.8“ 28.5 3.3 10.0 6.5

FIR 4 8.1“ 16.86 27.7 2.5 8.3 4.9

FIR 5 5.8 20.0“ 21.7 3.0 9.3 10.5
FIR 6 6.1 22.3 22.5 3.4 11.2 4.3

"Value from nearest peak (Fig. 1) if within one beam radius. hValues from 
peak T* position. 'Lower limit for high optical depth and filling factor (see 
text).dHydrogen masses from M88, adjusted for 7'd = 47 K, ji=  1.60.

1985) and an H 20  m aser (Genzel & Downes 1977), the latter being frequently associated with 
energetic outflow sources. T he only continuum  source without a nearby peak in T% o r 
¡T*[V)dV  is the faintest (at 1 3 0 0 /cm) and most northern  object, F IR  1. This may indicate a 
lack of warm  gas at this position, but the m ap is not well-sampled in this area and further 
observations may be required of this object.

A lower limit to the effective line excitation tem perature (Tex) can be estimated from  the 
LTE form ula for radiation tem perature:

Tr = ~  [{ehv/kT" -  I ) " 1 - (e"vl2Jk - 1)->]x  (1 -  e -*), 
k

which means that for CS(7 =  7 -  6):

t  16.5
“  ln [l +  16.5(1 - e~T)/TR] '

Tr can be derived from  TR =  T fjt]c, where rjc is the source coupling efficiency and contains 
the beam filling factor /. Since the true value of / i s  very uncertain, assuming a value for rjc of 
0.5 provides a reliable lower limit of TexS: 28 K towards the line peak near F IR  3, the equality 
holding where the transition optical depth is large and /  is close to unity. Tcx > 28 K is thus 
consistent with the average 6 0 /100  /cm colour tem perature of 45 K calculated by T hronson 
et al. (1984), but not with the dust tem perature of 16 K inferred by M 88 for the submillimetre 
cores.

Evans et al. (1987), observing in a 73-arcsec beam, find TR(7 -  6 )/T R(6 -  5) =  0.7 ±  0.2. If 
the optical depth in the lines is low this implies a value for Tex of 25 i  ¡¡j K. T he optically thin, 
high-temperature limit to the line ratio is 1.36, so a low value (<  1) can be explained by: (i) cool 
optically thin gas; (ii) a  steep, inward-increasing tem perature gradient in hot ( Tex >  50 K), 
optically thick gas; (iii) a steep, outwardly increasing tem perature gradient in cool (Tcx <  50 K), 
optically thick gas or (iv) dilution in the large beam. T he latter possibility is the most likely, 
especially if the 7 =  6 -  5 emission is m ore extended than the J=  7 -  6. T he value of Tm derived 
from the line ratio therefore serves as a lower limit to the effective value for the com pact F IR  
sources. Since the critical density of the 7 = 7 - 6  transition is ncri, ~ 2 x  1013m _3, it is likely 
that the gas and dust are thermally well coupled where this line is detectable. We therefore find
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it reasonable to assume that 7d =  Tcx and adopt Tcx =  47 K from the dust tem perature obtained 
below. This value implies optical depths of t 7_6 =  0.7 from  the m easured line strengths, if no 
self absorption is present.

T he LTE form ula for the CS colum n density producing the 7 =  7 -  6 line is:

A ^i6(m"2)=  1.79x l 0 15x ( l  — e" l6-5/r«) ' X —
>7c^/ss

T *(V )d  V.

This produces values in the range (2 .5 -3 .4 )x 1017m ~2 for F I R 2 -6  and total molecular 
hydrogen column density estimates of (2 .5 -3 .4 )x  1026m ~ 2 (see Table 1), assuming a relative 
CS abundance of 10“ 9 (Snell et al. 1984) and a filling factor of unity. In o rder to produce space 
densities of o rder ncrit for significant excitation of optically thin 7 = 7 - 6 ,  the linear extent of 
the emitting regions must be as small as ~ 1013 m. However, if the line is significantly optically 
thick, the density need not be as high as ncril since radiative trapping maintains the level 
population above the collisional excitation rate. Evans et al. (1987) obtained beam-averaged 
densities of around 1012 m -3 by modelling the radiative transfer in the LVG approximation. If 
these densities are appropriate to the com pact sources, r 7_A may be as high as 10. If this is the 
case, then Tex =  28 K must apply to the cooler outer layers of the emitting gas in the cores.

W hile the line emission from  the northern part of the cloud (associated with FIR  1-4) is 
essentially unresolved (Fig. 1), the southern emission around FIR  5 and 6 seems to be slightly 
larger than the beam. A  relatively large source size and low derived H ; column density 
therefore implies either a low CS abundance or high optical depth in the line. T here is some 
evidence for high r7_6 tow ard F IR  5 and 6 in the com parison of integrated T% (Fig. la), which 
peaks on or close to the continuum  in each case, and peak T* , which does not. This may be 
caused by self-absorption in the line emission toward the source positions; self-reversal in the 
foreground m aterial is likely to affect an optically thick emission line. High line optical depths 
mean that N„2 is under-estim ated by a factor r/( 1 -  e ~r) and self-reversal produces under­
estimates of Tex when derived from  the peak line tem perature.

3.2 T H E  (S U B )M IL L IM E T R E  C O N T IN U U M

M 88 fitted a three-com ponent greybody to the available continuum  data for NGC 2024, 
setting the dust emissivity exponent at f)=  2.0. In the resulting model the integrated emission at 
350 fim and beyond is dom inated by a large 16 K com ponent. All the warm dust is assumed to 
be in a diffuse envelope surrounding cold cloud cores, contributing little to the mass and 
column density. A dopting a value for Td as low as 16 K for the discrete sources implies large 
submillimetre optical depths, H 2 column densities and masses; however, the model adopted by 
M 88 for the flux density distribution is not unique. If the constraint that the dust emissivity be 
proportional to v20 is lifted, it is possible to  obtain a very good fit (reduced x 2 =  0.4) to the 
same data using a simple, single-tem perature model, param eterized by Td =  47 K, /? =  1.60 and 
a 350-^tm optical depth  of 0.06 (Fig. 2).

Since N G C 2024 contains visible hot stars, a large blister H it region and an extended CO 
outflow, it is evident that the disruptive form ation of, and heating by massive stars has been 
occurring for a considerable period of time. It is likely, therefore, that warm gas and dust will 
have pervaded the entire region. In addition, cloud cores in regions of massive star formation 
are observed to be considerably warm er (7 '~ 4 0 K )  than those forming exclusively low-mass 
stars (see Shu, A dam s & Lizano 1987 for a review). Since no spectral data are available for the 
individual F IR  objects, we can only model source-averaged param eters from  the integrated 
emission across the whole cloud. A  single-tem perature model, while not being any more of a 
unique physical description, is less subject to  detailed ambiguities than a m ulti-com ponent fit.
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Frequency (Hz)
Figure 2. Single-temperature greybody fit to the integrated flux density distribution of NGC 2024. The fit 
parameters are 7'd = 47 K, /? = 1.60, r35ll(,m = 0.06. The data points are from Mezger et al. (1988) (M88). Related 
X2 for the fit is 0.4.

Using the dust-to-gas conversion from  H ildebrand (1983), a 47 K single-tem perature model 
with ¡3 = 1.6 reduces the optical depths and hydrogen column densities, derived by M 88 from 
their 1300 ¿urn and 350 ¡urn data, by factors of 5.9 and 8.2, respectively (see Table 1). M 88, 
assuming Td =  16 K, find hydrogen column densities in the extended emission up to six times 
larger than derived from  previous m olecular observations (especially Snell et al. 1984). This 
discrepancy, interpreted as a decrease in m olecular abundances and an increase in dust cross- 
section in cold, dense regions, is virtually eliminated by adopting a dust tem perature near 50 K.

Further observations (e.g. in other high-excitation lines of CS and high-resolution 
submillimetre continuum  mapping) would help to  fill in the unknowns encountered above, 
especially the uncertain line optical depths, effective excitation tem peratures and the variation 
in tem perature and density conditions between the em bedded F IR  sources.

4 Conclusions

We have m apped the cloud core region of N G C 2024 in the 7 = 7  — 6 line of CS. Strong 
emission, closely associated with five out of the six known millimetre continuum  sources, 
indicates localized regions of heated dense gas. Consequently, the com pact continuum  cores 
are likely to contain self-luminous heating sources and be in a rather m ore advanced 
evolutionary state than previously thought. A  lower limit of 28 K is obtained for the 
C S(/=  7 - 6 )  excitation tem perature from  the observed line strengths. A  re-analysis o f existing 
continuum data predicts an effective dust tem perature of Td = 47 K over the whole region. 
Lower limits o f ~ 3 x 1026 m ~2 are derived for the molecular hydrogen column density toward 
five continuum  sources, assuming Tcx =  Td and optically thin lines. T here is some evidence for 
significant optical depth in 7 =  7 -  6 toward at least two of the sources.
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Summary. We have detected a 2-/tm  continuum  source within one of the six 
dense cores in N G C  2024 found by M ezger et al. and interpreted as cold, iso­
therm al protostars. T he new source is highly reddened [H -K ^ ;3.8) and quite 
faint (5^ =  8.3 x  1 0 " 15 W m -2 g m -1 ) and provides clear evidence that at least 
one of these cores contains a hot, em bedded young star. Accom panying the 
point-like near-infrared source is a com pact unipolar nebula which has features 
com m on to the infrared reflection nebulae associated with outflows from  young 
sources.

1 Introduction

Six dense cores (F1R 1-6) were found in N G C 2024 by M ezger et al. (1988; hereafter M88), 
from high-resolution observations in the 1.3-mm continuum , and identified as cold ( ~ 16 K) 
protostellar condensations. Recent observations in CS ( 7 = 7 —6), however, have shown that 
the dense ( ~ 1013 m " 3) m olecular gas associated with these cores is warm ( £  30 K, M oore et 
al. 1989), indicating the presence of a source of heat, but not ruling out the external heating of 
cold cores by radiation from  the large, optical H n region. This paper presents the results of 
near-infrared continuum  observations in the N G C 2024 region at medium sensitivity and with 
high spatial resolution, undertaken as a search for evidence of hot, em bedded stellar sources 
within the millim etre-continuum  cores.

2 Observations

The observations were m ade on behalf o f the authors as part of the Service Observing 
Programme at the 3.8-m UK Infrared Telescope (UK IRT) on M auna Kea, Hawaii, on 1988 
October 24 with the com m on-user near-infrared array cam era IR C A M  1. T he cam era was 
operated at the scale of 1.24 arcsec per pixel, giving coverage of a 77 x 72 arcsec2 area on the 
sky. Exposures were taken, w ithout sky chopping, through broad-band filters at 7(1.25 /rm), 
H( 1.65 /^m) and K {2.2 //m ) tow ards 0 5 h39mll!5 ,  -0 1 °5 5 '4 7 "  (1950). Calibration
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observations were m ade using the infrared flux standard H D 40335 , assuming 2 =  6.55 mag, 
2 /=  6.47 mag and K  = 6 .45 mag. T he absolute calibration accuracy is estim ated as 
approxim ately 10 per cent. A fter subtraction of the dark current from  the image frames, pixel- 
to-pixel response variations were divided out using flat-field frames of nearby sky (at offset 
+ 10 arcmin in RA). 60 s on-source integrations yielded rms noise levels (4.8, 3 .3 ,1 .8) x 1 0 '17 
W m “ 2 ^ m “ 1 (0.025, 0.030, 0.029 mJy) per pixel at J, H  and K, respectively. T he spatial 
resolution of the observations is seeing-limited, stellar images having half-power sizes of ~ 2.2 
arcsec at all three wavelengths. T he absolute pointing accuracy of the observations is 
approxim ately 2 arcsec.

3 Results

Fig. 1 shows a 2.2-jum surface brightness m ap of the field around the northern  group of 1.3- 
mm cores, F IR 1 -4 . T he sources detected in this fram e are listed in Table 1, with K flux densit­
ies plus H -K  and 7 -/7  colours, where available. Fig. 2 displays the area around the core FIR4 
at K  and 77, showing an unresolved 2-/rm object within 2 arcsec of the millimetre-continuum 
peak. This source is not detected at 77 o r at 7. Photom etry in a 5-arcsec circular aperture gives 
a K  flux density of SK = 8.3 x 10“ 15 W m-2 ,wm“ ', taking a base level in the surrounding diffuse 
emission at 3.7 x 1 0 “ 16 W m “ 2 /¿m “ 1 per pixel. A  3 a  upper limit to the peak surface brightness 
of F IR 4 at 77 gives a lower limit to the H -K  colour index of a  3.8 mag.

A ssociated with the 2-/rm  point source in F IR 4 is a bright, com pact patch of extended 
emission about 6 x 4  arcsec in size. This small nebulosity is clearly visible at 77 and K but was 
only weakly detected at 7. In a 10-arcsec aperture, the mean colours in the nebula are 
7-77=  1.8 mag and H -K  = 1 .3  mag, considerably bluer than the source itself.

4 Discussion

T he weak 2-fj.vn point source in Fig. 2(a) can be confidently identified with the dense core 
N G C 2024  FIR 4. W ithin the pointing accuracy of the present observations, the near-infrared

r.a. offset (arcsec)
Figure 1. 22-fim  continuum in the northern region of NGC 2024. The surface brightness contours are at (3.0, 
4.7, 7.5, 11.9, 18.9 and 30.0)x 10_ 1 Wm“2 / t m '1 per 1.24-arcsec pixel. The offset centre is 05h39mlli5, 
— 01°55'47” (1950). The spatial resolution is seeing-limited at 2.2 arcsec. The bright object off the eastern edge 
of the field is the near-infrared star NGC 2024 # 2 (Grasdalen 1974). The positions of the 1.3-mm peaks (M88) 
are marked by crosses.
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Table 1. Results of 1- to l-fxm  photometry.

Object Offset“ SK H-K J-H Aperture

/arcsec /W m  2 /¿m 1 /m ag /m ag /  arcsec

1 +32, -26 3.5 X 10“ 14 1.7 4.3 5

2 -7 , -25 1.6 X  10“ 14 1.4 2.9 5

3 -26, -2 4 9.7 X lO“ 15 2.2 3.3 5

FIR-4 +15, -24 8.3 X  lO“ 15 3.8* - 5

5 -25 , -19 1.6 X  lO” 14 1.6 3.1 5

6 -5 , -15 1.6 X 10~14 1.1 2.7 5

7 +26, -14 1.2 X 10“ 14 1.1 2.8 5

8 +1, -12 1.4 X  lO“ 15 1.4 2.6* 5

9 +26, -4 3.7 X  lO“ 14 0.5 2.7 5

10 -1 7 , -2 2.1 X  lO“ 14 1.4 3.4 5

11 +32, -1 7.0 X 10“ 15 1.5 3.5* 3

12 +  19, +1 9.8 X  lO“ 15 1.6 2.8 5

13 -24 , +9 1.3 X  lO” 14 1.7 3.6 5

14 +5, +10 5.8 X 10~15 3.1 1.6* 5

156 -3 5 , +  12 5.8 X  lO“ 15 - - 5

16 -10 , +12 8.5 X 10~15 0.8 2.3 5

17 +30, +16 2.3 X 1 0 - '4 2.4 3.5* 5

18 +16, +  17 5.3 X  lO“ 15 2.5 2.8* 5

19 -10 , +  19 5.8 x lO“ 15 1.7 2.3 5

20 -1, +25 2.5 x  10~15 2.0 2.0* 5

21 +6, +26 4.5 X  lO“ 15 2.4 2.3* 5

22 +33, +26 2.7 X 1 0 -15 1.8 2.3* 5

23 -2 9 , +30 7.2 X  lO“ 15 1.8 3.3* 5

24 +11, +31 1.7 x lO“ 15 1.6 1.7 5

25 +24, +35 1.7 x lO“ 15 2.3 1.7* 5

26 +  14, +36 2.5 X 10“ 15 2.4 1.9* 4

"Offset from 05h35m 11 f5, -01°55'47" (1950) in Fig. 1. 
bNot included in H or J frame.
*3(7 lower limit.

object is coincident with the 1.3-mm position quoted by M 88. Further, although the density of 
near-infrared sources in the region is large and the probability of a chance association 
relatively high, the FIR 4 candidate is considerably m ore reddened than any o ther object found 
nearby. T he mean H -K  colour o f all detected sources (Table 1) is 1.7 mag, with a standard 
deviation of 0.6 mag. T he observed lower limit to the H -K  colour of F IR 4 is thus already m ore 
than 3o  larger than the mean. This is consistent with the most favoured physical model of the 
region (Thronson et al. 1984; C rutcher et al. 1986; M 88) which places the 1.3-mm cores in the 
densest part o f the m olecular cloud, behind the H ii region. H ence these objects suffer greater 
extinction than the stars associated with the H n region itself, which are obscured only by the



22p T. J. T. Moore and C. J. Chandler

r.a. offset (arcsec)

r.a. offset (arcsec)

Figure 2. (a) 2.2-jum surface brightness around FIR4. The contours are drawn at (6.0, 9.0, 12.0, 15.0 and 
18.0) x 10-16 Wm 2 fj.n\ 1 per 1.24-arcsec pixel. The offset centre is the position of the 1.3-mm continuum 
peak FIR4 found by M88: 05h39"T2;6, -01°56'10" (1950). The spatial resolution is seeing-limited at 2.2 
arcsec. (b) The same region at 1.65 /im. Contours are at (3.5, 5.0, 6.5, 8.0, 9.5 and 1 1.0) x 10“ 16 W m / r m “1 
per pixel.

foreground cloud (seen as a dark  lane in optical photographs; see, for example, Balick 1976). 
T he new 2-/tm  source is also the only object clearly associated with localized extended 
emission, even though the region contains a large am ount o f diffuse emission associated either 
with N G C 2024 #  2 (the very bright 2-//m  star found by G rasdalen 1974; see Fig. 1), o r with 
the com pact H  n condensation ‘N C P ’ (C rutcher et al. 1986).

T he presence of near-infrared emission from  an otherwise apparently cold cloud core is a 
clear indication that the core in fact possesses a hot stellar source deeply em bedded within it. 
T he cold ( ~ 16 K) isotherm al condensations postulated by M 88 would be completely 
undetectable at 2 fim  and the external layers of such objects are unlikely to be heated to suffi­
ciently high tem peratures (a few x  100 K) by a diffuse radiation field. In addition, the 2-/<m
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source is < 2  arcsec ( < 1000 au at 450 pc) in size and, since the observed dim ensions of the 
dust core are approxim ately 8 x 4  arcsec (M88), it is clear that the near-infrared emission 
cannot be from  an externally heated layer around an otherwise cold condensation.

Since the total core mass is only ~ 5A70 (M oore et al. 1989), the bolom etric luminosity of an 
em bedded stellar source is unlikely to be larger than a few x 1 0 0 L o . This gives a rough upper 
limit to the /v-band luminosity since, for a blackbody observed through a K  filter with 
passband width 0.4 /tm , LK/L M must be ¿ 0 .1 3 . Hence, from  the observed K  flux density, we 
obtain a rough upper limit to the extinction tow ard the source within F IR 4 of A K^ 9  mag, 
which implies mag, using the extinction law of Rieke & Lebofsky (1985). T he
corresponding foreground molecular hydrogen column density is 1V(H2)£ 7 .5  x  1026 m ~2 
(from the standard conversion of Bohlin, Savage & D rake 1978), which is roughly consistent 
with the total line-of-sight value obtained by M oore et al. (1989) for F IR 4 and with the 
extinction derived by Snell et al. (1984).

T he 8.4-^m  map by G rasdalen (1974) and the mid- and far-infrared observations of 
Thronson et al. (1984) show no sign of m id-infrared counterparts to the 1,3-mm sources. M 88 
have suggested that this lack dem ands that a low -tem perature mass com ponent, traced only by 
the (sub)millimetre continuum , dom inates in the six dense cores. However, the core sizes 
obtained by M 88 indicate that dust tem peratures S 50 K would be required for 3 o  detections 
of optically thick sources in the 40 -^m  and 60-/im  maps of T hronson et al. and S  40 K to be 
detected at 100 ,um. In other words, even relatively warm dust condensations would have 
escaped detection.

A  peak 60 -^m  optical depth of r60 =  0.3 was calculated by T hronson  et al. (1984) using a 
50-arcsec beam but, since this value is likely to be an average over large am ounts of extended 
and much m ore optically thin emission, r6n is probably much higher in the spatially com pact 
cores. O ur rough extinction limit of 9 mag at 2 /¿m is consistent with r60 =  0.3 but only applies 
to FIR 4 which, since it is the only one detected in the near-infrared, is probably the least 
obscured of all the cores. On the other hand, near-infrared emission from sources with high 
optical depths out to mid-infrared wavelengths may be enhanced by high scattering efficiencies 
in the l-,um to 3-/on range and by the effects of strong forw ard scattering by large dust grains 
(Moore 1989). Also, the distribution of extinguishing material may be anisotropic, and the 
possibility of detection may depend on the orientation of the source.

The patch of bright extended emission associated with the new near-infrared source of 
F1R4 (Fig. 2) closely resembles the type of infrared reflection nebula associated with high- 
velocity m olecular outflows, although on a small scale. T he nebula is unipolar rather than 
symmetrically bipolar and the extended emission is much less reddened than the source, but 
these features are com m on (e.g. GSS30 in Ophiuchus, Castelaz et al. 1985; SGS1 in NG C 
1333, Castelaz et al. 1986; G G D 27, Yamashita et al. 1987; R M on, A spin et al. 1988 & 
Yamashita et al. 1989). Since such nebulae are thought to arise from  photons scattered in the 
compressed dusty shell around a collimated outflow from the central object, it is plausible that 
FIR4 is generating a similar but smaller outflow.

Comparatively unreddened near-infrared light is scattered in such nebulae towards the 
observer, after emerging through a region of reduced extinction, perhaps directly caused by the 
outflow. T he scattered light may becom e even bluer in colour if the wavelength-dependent 
grain albedo falls rapidly beyond ~ 1 /am (as predicted by Draine & Lee 1984). T he com mon 
asymmetry of reflection nebulae is often explained as being due to (and used as evidence for) 
the presence of a large interstellar disc around the central source, tilted so as to obscure and 
redden both the source and the far lobe of the nebula. Strong forward scattering of near- 
infrared radiation by large dust grains may also contribute to the almost universal suppression 
of the backw ard-directed lobe in bipolar reflection nebulae (M oore 1989).
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W ithin F IR 4 there appears to be a heavily extinguished, low-mass stellar object which may 
be producing a com pact collimated outflow. This description suggests a very unevolved 
T-Tauri star, a type of object frequently associated with massive winds and outflows throughout 
much of its early development.

T he current observations provide no evidence of near-infrared radiation from  the other 
northern F IR  cores. T he source ~  4 arcsec south-west of FIR 2 (Fig. 1) is unlikely to be a true 
association; the offset is twice the 1 o positional uncertainty of the present data. A lthough the 
object is somewhat reddened [ J- H = 2 .3 , H - K — 1.7), it is unresolved and its size and colour 
are not distinguishable from  a num ber of unrelated nearby sources in the larger observed area. 
This object, like the other similar sources nearby, is most likely to be one of the cluster that 
includes the main ionizing sources for the optical H n region.

Since, as observed in the millimetre continuum , F IR 4 is qualitatively no different from the 
five other F IR  cores found by M 88, there are two plausible conclusions which may be drawn 
from  the detection of near-infrared emission and the inferred presence of a hot central source 
in only one of the four observed. We consider it most likely that the sources which are currently 
undetected in the near-infrared also contain hot cores, but are too deeply em bedded and too 
faint to have been found by the present observations. Alternatively, if some or all of the 
undetected cores are subsequently found to be true cold protostars, it is clearly dem onstrated 
that it is not possible to determ ine the nature of a young em bedded source on the basis of only 
far-infrared and (sub)millimetre observations. In o rder to discount either possibility, more 
sensitive observations are required in the near-infrared and m id-infrared continuum , especially 
between 5 and 20 /tm , where extinction is significantly reduced and where a hot dust spectrum 
should peak. N ear-infrared polarim etry will be required to support our postulation that the 
nebulosity associated with F IR 4 is due to scattered light in an outflow-associated reflection 
nebula.
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Summary. We have scanned the region around the OH maser source DR21 (OH) 
with a 20-arcsec beam at a wavelength of 350/tm and discovered a hitherto 
unknown double structure, with two peaks of roughly equal mass separated by 
40arcsec (0.1 pc) in declination. The northernm ost peak is coincident with the 
OH maser position and the centroid of the far-infrared emission, while the 
southern source has not previously been found at any wavelength. Both sources 
are extremely dense and deeply em bedded, with optical depths of order unity 
even in the far-infrared. The southern source may be one of the densest molecular 
cores yet found, and is a candidate protostar. These results confirm that OB star 
formation can occur deep within molecular clouds, and not just at their edges.

1 Introduction

The DR21/W 75 complex in the Cygnus-X region has been extensively studied in molecular lines 
(e.g. Dickel, Dickel & Wilson 1978; Richardson et al. 1986a) and far-infrared continuum (e.g. 
Harvey et al. 1986). Dickcl et al. conclude that it consists of two colliding clouds, the DR21 cloud 
with a velocity of - 3 k m s ~ ' and the W75 cloud with a velocity of l l k m s -1. There are several 
extensive regions of star form ation, namely DR21, DR21 (O H ), W75N and a region to the north 
of DR21 (O H ) dose  to an H :0  maser position. Detailed observations have concentrated on 
DR21 and the northern maser source, while DR21 (OH ) has been relatively neglected.

The DR21 (O H ) position has also been referred to in the literature as W75-S and W75 (O H ), 
but Dickel etal. conclude that it is part of the - 3  km s_l DR21 cloud rather than the 11 km s_l W75 
cloud, so we shall use the name DR21 (OH ). We observed this source as part of a programme of 
observations of dense molecular cores at 350/rm (Cunningham et al. 1984; Cunningham, Griffin 
& Gee, in preparation; G ear et al. 1986; Richardson et al. 1986b). Submillimetre continuum
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observations are an excellent tracer of the column density in such regions (Hildebrand 1983) since 
the emission is almost always optically thin and, on the long-wavelength side of the thermal 
spectrum, is not sensitive to tem perature variations, unlike far-infrared observations.

It is a rem arkable fact that, for the small num ber of dense molecular cores for which 
submillimetre continuum maps are available, a previously unknown cool dense protostellar 
condensation has been found in almost every case (Keene, H ildebrand & Whitcomb 1982; Gezari 
1982; Jaffe etal. 1983,1984; Cunningham etal. 1984, and in preparation). In this paper we present 
a high-resolution scan at 350//m through DR21 (OH ) which reveals a double structure which had 
remained previously undiscovered despite the region having been mapped with similar resolution 
in the far-infrared (Harvey et al. 1986). Despite the uncertain tem perature of the two sources, it is 
clear that they are amongst the densest such cores so far discovered.

2 Observations

Preliminary observations revealing the double structure of DR21 (OH ) were made during 
daylight observing in 1986 April. More detailed observations confirming this result were made 
during night-time observing in 1986 July. All observations were made using the common-user 
submillimetre photom eter UKT14 on the United Kingdom Infrared Telescope on M auna Kea, 
Hawaii. Calibration was perform ed against Jupiter and Saturn.

The aperture was 21m m  corresponding to a beamsize of 20arcsec, m easured against Mars. 
These are the first published observations with such a small beam at 350^m. First, we made a fully 
sampled scan of the DR21 (O H ) region in the north-south direction. A t distances of 90arcsec 
north and south the emission becomes contaminated by the contributions from the H20  maser 
source and DR21 respectively (see Rieke etal. 1973; Harvey et al. 1986). We then made east-west 
scans at the positions of the two peaks found in the declination scan. The pointing uncertainty in 
these scans was approxim ately 2arcsec.

3 Results

The results of our north-south  scan photom etry are given in Table 1 and displayed in Fig. 1. The 
uncertainties quoted for all fluxes are statistical, and we estimate the absolute uncertainty in the

Table 1. 350 /tm declination 
scan through DR21 (OH).

Dec. offset Flux (Jy)

+70 48±9
+60 51±11
+50 75 ±8
+40 101±3
+30 115±6
+20 203 ±6
+ 10 434±13

0 500±12
-10 368±6
-20 238±8
-30 288 ±6
-40 318±6
-50 201 ±4
-60 102±5
-70 57±6
-80 45 ±3
-90 29±6

-100 36±4
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dec offset (arcsec)

Figure 1. A declination scan through the DR21 (OH) region, revealing a clear double structure.

calibration to be approxim ately 20 per cent. The positions are given as declination offsets from 
the map centre which was at R A = 20h37m14t9, Dec. =  +42° 12'10" (1950). It is clear that the 
emission is not symmetric and that there is an extension to the south with a secondary peak at 
around —40 arcsec.

In order to separate the contributions of the two peaks we first used a non-linear least-squares 
fitting program m e (Bevington 1969) to fit the four points at +20, +10, 0 and - 1 0  assuming

dec offset (arcsec)
Figure 2. Best fit to the four points defining the DR21 (OH) peak, shown as a broken line. The fit is a Gaussian of 
FWHM 33 arcscc, which after deconvolving the bcamwidth of 20arcsec. gives a source size of 26arcsec.
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dec offset (arcsec)

Figure 3. The best fit to the points defining the southern peak which were obtained by subtracting the fit shown in Fig. 
2 from the fluxes given in Table 1. The fit is a Gaussian of FWHM 27 arcsec, which after deconvolving the beamwidth 
of 20 arcsec, gives a source size of 19 arcsec.

Gaussian source and beam distributions, and allowing the peak flux, position and FWHM as free 
param eters. The resulting best fit is shown in Fig. 2. The fitted FWHM gives a source width, after 
deconvolving the beam w idth, of 26± 1 arcsec and a fitted peak flux of 510± 10 Jy . This fit was then 
subtracted from the fluxes at —50, —40, —30 and —10 and the resultant derived fluxes fitted. This

dec offset (arcsec)

Figure 4. The full declination scan through the DR21 (OH) region, together with the sum of our two best fits shown by 
a solid line. The broken lines indicate the telescope beam, plotted at the position of the two peaks.



Table 2. RA scan at declination 
offset 0.
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Offset Flux (Jy)

-50 65 ±20
-40 103 ±7
-30 189±25
-20 347±4
-10 458±9

0 397±16
+ 10 230±13
+20 73± 15
+30 45±21
+40 5±24
+50 36±10

fit is shown in Fig. 3. The best fit gave a peak flux of 320±10Jy and a source width, after 
deconvolving the beam , of 19±3 arcsec. In Fig. 4 we show the whole scan through the source, with 
the dark line being the sum of the two fits and the broken lines indicating the beamwidth, plotted 
at the positions of the two peaks. We have clearly obtained a good fit to the scan.

The results for the east-w est scan at a declination offset of 0 are given in Table 2. A  fit was made 
to the points at RA offsets —30, —20, —10, 0, +10, +20. The resultant best fit, shown in Fig. 5, 
gave a source width, after deconvolving the beam, of 31 ±  1 arcsec. The results for the east-w est 
scan at a declination offset o f —40 are given in Table 3. The best fit to the points at —30, —20, —10, 
0, +10, +20 and +30 is shown in Fig. 6. The fitted source size, after deconvolving the beam is 
41 ± 8  arcsec.

Based on the R A  and Dec. scans, the best-fit positions are 20h37m14t2, +42° 12' 11" for the 
DR21 (O H ) maser source and 20h37m14s.6, +42° 11' 31" for the newly discovered southern source.

Figure 5. The best fit to the RA scan through the DR21 (OH) position. The fit is a Gaussian of FWHM 37arcsec, 
which after deconvolving the beamwidth of 20 arcsec gives a source size of 31 arcsec.
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Table 3. RA scan at declination
-40.

Offset Flux (Jy)

-50 62 ±28
-40 104±12
-30 142±23
-20 235 ±16
-10 306±31

0 360±14
+ 10 256±19
+20 171±22
+30 88±10
+40 34 ±32
+50 34 ±26

Figure 6. The best fit to the RA scan through the southern source positon. The fit is a Gaussian of FWHM 46 arcsec, 
which after deconvolving the beamwidth of 20 arcsec gives a source size of 41 arcsec.

The value of the reduced chi-squared statistic for all the fits discussed was 1 or less, indicating 
good fits.

4 Discussion

4.1 TH E  OH M A SER  S O U R C E

The best-fitting position for the northern and stronger of the two peaks is coincident within the 
uncertainties with the position of the OH maser source given by Dickel et al. (1978). The 
centroids of the 50- and 100-/zm maps presented by Harvey et al. (1986) were also identical with 
this position, indicating that the source powering the O H  maser is the most luminous in the 
region.

Harvey et al. derive a tem perature of 36 K for this source, assuming a A-1 dust emissivity law, 
and using this value and the size derived in Section 3 we find a 350-/zm optical depth for the central
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position of 0.24. This is much higher than typical values for regions of star formation (e.g. 
Cunningham 1982; Jaffe et al. 1984) and is com parable with the dense condensation we have 
previously discovered at W51 (main) (Cunningham et al. 1984). Using a value o íA v/ tí¡0 of 4700 
(G ear et al. 1986) this corresponds to a visual extinction of 1100mag! This explains why the 
strongest near-infrared source in this region is at W 75IRS1 (G arden et al. 1986); the extinction at 
the maser position is simply too great, even in the near-infrared. In fact this source will have an 
optical depth of unity even at 100/¿m. Note that this high extinction could result in an 
underestim ate of the tem perature by several degrees.

Using the relations between t 350 and hydrogen column density derived by H ildebrand (1983) 
from the results of W hitcomb et al. (1981), but modified for Gaussian geometry (Gee 1987), we 
find a peak column density /V (H +H 2) =  1 .2 x l0 24cm~2 and, assuming a distance of 3kpc, a local 
peak density of n (H + H 2) = 8 .6 x l0 5cm -3. The total derived mass for this source is 5.OxlO3M0.

4.2 TH E  S O U T H E R N  S O U R C E

The southern, w eaker source does not show up at all on the 50- and 100-^m maps of Harvey et al. 
(1986), and it must therefore be considerably cooler than the maser source, but w ithout more 
spectral inform ation we are unable to constrain its tem perature. We can nevertheless still set 
useful lower limits on its density and mass. Assuming r< 3 0  K we find a lower limit to the optical 
depth at 350//m of 0.23 and to the column density A (H + H 2) of l . l x l 0 24cm-2, corresponding to 
A v>1100 mag. The lower limit to the local density is approximately 106cm-3, making this souce 
one of the densest cloud cores yet found. If the tem perature of this source is significantly cooler 
than 30 K it will in fact be optically thick even at 350/rm. Provided the 350-/¿m emission is not 
optically thick, the derived mass is only linearly dependent on its tem perature; for T < 30K  we 
estimate M >104Aio.

We also note that, unlike the maser source position, this source is considerably elongated in the 
east-w est direction; this may indicate a disc-like structure, or alternatively observations at even 
higher resolution may reveal a further subdivision into more than one source.

It is clear that further observations of this extremely interesting source are required in both 
submillimetre continuum , with even higher spatial resolution, and in molecular line tracers which 
may be able to probe the extremely dense conditions which appear to be found there. Such 
observations may also shed light on the evolutionary status of this source, which is certainly cool 
enough and dense enough to be a candidate accreting protostar.

5 Conclusions

The rem arkable success of submillimetre continuum observations in discovering previously 
unknown cool dense condensations has been noted previously by Jaffe et al. (1984). DR21 (OH) 
joins the list of N G C 63341 (Gezari 1982), W3, OMC1 and S255 (Jaffe et al. 1984), W51 
(Cunningham et al. 1984) and SgrB2 (Cunningham et al., in preparation) which have been 
mapped in the submillim etre continuum and all of which have been found to contain closely- 
spaced condensations. As Jaffe et al. have pointed out, the submillimetre optical depths of these 
regions also imply that they are deeply em bedded within their parent clouds, rather than forming 
at the edges. O ur results for DR21 (O H ) in this paper confirm this conclusion, and the two sources 
are among the most deeply em bedded condensations yet found.

The DR21 region appears to be particularly active in forming stars, with the condensations 
discovered in this paper and also the cool young source further to the north first discovered at 
1 mm by W erner et al. (1975) and coincident with an H 20  maser. Further investigations of these 
regions are required, in particular high spatial resolution submillimetre observations at more than
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one wavelength are essential for determ ining the tem perature and luminosity of the two sources. 
In order to investigate fully the structure and evolutionary status in the DR21 (O H )-south  
source, m easurem ents in both continuum and molecular lines will be required at even higher 
spatial resolution.
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