
STAR FORMATION IN THE RHO OPHIUCHI DARK CLOUD

Item Type text; Dissertation-Reproduction (electronic)

Authors Wilking, Bruce Alan

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 19/05/2023 15:16:13

Link to Item http://hdl.handle.net/10150/282023

http://hdl.handle.net/10150/282023


INFORMATION TO USERS 

This was produced from a copy of a document sent to us for microfilming. While the 

most advanced technological means to photograph and reproduce this document 

have been used, the quality is heavily dependent upon the quality of the material 

submitted. 

The following explanation of techniques is provided to help you understand 

markings or notations which may appear on this reproduction. 

1. The sign or "target" for pages apparently lacking from the document 

photographed is "Missing Page(s)". If it was possible to obtain the missing 

page(s) or section, they are spliced into the film along with adjacent pages. 

This may have necessitated cutting through an image and duplicating 

adjacent pages to assure you of complete continuity. 

2. When an image on the film is obliterated with a round black mark it is an 

indication that the film inspector noticed either blurred copy because of 

movement during exposure, or duplicate copy. Unless we meant to delete 

copyrighted materials that should not have been filmed, you will find a good 

image of the page in the adjacent frame. If copyrighted materials were 

deleted you will find a target note listing the pages in the adjacent frame. 

3. When a map, drawing or chart, etc., is part of the material being photo

graphed the photographer has followed a definite method in "sectioning" 

the material. It is customary to begin filming at the upper left hand corner of 

a large sheet and to continue from left to right in equal sections with small 

overlaps. If necessary, sectioning is continued again—beginning below the 

first row and continuing on until complete. 

4. For any illustrations that cannot be reproduced satisfactorily by xerography, 

photographic prints can be purchased at additional cost and tipped into your 

xerographic copy. Requests can be made to our Dissertations Customer 

Services Department. 

5. Some pages in any document may have indistinct print. In all cases we have 

filmed the best available copy. 

University 
Microfilms 

International 
300 N. ZEEB RD., ANN ARBOR, Ml 48106 



8200323 

WILKING, BRUCE ALAN 

STAR FORMATION IN THE RHO OPHIUCHI DARK CLOUD 

The University of Arizona PH.D. 1981 

University 
Microfilms 

International 300 N. Zeeb Road, Ann Arbor, MI 48106 



PLEASE NOTE: 

In all cases this material has been filmed in the best possible way from the available copy. 
Problems encountered with this document have been identified here with a check mark V • 

y 
1. Glossy photographs or pages 

2. Colored illustrations, paper or print 

3. Photographs with dark background 

4. Illustrations are poor copy 

5. Pages with black marks, not original copy 

6. Print shows through as there is text on both sides of page 

7. Indistinct, broken or small print on several pages 

8. Print exceeds margin requirements 

9. Tightly bound copy with print lost in spine 

10. Computer printout pages with indistinct print 

11. Page(s) lacking when material received, and not available from school or 
author. 

12. Page(s) seem to be missing in numbering only as text follows. 

13. Two pages numbered . Text follows. 

14. Curling and wrinkled pages 

15. Other 

University 
Microfilms 

international 



STAR FORMATION IN THE RHO OPHIUCHI DARK CLOUD 

by 

Bruce Alan Wilking 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF PLANETARY SCIENCES 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1 9  8  1  



THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have read 

the dissertation prepared by Bruce A. Wilking 

entitled Star Formation in the Rho Ophiuchi Dark Cloud 

and recommend that it be accepted as fulfilling the dissertation requirement 

for the Degree of Doctor of Philosophy • 

rA// f  ) 
Date 

<f/ '< f?l  
Date 

40J. 7^/uAUj) 
Date 

«/'>/* l 

Final approval and acceptance of this dissertation is contingent upon the 

candidate's submission of the final copy of the dissertation to the Graduate 
College. 

I hereby certify that I have read this dissertation prepared under my 

direction and recommend that it be accepted as fulfilling the dissertation 
requirement. 

„ n yA-/ K/n/s/ 
Dissertation Director Date 



STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of 
requirements for an advanced degree at The University of Arizona and 
is deposited in the University Library to be made available to 

borrowers under rules of the Library. 

Brief quotations from this dissertation are allowable without 
special permission, provided that accurate acknowledgment of source is 
made* Requests for permission for extended quotation from or 

reproduction of this manuscript in whole or in part may be granted by 

the head of the major department or the Dean of the Graduate College 

when in his judgment the proposed use of the material is in the 
interests of scholarship. In all other instances, however, permission 

must be obtained from the author. 



ACKNOWLEDGMENTS 

There have been some very high and very low moments since I 

have entered graduate school. There have been difficulties in 

adapting (without success) to a desert environment surrounded by 

people who either love it or who are oblivious to it. In the course 

of my research, I have come into contact with some of the most 

insensitive, egotistical individuals I have ever met. But in the 

midst of all of the frustration and the flucuations in my enthusiasm, 

there have been certain souls who have helped me rediscover my 

motivation and who have made the last five years worthwhile. 

I would first like to thank George Rieke for his generous 

support and encouragement. He has allowed me the freedom to find and 

pursue my own research interests, even when they were on the edges of 

his own expertise. I am indebted to Marcia Lebofsky for showing 

infinite patience in answering my numerous questions and for teaching 

me most of what I know about infrared astronomy. Bob Howell, Don 

McCarthy, and Christina Johnson helped me to survive the time spent in 

the lab. 

I am most grateful to Charlie Lada for directing the research 

for this dissertation. Not only did he help formulate many of the 

ideas presented in this work, but through our numerous discussions, 

these ideas have been made more comprehensible. His time and patience 

are most appreciated. 

iii 



iv 

Too numerous to mention are all of the people who have helped 

perserve my sanity during my stay in Tucson. My parents have always 

been very supportive of my efforts in grad school. Kevin and Brenda 

Housen are terrific friends and have always provided me with an escape 

from the pressures of work. Gil McLaughlin has proven to be a first-

class running partner and friend. The companionship of Mary C. 

Holloway rescued me from a very lonely time and I would like to thank 

her for the love and understanding that she has shown over the past 

several years. Many fruitful discussions with my dog Ivan are hereby 

acknowledged. 



TABLE OF CONTENTS 

Page 

LIST OF TABLES viii 

LIST OF ILLUSTRATIONS ix 

ABSTRACT x 

1. INTRODUCTION 1 

Associations 1 

OB Associations 2 

R Associations ...» 4 

T Associations .... 7 
Summary of Association Properties 9 
Scenario for Association Formation 11 

Open Clusters 15 

Evolution of the Visible Cluster 16 
Star Formation in Open Clusters 18 
Scenario for Open Cluster Formation ......... 21 

Star Formation in the p Ophiuchi Dark Cloud: 
Association or Open Cluster? 23 

Background • • 23 
A New Approach 26 

Outline of Dissertation 30 

2. OBSERVATIONS 32 

The C*®0 Observations 32 

The Near-Infrared Observations 34 

3. ANALYSIS OF THE DATA 38 

The C180 Data 38 

The Integrated Intensities 38 
CO Column Densities 41 
The Visual Extinction 45 
Hydrogen Column Densities ... 56 

v 



TABLE OF CONTENTS—Continued 

Page 

Membership of the Twenty Objects 57 

Star Counts 59 

Infrared Excesses 59 

Extinction 63 

4. RESULTS AND COMPARISONS 67 

Mass Distribution 67 
Cloud Mass 70 
The Embedded Population 71 

The Results of Our Survey 71 

The Size and Distribution of the Embedded Population 73 

The Nature of the Embedded Sources ........... 74 

Compact HI I Regions 74 

Far-Infrared Emission ..... 80 

Visible Stars 83 
Near-Infrared Observations 83 

5. CLOUD ENERGETICS 92 

Large Column Densities of Warm Gas 92 

Where is the Warm Dust? 95 
The Gas Cooling Rate 101 
Cosmic-Ray Heating 102 

Shock Heating 105 
Magnetic Viscous Heating 108 
Summary Ill 

6. OPEN CLUSTER FORMATION IN THE p OPHIUCHI DARK CLOUD .... 112 

The Molecular Cloud Environment 112 
Star Formation Efficiency 113 

Main Sequence SFE 114 

Pre-Main Sequence SFE 115 
Summary 117 

Stellar Densities 117 
Age and Stellar Content 119 

Comparisons with Open Clusters 123 

IC 5146 123 

vi 



TABLE OF CONTENTS—Continued 

Page 

IC 2602 124 
Pleiades 125 

Summary 125 

Star-Forming History 126 

7. CONCLUSIONS AND FUTURE WORK 130 

APPENDIX A: CALCULATION OF C180 COLUMN DENSITIES 136 

REFERENCES . 141 

vii 



LIST OF TABLES 

Table Page 

1. Positions and Photometry for Sources Detected in the 

2 um Survey 36 

2. Cloud Masses in the Core Region 58 

3. Membership of the Twenty Objects: Infrared Excesses and 
E x t i n c t i o n  # • » • • • • • • • • • • • • • • • • • •  6 5  

4. The 44 Cluster Members 75 

5. Summary of Star Formation Efficiencies and Stellar 

Densities 118 

viii 



LIST OF ILLUSTRATIONS 

Figure Page 

1. High resolution (30 kHz) ̂ CO and C*®0 profiles toward 

the 3E 9S position in the p Oph cloud .... 29 

18 
2. A map of CO integrated intensity and the results of our 

2 ym survey superposed on the red Palomar Sky Survey 

photograph of the p Ophiuchi dark cloud 40 

3. A map of LTE C*®0 column density in the central regions 
o f  t h e  p  O p h  c l o u d  A 3  

4. A plot of N2H/E(B-V) VS. Amax for 21 stars . 49 

5. A map of visual extinction in p Ophiuchi as derived 

from our C^O data 55 

ix 



ABSTRACT 

New and sensitive millimeter-wave and near-infrared 

observations have been performed in the central regions of the p 

Ophiuchi dark cloud. High spatial resolution observations of 

1 ft 
optically thin C °0 emission lines are shown to be free of self-

absorption. They permit the first accurate determination of the 

distribution of molecular gas and allow us to estimate the mass and 

visual extinction in the cloud. A completely sampled near-infrared 

survey of a 105 sq. arcmin area which encloses the region of highest 

visual extinction has revealed twenty objects (sixteen were previously 

unknown). We show that these objects are young stars embedded in the 

cloud. 

Synthesizing our new observations with existing radio and 

infrared data, we have made a detailed study of the energetics and 

star formation process within the p Oph cloud. This dissertation 

concludes that the high temperatures of the molecular gas cannot be 

due to collisions with warm dust. The feasibility of alternate heat 

sources such as cosmic-ray ionization, shocks, and the distortion of 

magnetic fields are discussed. We derive high star formation 

efficiencies (32-46%) in the centrally condensed core of the p Oph 

cloud which suggests that it is forming a bound open cluster. The 

most consistent interpretation of our data requires that an efficient 

burst of star formation has produced a relatively large (with respect 

to the initial mass function) population of low luminosity stars in p 

x 



Oph within the last 3 million years. At this present rate of star 

formation, most of the molecular gas will be converted into stars in 

about 10^ yr. yielding a bound cluster. Unless this rate rapidly 

decreases with time, the duration of star formation in the p Oph 

cluster (10 million years) will be considerably shorter than that 

suggested for the Pleiades cluster (17 5 m. y.). The lack of stars in 

the 3-10 M0 range indicates that subsequent star formation must be 

dominated by more massive stars if the stellar mass spectrum of the p 

Oph cluster is to resemble that of the conventional initial mass 

function. The youth of the p Oph cluster suggests that it may be the 

most recent episode of star formation in the Sco-Cen OB association. 



CHAPTER 1 

INTRODUCTION 

This dissertation is an effort to combine the latest in 

millimeter-wave and near-infrared techniques to make a detailed 

investigation of star formation in the p Ophiuchi dark cloud. Before 

embarking upon a discussion of our current state of knowledge about 

star formation in p Oph and the need for these new observations, it is 

necessary to set the stage. Therefore, time will be devoted to 

reviewing the properties of the two major stellar aggregates in which 

most stars are believed to be formed: associations and open clusters. 

We will focus upon the manner in which the molecular cloud environment 

and concurrent star formation influence the type of stellar group 

formed. 

Associations 

Associations are extended aggregates of stars of the same 

physical type. While they display stellar densities which are higher 

than those in the field for that particular type of star, associations 

have very low stellar densities relative to the total field star 

density. There are three recognized types of associations: OB 

associations (0 and early B stars, M>10MQ), R associations 

(collections of reflection nebulae excited by B2-A0V stars of 3-10 

MQ), and T associations (T Tauri stars, 1-2 Mg). OB associations are 

frequently identified with R and T associations but R and T 

1 
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associations can occur unrelated to any OB association. Associations 

are the birthplace for most of the stars in the solar neighborhood. 

Miller and Scalo (1978) have shown that associations can account for 

about 90% of the stars observed which are more massive than 2-5 MQ and 

could account for 90% of the stars of all masses if the association 

and field-star luminosity functions are similar. 

OB Associations 

OB associations are by far the best studied type of 

association (refer to Ambartsumian 1955, Blaauw 1964, and Lada, Blitz, 

and Elmegreen 1978 for the following discussion). Extending for over 

100 pc, they are good tracers of spiral structure (LyngS 1980). 0B 

asociations contain distinct subgroups of 0 and B stars which 

sometimes form elongated structures parallel to the plane of the 

galaxy in a continuous sequence of ages. The older subgroups (10-15 

million years) are highly dispersed and contain a high number of 

evolved stars. The younger subgroups (1-4 million years) are more 

compact and have the highest proportion of early-type stars. The 

youngest subgroups are usually found near one edge of a massive 

molecular cloud in which there is evidence for the present day 

formation of massive stars (e.g., M17, M42, W3, Cep A, Elmegreen and 

Lada 1977). 

OB associations appear to be gravitationally unbound. The 

3 
star density in 0B associations is observed to be less than O.IMQ/PC 

implying that galactic tides and shear forces will be effective in 

disrupting them (e.g., Chandrasekar 1942). Ages derived for 0B 
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subgroups from their color-magnitude diagrams or from kinematical 

data suggest that subgroups older than about 15 million years must 

disperse over such a large area that they are no longer 

distinguishable from the field population. Proper motion studies of 

several OB associations provide direct evidence for their general 

expansion (e.g., Sco-Cen, Per 0B2). 

The characteristics of the giant molecular cloud complexes 

involved in the formation of OB associations are well-defined. These 

clouds are quite large in extent (about 90 pc), very massive 

(typically 2x10^ MQ), and have an average spatial density of n(H2) = 
_ O 

46 cm (Blitz 1978). The cloud edge nearest the OB star formation 

will have an enhanced density (n(H2)>10^ cm~^) and temperature (Tg 

^50K) and will display the signposts of massive star formation such as 

OH, H^O, and SiO masers. In particular, the molecular gas in the 

vicinity of star formation will have large velocity dispersions which 

are seen in the broad molecular emission lines (AV<\>6 km/s). Giant 

molecular clouds are expected to survive for less than 3 x 10^ yr. in 

the galaxy (Blitz and Shu 1980). This is consistent with the observed 

age span over which star formation is apparent in OB associations, 

i.e., the age of the oldest subgroup. Therefore, once OB star 

formation begins, the cloud can be dissipated fairly rapidly. The 

inferred expansion of OB associations implies that the OB stars must 

dissipate the majority of their gaseous binding mass. Hence, the star 

formation efficiency in OB complexes must be rather low (<50%). Model 

calculations by Whitworth (1979) have shown that a typical OB complex 
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(10** MQ) forming massive stars with an efficiency as low as 4% will 

display significant cloud disruption within several million years. 

The sequential formation of OB subgroups has been suggested by 

Blaauw and outlined more quantitatively by Elmegreen and Lada (1977). 

In this scenario, the formation of massive stars is initiated at one 

O _ Q 
edge of a giant molecular cloud of spatial density nC^) > 10 cm 

. by an external force (e.g., supernova shock, density-wave shock, 

cloud-cloud collision). Ionization and shock fronts from these 

massive stars will then propagate into the cloud, leaving in their 

wake a new generation of massive stars. This new subgroup will 

dissipate the surrounding molecular gas in several million years as 

well as trigger the next OB star formation in the cloud. This process 

will continue through the molecular cloud resulting in a chain of OB 

subgroups. 

R Associations 

On the basis of the non-uniform distribution of reflection 

nebulae in the galaxy, van den Bergh (1966) suggested the association 

of the exciting stars in reflection nebulae and proposed that these 

aggregates were an intermediate mass analog to OB and T associations. 

Additional R associations have been identified for southern 

declinations (Herbst 1975a). R associations are not typically as 

extended as OB associations but they do often form chains of 

subgroups. The majority of R associations appear to be young. Always 

associated with obscuring dust, they are good tracers of spiral 

structure (Herbst 1975b). Some R associations are found to contain 



5 

young Herbig Be-Ae stars. Ages have been derived for only three R 

associations, supporting their youth: 1-10 x 10^ yr. for Vela R2 

(Herbst, 1975c), 6-10 x 10^ yr. for Mon R2 (Herbst and Racine 1976), 

and 0.6-3 x 10^ for CMa R1 (Herbst 1980). 

Unfortunately, there has been no study of the space motions in 

R associations or their subgroups to look for possible expansion or 

the age gradation which is found in OB associations. Only in the case 

of Mon R2 has there been a concerted effort to study a R association 

in terms of its molecular cloud and ongoing star formation. 

Mon R2 is one of the few R associations not related to any 0B 

association-complex. Mon R2 consists of 30 stars (13 earlier than 

A0V) which form a chain of six subgroups 30 pc in extent (Herbst and 

Racine 1976). Most of the B stars in Mon R2 are still associated with 

dust cloud fragments, presumably remnants of the molecular clouds from 

which they formed. The star density can be estimated from these 30 

stars assuming they lie in a cylinder of radius 5 pc and length 30 pc. 

O 
The resulting star density is well below 0.1 Mg/pc , although the 

lower mass stars in this volume have not been well sampled. The 

westernmost subgroup in Mon R2 is the largest and is associated with a 

fairly massive (2 x 10^ Mg) molecular cloud which may be collapsing 

(Loren 1977). Near-infrared surveys of this molecular cloud have 

revealed several embedded sources (Beckwith et al. 1976, Loren 1977), 

one of which appears to be a massive star (L = 5 x 10^ Lg, Downes et 

al. 1975, Thronson et al. 1980). Although star formation has been 

ongoing in Mon R2 for 6-10 x 10^ yr., the existing B stars have been 

unable to clear the surrounding dark cloud material. Therefore, as 
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suggested by Herbst and Racine, it may take the eventual presence of 

an unembedded 0 star before cloud dissipation occurs. 

Since the molecular gas in Mon R2 appears involved in the 

formation of at least one fairly massive object, this R association 

complex may be the progenitor of an OB association. Perhaps the 

majority of R associations evolve into OB associations, as the 

coincidence of these two stellar aggregates suggests. In complexes 

w h e r e  R  a n d  O B  a s s o c i a t i o n s  a r e  o b s e r v e d  t o  c o - e x i s t ,  t h e  R  

association is found to be associated with the molecular gas component 

while the visible OB stars are usually found at one edge of the 

complex, displaced from the molecular gas. For example, in the Orion 

cloud complex, low-mass star formation (M<10MQJ reflection nebulae and 

T Tauri stars) is observed throughout the clouds while the signposts 

of massive star formation (M>10MQ) are confined to cloud edges. By 

implication, we require the star formation mechanism for OB stars to 

be different than that responsible for the formation of R and T 

associations (Elmegreen and Lada 1977). In OB associations we see 

evidence for an external trigger having initiated massive star 

formation and the subsequent propagation of massive star formation 

through ionization and shock fronts. On the other hand, as first 

suggested by Herbig (1962a), it appears that the formation of lower 

mass stars can be initiated internally in the molecular cloud and 

proceed continously (possibly through gravitational collapse and 

fragmentation) without disrupting its environment. 

While the size and mass of molecular complexes which form OB 

and R associations may be similar, the physical conditions of the gas 



7 

are expected to be quite different. In the absence of 0 stars, we 

expect the molecular gas in R associations to be more quiescent and to 

display cooler temperatures and lower velocity dispersions relative to 

those observed in OB complexes. If the situation arises that massive 

stars are not formed in R associations until later in the lifetime of 

the molecular cloud, then the star formation efficiencies could be 

observed to be higher relative to those in younger OB complexes. 

T Associations 

Groupings of T Tauri stars, or T associations, were first 

recognized by Ambartsumian (1949). Subsequent studies of their 

distribution have shown them to extend anywhere from 10-100 pc in the 

plane of the galaxy, often in elongated shapes composed of chains of 

subgroups (Kholopov 1959a,b). Systems of T associations also form 

similar structures. Like R associations, T associations are 

intimately related to the surrounding dark cloud material. Cohen and 

Kuhi (1979) have shown that T Tauri stars residing within the same T 

association are contracting toward the main sequence with ages ranging 

from 10^ to 6 x 10^ yr., confirming their apparent youth. 

Stellar densities in T associations are found to be higher 

than those measured in OB associations. Correcting the observed 

population in the Taurus-Auriga T associations for extinction, Jones 

and Herbig (1979) estimate about 0.5 Mg/pc^ for the entire complex and 

about 4 MQ/PC^ within a particular association. Cohen and Kuhi (1979) 

derive slightly higher stellar densities for Tau-Aur and other T 

associations they studied because of the nature of their estimation of 
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the obscured population (see following paragraph concerning star 

formation efficiency)'. They obtain values ranging from 1-30 MQ/pc\ 

Space motion studies of T associations have been performed 

only in the Tau-Aur complex (Jones and Herbig 1979). They conclude 

that while the three T associations in this area do not appear bound 

to one another, each T association appears internally bound. This can 

be attributed to the binding mass provided by the surrounding dark 

cloud material. This additional binding mass must also be related to 

the high stellar densities in T associations relative to OB 

associations. 

Because of its isolation from OB or R associations and its 

proximity (135 pc, Elias 1978c), the Tau-Aur dark cloud complex is 

ideal for the study of the detailed properties of a molecular cloud 

forming T associations. The dark cloud extends over 35 pc and has no 

well-defined center. It has an estimated mass of 8000 MQ (Baran 

1978). Millimeter-wave observations of density sensitive molecules by 

Myers, Ho, and Benson (1979) suggest that this cloud consists of cold 

(T = 15 K), dense (n(H2)=4 x 10^ cm"^) globules of 1 MQ, embedded in a 

more extended molecular complex. The velocity dispersions in these 

cores are quite small; the molecular-line widths are about twice the 

thermal velocity or 0.2 km/s. 

The star formation efficiency calculated for the Tau-Aur 

complex is rather low. Assuming that stars are distributed uniformly 

throughout the cloud, Jones and Herbig estimate the total star 

formation efficiency to be about 2%. Cohen and Kuhi derive higher 

efficiencies, ranging from 2-9%, because they attempt to account for 
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the observed factor of 2 increase in the linear extent of CO clouds 

relative to the visible dark cloud condensations. As a result, they 

assume that the dark clouds have only one-fifth of the mass given by 

the associated molecular cloud. 

Consideration of the Tau-Aur complex suggests that molecular 

clouds from which T associations form are cool, quiescent clouds with 

low-efficiency, low-mass star formation occurring uniformly throughout 

them. As alluded to earlier, the span of formation ages of T Tauri 

stars within an association, particularly in Tau-Aur and Orion (Cohen 

and Kuhi 1979), suggest that, as postulated by Herbig, star formation 

in T associations has been a continuous process over 10^ yr. The star 

formation rates determined for the T associations studied by Cohen and 

Kuhi follow an exponential growth law. Left unchecked with the 

present rate of star formation and observed efficiency, the T 

association molecular clouds will be depleted of their gas in about 

10^ yr. (and the resulting star formation efficiency will be very 

high). However, it is believed that the formation of very massive 

stars within such a cloud inhibits such explosive star formation. 

Summary of Association Properties 

In our brief description of OB, R, and T associations, we have 

encountered many common factors which characterize all associations 

and which deserve to be restated. First, both the stellar and 

molecular content of associations often appear extended and parallel 

to the galactic plane. Second, the star densities in associations are 

typically less than 0.1 Mg/pc"* but can exceed unity in the vicinity of 
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dark cloud material. Third, all associations thus far studied are 

young. OB, R, and T (since they often accompany the former two) 

associations are found to lie in spiral arms. In addition, all three 

have associated dark cloud material from which the visible population 

has recently formed and within which star formation is presently 

occurring. The visible stars in associations are frequently found to 

be pre-main sequence in nature (e.g., Herbig Be-Ae stars, T Tauri 

stars). Fourth, associations appear to be short-lived. This is 

indicated by the estimated lifetimes for giant molecular clouds and 

our inability to recognize associations older than 15 million years. 

The failure of associations to remain bound is not too surprising in 

light of the combined effects of low star formation efficiencies (in 

OB and T associations) and the disrupting effects of galactic tides 

and shear forces on such low stellar densities. Lastly, the star 

formation in associations is coeval to within 10^ yr. The sequential 

formation of OB subgroups produces their age spread while the 

continuous formation of low mass stars results in their dispersion in 

formation ages. 

The stellar mass spectrum for associations is very difficult 

to obtain because of problems in identifying members, particularly 

those of low mass, in OB and R associations. Using the luminosity 

function derived for the Orion OBI association by Warren and Hesser 

(1978), Miller and Scalo (1979) find that this initial mass function 

for M > 2.5MQ agrees well with the field star initial mass function. 

This is not unexpected since most field stars have their origins in 

associations. 
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Scenario for Association Formation 

The number of similarities between OB, R, and T associations 

is striking. The observed incidence of OB associations with R and T 

associations and the ability of the latter two to exist alone may 

suggest an evolutionary sequence for the formation of associations. 

The missing ingredient that could link these three association types 

involves the way in which continuous low-mass star formation (M<10MQ) 

evolves to form an initial mass function similar to that seen for 

field stars (and Ori OBI). If we consider the later-type stars in NGC 

2264 to be a valid example of low-mass star formation, we can then 

propose a viable scenario for association formation. 

Extensive observational studies of NGC 2264 have produced 

evidence that the low-mass star formation in this cluster has not only 

been continuous but has been sequential in mass with the more massive 

stars forming most recently (Iben and Talbot 1966, Adams 1981). These 

studies have shown that the lowest mass stars of 0.1-0.5 MQ began 

forming about 10^ yrs. ago in 2264 and reached a peak formation rate 

about 4-5 x 10^ yrs. ago. This was followed by stars of progressively 

greater masses reaching peak formation rates at successively younger 

ages. Hence, the duration of low-mass star formation in molecular 

clouds is very important in characterizing their visible population. 

The physical processes that could form low mass stars 

sequentially in mass are as uncertain as the precise mechanism which 

produces the observed stellar mass spectrum. In the classical picture 

of star formation (Hoyle 1953), the gravitational collapse of a cloud 

produces fragments from which stars of various masses can form. Silk 
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(1978) has shown that a more realistic investigation of cloud 

fragmentation must also include the effects of magnetic fields, gas 

accretion, fragment interactions, and protostellar heat input. Miller 

and Scalo (1979) have collected and compared the initial mass 

functions formed by fragmentation and fragment interaction models to 

the field initial mass function. They find these models in good 

agreement with observations, particularly for interaction models. The 

manner in which cloud fragmentation could build a stellar mass 

function as in NGC 2264 might involve such processes as protostellar 

heat input and the strong temperature dependence of the Jean's mass 

(Silk 1977) or the coagulation and accretion of fragments (Silk and 

Takahaski 1979). Larson (1981) has proposed that tidal forces exerted 

on the gas by stars which have already formed would require the 

formation of successively more massive stars. 

An evolutionary sequence for the formation of associations 

would begin with a massive molecular cloud. In the absence of any 

external cloud compression, the formation of very low mass stars will 

be initiated throughout the cloud by some process internal to the 

cloud. The continuous formation of low mass stars will quietly 

convert the molecular gas into stars, allowing stars of progressively 

higher masses to form at successively younger ages. At some point in 

its evolution, the molecular cloud may be dominated by 1-2 MQ stars (T 

Tauri stars) or, at a later time, by B stars. Thus, we would expect T 

associations to gradually evolve into R associations and then into OB 

associations. It is interesting to note that studies of the Chameleon 



13 

dark cloud by Grasdalen et al. (1975) and Rydgren (1980) have led them 

to suggest that it may represent an Intermediate stage between a R and 

a T association. This dark cloud hosts a population of stars of 

spectral type B9 and later including several emission-line stars. 

Presumably this evolutionary process can be interrupted in one 

of two ways. Either (1.) the stellar mass function will build until a 

massive star is formed which is capable of dissipating the cloud 

material and which possibly generates additional massive star 

formation, or (2.) an external trigger initiates the sequential 

formation of OB subgroups. While the former could only occur toward 

the end of the cloud's star-forming history, the latter could happen 

at any time in the lifetime of the molecular cloud. As the molecular 

cloud is dissipated by the massive star(s), the associations of T 

Tauri and B stars will be able to emerge and expand. 

Admittedly, this evolutionary sequence for the formation of 

associations is simplistic. However, it can explain the incidence of 

OB associations with R and T associations since it is the natural 

consequence of the interruption of continous low-mass star formation 

by sequential OB star formation. This scenario also accounts for R 

and T associations which occur by themselves since they would be the 

result of low-mass star formation which awaits the formation of 

massive stars. 

Larson (1981) has conducted a detailed study of how the 

observed stellar mass spectrum of young associations and clusters 

correlate with the morphology and mass of the star-forming gas and the 

age and spatial distribution of their stars. He concludes that the 



observed differences in the spatial structure and stellar mass 

spectrum of various star-forming clouds could be due in part to the 

continual evolution of their stellar content which is coupled to the 

evolution of the molecular gas. Larson proposes that a young diffuse 

cloud interspersed with dense globules will fc:m low mass stars (e.g., 

the Tau-Aur complex) while accumulating the smaller clouds and diffuse 

gas into more massive concentrations. As these larger concentrations 

are formed, and the molecular gas will become more centrally condensed 

and more massive stars can develop (e.g., Orion, NGC 2264). 

Ultimately, the maximum stellar mass which can be formed will be 

determined by the initial mass of the star-forming cloud. Note that 

in Larson's model, shocks and ionization fronts are not required to 

form massive stars. As mentioned earlier, the mechanism forwarded by 

Larson by which the formation of stars can proceed sequentially in 

mass is the tidal forces exerted on the gas by stars already formed. 

In closing, it is possible to devise an evolutionary scheme 

for the stellar and molecular content of associations which is 

consistent with the observed properties of stellar aggregates ranging 

in mass from T Tauri stars to 0 and B stars. A physical or 

theoretical basis for this scheme is however lacking. Our ability to 

fill in the detailed processes needed for this scenario will be 

benefited by a more thorough knowledge of the earliest stages of 

stellar formation and the concurrent evolution of the molecular gas. 

Clearly, the stellar content of association complexes will be a 

sensitive function of the intial conditions in each individual cloud 

as well as the duration of low-mass star formation. 
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Open Clusters 

Open clusters are compact aggregates of stars with high 

o 
stellar densities (> 1 Mg/pc ) and low velocity dispersions which 

allow them to remain gravitationally bound entities long after they 

are formed. They have long been regarded as laboratories for the 

study of stellar evolution since it is believed that they form stars 

coevally with respect to the lifetime of the cluster. Because of 

their high stellar densities, open clusters are more stable against 

disruption by galactic tides than OB associations. While some open 

clusters are observed to be older than 10^ yrs., 50% of the newly 

formed clusters disintegrate within 2 x 10® yrs. after they form their 

massive stars (Weilen 1971). This median lifetime is an order of 

magnitude greater than the age of the oldest OB subgroup. Open 

clusters are observed throughout the galactic disk; young open 

clusters are good tracers of spiral structure. Young open clusters 

are sometimes found within OB associations: e.g., h and X Per in Per 

OBI, NGC 7160 in Cep 0B2, and IC 2602 in Sco-Cen. Open clusters can 

account for only about 10% of all field stars presently being formed 

in the solar neighborhood (Weilen 1971, Miller and Scalo 1978). 

Unlike associations, open clusters have a well-defined stellar 

mass spectrum. This is due to the compactness of the open cluster 

which aids in the identification of the cluster members of all masses. 

The initial mass function for open clusters agrees very well with that 

derived from field stars in the range of 1-10 MQ (Scalo 1978). This 

is somewhat surprising since the vast majority of field stars are not 

formed in open clusters. Below 1 MQ, many open clusters are observed 
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to have a deficiency of stars relative to the field (e.g., van den 

Bergh and Sher 1960) although whether or not this effect is real or 

merely a selection effect is a point of controversey (see Scalo 1978 

for discussion and references). 

Evolution of the Visible Cluster 

The observable properties of an open cluster, i.e., the mass, 

radius, and density of its stars, are not fixed but evolve with time. 

When the open cluster begins to emerge from its molecular cloud, it 

can display very high stellar densities. For example, the young 

cluster IC 348 (5-20 million years old, Strom, Strom, and Carrasco 

1974) has an observable mass of about 40 MQ and a radius of about 0.3 

pc resulting in a stellar density of about 600 Mg/pc (Blaauw 1964). 

As the dark cloud material is dissipated, the cluster loses some of 

its binding mass and its members may exhibit higher velocity 

dispersions. In addition, encounters between cluster members will 

relax the cluster, that is to say the velocities of the stars become 

randomized toward statisical equilibrium (Chandrasekar 1942). The 

cluster configuration which results from these two effects will be 

larger in radius (with a more modest stellar density) than its 

embedded counterpart and show a radial mass segregation away from the 

cluster center, i.e., massive stars are more centrally concentrated. 

The most realistic approach for the determination of the time 

of relaxation for a cluster is that of Spitzer and Harm (1958). They 

derive the "reference time" for the relaxation of a cluster with N 

stars of root-mean-square radius r£ and average star mass mQ: 



T r » 8.3 X 105 N1/2 rc(pc)3^2/[(mo/M0) (logN - 0.3)] 

For the Pleiades, we can calculate the reference time using a mass of 

416 MQ from 340 cluster members, most of which are contained within a 

radius of 3.5 pc (Jones 1970). Hence, = 41 million years for the 

Pleiades as compared to 75 million years which is computed as the time 

since massive stars were formed in the cluster (G. Harris 1976). This 

suggests that the Pleiades cluster has relaxed and that its average 

stellar density of 2.5 Mg/pc3 is smaller than it has been in the past. 

The strong mass segregation observed in the Pleiades is further 

evidence that the cluster is relaxed. As a result, the star density 

of the cluster is a function of radius. The stellar density in the 

O 
Pleiades falls below 0.1 Mg/pc beyond 4.5 pc from the cluster center 

(van Leeuwen 1980). 

Stellar encounters which serve to relax the cluster also will 

impart escape velocity to a small percentage of its lower mass 

members. Their loss will cause the cluster to contract, further 

enhancing the rate of ejection. The dynamical lifetime of a cluster 

due to this process is given by the evaporation time or the time it 

takes 37% of the stars of mass m to escape. The evaporation time 

increases as m increases and is related to the reference time for 

stars of average mass (m=m0) by Tev = 88 T^ (Spitzer and Harm). Tev = 

3.6 x 10* yrs. for the Pleiades. 

External influences such as the galactic field and encounters 

with massive interstellar clouds are important in accelerating the 

O 
disruption of a cluster. For stellar densities below 0.1 M g/pc , 



which is common in the outer regions of relaxed open clusters, 

galactic tides are effective in the disintegration of the cluster 

(e.g., Chandrasekar 1942). Galactic tides are expected to be very 

important in determining the lifetime of the Hyades open cluster since 

almost one-half of the cluster's 300 MQ lie at radii beyond which the 

stellar density falls below 0.1 Mg/pc"^ (Pels, Oort, and Pels-Kluyver 

1975). Encounters with interstellar clouds are also effective in 

disrupting the cluster. Each encounter will cause the cluster to gain 

energy and expand. Spitzer (1958) calculate that a cluster with a 

Q 

stellar density of one will disrupt within 1.9 x 10 yrs. For the 

Pleiades, the disruption time for passing interstellar clouds is 4.8 x 

10® yrs. which is a factor of 7.5 shorter than its dynamical 

evaporation time. 

Star Formation in Open Clusters 

In general, open clusters are not easily detected while still 

embedded in their molecular clouds. This problem of identification 

arises from the elaborate techniques required to establish the 

existence of a cluster which is obscured from view. Despite these 

difficulties, we can learn a great deal about the star-forming history 

of an open cluster from studies of visible clusters. 

Star Formation Efficiencies. The stability of open clusters must be a 

result of high star formation efficiencies. Efficiencies of at least 

50% are required to keep the cluster bound after the remnants of the 

cluster-forming gas are removed. This could be achieved by the 

conversion of protostellar gas into stars in either a rapid, efficient 



burst or in a slower, continuous process which operates in the cloud 

over an extended period of time. The continuous formation of stars 

has been proposed by Herbig (1962b) for the Pleiades open cluster. He 

noted that there was a discrepancy between the cluster age derived 

from the high-mass main sequence turn-off (nuclear age or tn) in the 

cluster's H-R diagram and the age derived from low mass stars which 

have just reached the main sequence (contraction age or tc). Herbig 

pointed out that stars were on the main sequence at much later 

spectral types than would be predicted by the nuclear age, i.e., tc > 

tn. The nuclear age of the Pleiades is estimated to be 75 million 

years as compared to its contraction age of 250-800 million years 

(Herbig 1962b, Landolt 1979, Stauffer 1980). This implies that low 

mass stars were forming in the Pleiades molecular cloud for at least 

175 million years before the high mass stars were formed, i.e., star 

formation has been coeval only within 17 5 m.y. The process of 

continuous star formation is seen in other open clusters as large 

dispersions in the formation times (about 10^ yr.) of stars of a given 

mass (e.g., NGC 2264 and NGC 6530, Iben and Talbot 1966). 

The continuous nature of star formation in open clusters 

requires that these clusters spend a substantial amount of their 

lifetimes embedded in their star-forming clouds. Adopting 175 m.y. 

for the star-forming episode in the Pleiades molecular cloud and 400 

m.y. for the stability of the visible cluster against its disruption 

from encounters with interstellar clouds, we estimate that at least 

30% of the cluster's total lifetime was spent embedded in its cloud. 
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In spite of our failure to detect embedded open clusters, we 

might expect them to be a common phenomenon. There are 63 open 

clusters within 750 pc of the sun (Mermilloid 1980). If all open 

clusters spend at least 30% of their lifetimes embedded in their 

parental molecular clouds, we can predict that at least 27 open 

clusters within 750 pc of the sun should still be forming stars. 

The Molecular Cloud. The observable properties of molecular clouds 

associated with young open clusters should be distinct from those 

found with associations. The following discussion will be based upon 

the average properties of well-studied visible clusters (e.g., 

Pleiades, Praesepe, Hyades) which have radii of 2-3 pc and a total 

stellar mass of about 500 MQ. 

These clouds should be observed to be fairly compact, with 

radii of 1-2 pc at least later in their lifetimes. The average mass 

of a molecular cloud involved in the formation of an open cluster 

should be less than an association complex since they require only 

enough mass to produce the observed stellar population with 50% 

efficiency. This would set the maximum mass for a typical cluster-

forming cloud at 1000 Mq (or less depending upon the duration and 

efficiency of star formation). From this we can infer that the 

cluster-forming cloud will have a higher average spatial density than 

a giant molecular cloud. For a cloud of radius 1 pc and 1000 MQ, the 

average spatial density nO^) = 5 x 10^ cm~^. 

If stars form continuously over several hundred million years 

within the molecular clouds which form open clusters, then these 

clouds will be longer-lived than association-forming complexes. For 



21 

example, the Pleiades molecular cloud must have existed for at least 

175 million years, which is much greater than the lifetimes of 30 m.y. 

estimated for giant molecular clouds (Blitz and Shu 1980). To insure 

the longevity of such clouds, the star formation must proceed quietly 

for most of the cloud's lifetime. This should be observed as low 

velocity dispersions of the molecular gas and modest gas temperatures 

(15-20 K). In addition, one would expect to find some open clusters 

forming stars in the interarm regions of the galaxy since the time for 

clouds to cross the interarm regions is on the order of 100 m.y. 

(Cohen et al. 1980). Studies of the space motions and ages of 

selected open clusters by Forte and Muzzio (1976) and by Palous et al. 

(1977) show a tendency for most open clusters to form in spiral arms 

but indicate that some are formed outside spiral features. 

Scenario for Open Cluster Formation 

Our inability to identify open clusters still embedded in 

their parental molecular cloud hinders our development of an 

evolutionary scheme for their formation. Nonetheless, we have been 

able to obtain several clues to this scenario from the study of 

visible clusters that clearly differentiate the evolution of cluster-

forming and association-forming molecular clouds. First, the cluster-

forming cloud has a much higher star formation efficiency which 

produces a visible cluster which is bound. Second, the end result of 

this high efficiency episode of star formation in a compact cloud will 

be a cluster displaying very high stellar densities. 



If star formation in cluster-forming clouds is continuous, as 

observed in the Pleiades, then it will proceed in the manner proposed 

for the low-mass formation of stars in association complexes with a 

similar rate* In this scenario, star formation is initiated by some 

mechanism internal to the cloud which begins producing stars of lowest 

mass. Stars are formed uniformly throughout the cloud, slowly 

building to higher mass stars. Once the cluster forms high mass 

stars, the cloud is soon dissipated and the visible cluster revealed. 

But in contrast with association clouds, star formation in these 

cluster-forming clouds must progress without disrupting the cloud for 

a period of time which is much greater than the lifetime of 

association complexes. That is to say that some property of the 

cluster-forming cloud must delay the formation of a massive star until 

most of its gaseous binding mass is converted into stars. This 

property of cluster-forming molecular clouds cannot ba understood 

until the physical processes which produce stars from the molecular 

gas are better known. Since it is the size of open clusters which 

physically differentiates them from associations, perhaps it is the 

compactness and high spatial densities of the cluster-forming cloud 

which give it added stability against local encounters with 

interstellar clouds or galactic tides that would destroy the low-mass 

star-forming environment in a more extended, less dense cloud. 

Alternatively, if the stars in cluster-forming clouds were 

produced in a rapid burst, then a bound open cluster could be formed 

without requiring a long-lived molecular cloud. Stars could still 

form sequentially in mass, only at a higher rate. Once again this 
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process would be halted by the formation of a massive star. 

Additional studies of the lower main sequence of visible clusters plus 

the identification of open clusters still embedded in their molecular 

clouds are desirable before we can set a characteristic time scale for 

the evolution of cluster-forming clouds. 

Star Formation in the p Ophiuchi Dark Cloud: 

Association or Open Cluster? 

In the previous sections we have outlined specific 

characteristics to look for in molecular clouds which would allow us 

to identify the type of stellar aggregate to be formed. In the 

following section we will briefly describe our present understanding 

of the star-forming environment in the p Oph cloud. This will lead us 

to propose two new sets of observations which are necessary to 

classify the p Oph cloud as the birthplace of either an association or 

an open cluster. 

Background 

The nearby Scorpius-Centaurus OB association stretches for 

over 200 pc in the plane of our galaxy from 1** = 292 to 002°. The 

youngest subgroup in this association is the Upper Scorpius subgroup 

(nuclear age of 10 million years, Blaauw 1964) located at l1* = 341-

002° and b** = +10-30°. Within this subgroup lies the p Ophiuchi 

dark cloud complex. The proximity of this complex (160 pc, Bertiaud 

1958, Whittet 1974) makes it ideal for detailed studies. 

The p Oph dark cloud complex is comprised of numerous clouds 

of obscuring dust which form a filamentary structure of about 30 pc in 



extent and covering an area of 132 pc^ (Lynds 1962, Gilmore 1980a). 

The highest concentration of opaque clouds are located at the western 

(in right ascension) edge of the complex and form its centrally 

condensed "center". This center is primarily composed of the the 

L1688 dark cloud which is more often referred to as the p Oph dark 

cloud (l11 = 354°, b11 » +17°) . The L1688 cloud is about 3 pc in 

diameter and dominated in the west by the reflection nebula excited by 

the star HD 147889. Bok (1956) performed star counts in this region 

and was the first to establish quantitatively the large opacities in 

this cloud. Bok also predicted density variations of over a factor of 

50 across the dark cloud. Due east of L1688 are two sets of elongated 

dense clouds, L1709 and L1712 plus L1729 (see Gilmore 1980b for 

sketch). These clouds form the bases of two far-ranging streamers 

which are traced out by successively less opaque dust clouds as they 

dip toward the plane of the galaxy. 

The p Oph dark cloud has been the focal point of study in the 

complex because of its relationship to young stellar and protostellar 

objects. Ten early-type stars, ranging in spectral type from B2 V -

B9.5 V, have been identified within a projected radius of 3 pc from 

the cloud center (Garrison 1967, Carrasco, Strom, and Strom 1973, 

Elias 1978b). Also associated with the cloud are numerous Ha emission 

objects and T Tauri stars (Struve and Rudkj^bing 1949, Dolidze and 

Arakeylyan 1959, Herbig and Rao 1972, Rydgren, Strom, and Strom 1976, 

Cohen and Kuhi 1979). Further evidence for recent star formation in 

L1688 has been provided by three near-infrared surveys which have 



revealed at least 19 objects embedded within the central regions of 

the cloud (Grasdalen, Strom, and Strom 1973, Vrba et al. 1975, Elias 

1978b). Three of the aforementioned early-type stars are included as 

embedded objects and display far-infrared emission from their 

surrounding dust (Fazio et al. 1976). Embedded stars of spectral 

types B3 and earlier exhibit radio continuum radiation from their 

compact H1I regions (Brown and Zuckerman 1975, Falgarone and Gilmore 

1981). 

Millimeter-wave observations of the p Oph dark cloud have 

shown there to be substantial molecular gas coincident with the dust 

with attributes similar to other star-forming clouds. Since the first 

strip map of the molecule was made by Penzias et al. (1972), over 

ten additonal molecules have been detected in p Oph. The central 

12 
regions of L1688 have been mapped most thoroughly in CO and have 

shown the molecular gas to be warm (Tgag=30-50K) with its strongest 

emission just west of the most visually opaque regions of the cloud 

(Encrenaz, Falgarone, and Lucas 1975, Loren et al. 1980). Local 

temperature enhancements are observed around the embedded early-type 

stars. Strong emission is also observed from density-sensitive 

molecules indicating extensive regions where the spatial density iiO^) 

exceeds 10^ cm"^ (e.g., SO by Gottlieb et al. 1978, I^CO by Loren, 

Sandqvist, and Wootten 1981). Myers et al. (1978) have used several 

atomic and molecular species to study the cloud structure and dynamics 

in p Oph. Using observations of the 13C0 molecule, they conclude that 

for a radius of 1 pc, the molecular cloud exeeds its Jean's mass by a 

factor of 5 (450 MQ). Their data is consistent with a cloud which is 
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undergoing radial contraction about 1.6 times slower than the self-

gravitating free fall time. 

A New Approach 

At a glance, it would appear as if the properties of the p Oph 

cloud would characterize its star formation as intermediate between 

high mass (OB) and low mass (R or T) association-forming complexes. 

Like OB association complexes (e.g., Orion, M17), the p Oph cloud has 

high gas temperatures, high spatial densities, and both far-infrared 

and radio continuum emission from early-type stars embedded in the 

cloud. But despite the location of the cloud at the youngest edge of 

an OB association and its similarities to OB complexes, there is no 

evidence for the formation of massive stars (M>10MQ). There are 

neither stars earlier than B2 V with visible HII regions, nor do there 

appear to be embedded objects luminous enough to emerge as massive 

stars. Instead, the molecular gas in pOph resembles that in low-mass 

association complexes (e.g., the Tau-Aur complex) with low velocity 

dispersions and the formation of low mass stars throughout the cloud. 

The trail of B stars and the high incidence of T Tauri stars in the 

vicinity of the p Oph cloud could argue that the cloud is 

participating in the formation of an R or T association. 

Nevertheless, there are several properties of the p Oph cloud 

which set it apart from association-forming complexes. First, the 

molecular gas is centrally condensed and not extended like association 

clouds. Second, the density of young stars appears higher inp Oph 

than in association complexes. These properties are more along the 
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lines of those predicted for molecular clouds forming a bound open 

cluster. 

Unfortunately, the parameters which are needed to 

differentiate the star formation in p Oph from that in associations or 

open clusters, such as accurate stellar densities or the star 

formation efficiency, were not available from existing observations. 

Our ignorance of such basic information as the cloud mass and the 

density and masses of the embedded sources was brought to light by the 

1 
discovery of AJC0 self-absorption in the p Oph cloud by Lada and 

Wilking (1980). 

Self-absorption can arise in a cloud which possesses an 

outward temperature gradient with respect to the observer. If the 

outer layers are optically thick, then the emission profile from the 

hot core will be depressed, or self-absorbed, by this cooler gas. 

1 
While CO self-absorption has thus far been detected only in p Oph, 

19 12 
^CO self-absorption is not uncommon in molecular clouds. CO self-

absorption in p Oph is observed throughout the central regions of the 

cloud but 1-^CO self-absorption appears confined to the most visibly 

opaque regions (Encrenaz, Falgarone, and Lucas 1975, Falgarone et al. 

1978, Wilking and Lada, in preparation). Because of the low abundance 

of *^C0 relative to *^C0 (a factor of about 89), only in the special 

13 
case of extremely high column densities of foreground gas can CO 

self-absorption occur. 

1 O 
Since emission from the rarer AJC0 isotope is not as heavily 

saturated as ^C0, the area under the ^C0 emission profile is 

normally used to calculate the column density of the gas. But due to 
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13 
the presence of self-absorbed CO, only a lower limit to the gas 

column density is possible in p Oph. Only a molecule which is 

optically thin in the foreground layer of gas will give the correct 

picture for the column density distribution of the gas and accurate 

estimates for the cloud mass in the p Oph cloud. 

Figure 1 shows high velocity resolution (30 kHz) *^C0 and C*®0 

profiles toward the position where Lada and Wilking originally 

tO 1 O 
detected CO self-absorption. The symmetry of the C 0 line suggests 

that, unlike ^CO, it is uneffected by self-absorption and will be a 

1 A 
reliable tracer of cloud mass in p Oph. The strength of the C °0 

emission, the strongest thus far observed in the galaxy, implies there 

are extremely large columns of gas and dust in p Oph (Ay=62 mag). 

Because of the apparent deficiency of embedded sources toward 

1 3 
the region of CO self-absorption and the high visual extinctions 

inferred by the strong C*®0 emission, Lada and Wilking suggested that 

previous near-infrared surveys had not completely sampled the embedded 

population in this area of p Oph. Undersampling had already been 

confirmed in part by Elias (1978b) who detected several bright 

infrared sources in this area which had been missed by earlier 

surveys. But in addition, more sensitive near-infrared surveys of 

these high extinction areas could be expected to reveal new embedded 

objects since they would not only be able to probe more deeply into 

the cloud for a given spectral type, but also could detect objects of 

later spectral type for a given extinction. 

Therefore, to study properly the star-forming characteristics 

of the p Oph cloud required two new sets of observations. Extensive 
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Fig. 1 High resolution (30 kHz) ̂ CO and CO profiles toward the 3E 
9S position in the p Oph cloud. — These observations were made using 
the NRAO 11-m telescope with a mesh filter which minimizes the effect 
of the image sideband. Spectra were obtained by operating in the 

position-switched mode with an off position 60' south of our reference 

position (Source 1). The CO emission line is self-absorbed on the 
high velocity side of the line as indicated by the symmetry of the 

C180 line. 



mapping of C*®0 emission lines inpOph would give us our first look 

at the gas column density distribution and allow us to determine more 

1 8 
accurately the cloud mass. Preliminary observations of CO by 

Wilking and Lada, and Loren (1980, all unpublished) indicated that 

1 8 
strong C O emission prevailed over most of the central regions of p 

Oph. The high sensitivity of the NRAO 11-m telescope would permit us 

to obtain good coverage of this large area and the spatial resolution 

of 1.1 arcmin would be a factor of 2 better than any previous CO 

observations in p Oph. The newer infrared detectors available to us, 

when used in conjunction with the University of Arizona 1.54-m 

telescope, could be used to resurvey the large areas of highest visual 

extinction inpOph at a wavelength of 2 ym with better than a factor 

of 6 increase in sensitivity over previous studies. This sensitivity 

would permit us to detect a BOV star with 93 mag of foreground 

extinction or an M2V star at the front surface of the cloud. A 

tremendous advantage would be gained by first performing the high 

I 8 
spatial resolution CO observations in that specific areas of highest 

extinction could be targeted for the sensitive near-infrared 

observations, thus minimizing any confusion from background sources. 

By performing near-infrared photometry on any sources detected in the 

course of our survey, information concerning their spectral type and 

mass could be obtained. 

Outline of Dissertation 

Chapter 2 describes how these two new sets of observations 

were acquired. The data reduction necessary to extract useful 



information from these observations, such as the gas column density, 

visual extinction, cloud mass, and the membership of the embedded 

sources detected in our survey to the p Oph cloud, are outlined in 

Chapter 3. Chapter 4 compares our results with those of previous 

studies of the cloud and discusses the nature of the embedded 

population. The unique energy balance that may occur in p Oph is 

described in Chapter 5 along with possible heating mechanisms for the 

molecular gas. Chapter 6 draws upon the results of our observations 

to depict the star formation in the p Oph cloud in terms of the 

formation of an open cluster. 



CHAPTER 2 

OBSERVATIONS 

The C180 Observations 

The C*®0 observations were obtained in May of 1980 with the 

NRAO 11-m telescope located at Kitt Peak National Observatory.* 

Spectra were acquired with the cooled, Cassegrain, dual-channel mixer 

receiver. A 128-channel filter bank spectrometer with 100 kHz 

resolution was used for each polarization channel. This translates 

into a velocity resolution of 0.27 km/s for the J=(l->0) transition of 

1 ft 
C O .  T h e  s p e c t r a l  l i n e  w a s  p o s i t i o n e d  i n  e a c h  p o l a r i z a t i o n  c h a n n e l  

such that the background could be subtracted by frequency-switching 

across one-half of the total bandwidth. The data from each 

polarization channel were averaged together and folded to produce the 

final spectral-line profile. By operating in the frequency-switched 

mode with both polarization channels, high quality spectra were 

obtained with 3 minute integrations. This high degree of sensitivity 

allowed us to observe 360 points over the central regions of the p 

Oph dark cloud with our 1.1 arcmin beam. The spatial coverage of 

these observations is shown in Fig. 3 (p. 43). 

1. The National Radio Astronomy Observatory is operated by 
Associated Universities, Inc., under contract with the National 
Science Foundation. 
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Temperature scales were established using a rotating ambient 

absorber. Final calibration was achieved by repeated observations of 

the 3E 9S^ position in the p Oph cloud in the course of a single 

night. The absolute calibration of the antenna temperature, T^ , at 

the 3E 9S position was established both from observations made with a 

mesh filter which minimizes the effect of the image sideband (e.g., 

Fig. 1) and from comparison with M17SW, assuming T^*(M17SW) = 2.0 K 

(Lada 1976). As a result, we adopted a mean value of T^ (3E 9S) = 

4.84 + 0.09 K. From the repeated observations of the standard 

position we estimate the uncertainty in T^ for a single integration 

to be about 10%. 

In order to convert antenna temperature to brightness 

temperature, Tg, it is necessary to correct T^ for the forward beam 

coupling efficiency, n^, which is not accounted for in the chopper 

wheel calibration. This efficiency factor can be estimated utilizing 

knowledge of the antenna power pattern and the source brightness 

distribution (see Ulich and Haas 1976 for complete description). 

Assuming a symmetric Gaussian source brightness distribution with a 

width of 7 arcmin (as determined from our observations) and parameters 

appropriate for the 11-m telescope we derive an efficiency factor of 

n^ =» 0.78. Brightness temperatures are then obtained by dividing the 

antenna temperatures by 0.78. 

2. All offsets are computed in arcmin steps from Source 1 
(a1950=16h23m3£8, 61950=-24° 16'44"). 



The Near-Infrared Observations 

1 8 
Using our C O observations as a guide, we selected a 10 x 

n 
10.5 (arcmin) box which enclosed the most extensive area of strong 

18 
CO emission and, by implication the highest visual extinctions, for 

our more sensitive 2 ym survey. This 2 ym survey was conducted with 

the University of Arizona 1.54-m telescope in May of 1980 using a LiHe 

cooled photovoltaic InSb detector (refer to Rieke et al. 1981 for 

details of the detector). The instantaneous 3:1 signal-to-rms noise 

for the 2ym survey was always better than 12.1 mag. The 12 arcsec 

beam was scanned in right ascension at a rate of about 5 arcsec/sec 

while chopping to a reference beam 15 arcsec away in r.a. The scans 

were separated by half the beam size in declination resulting in 

complete sampling of the surveyed area. 

Subsequent J(1.25 jam), H(1.63 yd), K(202 ym), and 3.4 ym 

photometric observations were performed for the sources detected in 

the 2 ym survey with the same detector using both the University of 

Arizona's 2.3-m and 1.54-m telescopes. The filter characteristics 

are described in Lebofsky, Rieke, and Lebofsky (1979). The 

photometric observations utilized the standard procedure as described 

by Low and Rieke (1974). 22 Sco was observed three to four times each 

night to serve as the photometric standard. The photometric 

observations were made with an 8 arcsec beam on the 2.3-m telescope 

and a 12 arcsec beam on the 1.54-m. Colors adopted for 22 Sco are 

those derived by Harris, Woolf, and Rieke (1978) except for 3.4 ym 

where the value was extrapolated to be 5.115 mag. 
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Source positions and colors obtained for the 20 objects 

detected in this 2 pm survey are presented in Table 1. Most 

observations were made with the 1.54-m telescope except where noted in 

Table 1. Photometry from both telescopes is presented for Object 7 

only. For two objects, numbers 13 and 15, the J, H and J, H, 3.4 ym 

colors, respectively, are those previously obtained by Elias (1978b). 

Errors accompanying the photometry are typically the statistical one 

sigma errors encountered in the actual flux measurement. Systematic 

errors which may have occurred due to changes in the atmospheric 

transparency or equipment response are reflected in the standard star 

observations and are, added quadratically to the statistical errors 

when they are found to be comparable. 
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6 
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10 

11 

12 

13 

Table 1 

Positions and Photometry of Sources Detected in the 2 ym Survey3 

Previous « T „ v 0 . 
Identification a(l950) (1950) * wm 

16h24m01?9 -24° 21' 48" 15.6 12.98 10.80 9.1 

± .4 ± .05 ± .03 ± .2 

16 23 46.3 -24 21 53 13.91 

.03 

10.96 

.02 

8.7 

.1 

16 24 16.6 -24 22 00 14.6 
.1 

11.34 
.01 

9.2 
.1 

• (1) 16 24 16.4 -24 22 26 14.4 
.2 

11.48 

.01 

9.63 

.01 

8.23 

.06 
» (2) 16 24 15.8 -24 22 11 14.5 

.1 

10.29 
.01 

8.21 

.06 
16 24 19.8 -24 23 08 13.94 

.02 

9.93 

•01 K 
7.13 
.01 

16 23 39.8 -24 24 14 13.71 11 

.02 

.16, 10.86 

.01 

8.59 

.09 
16 23 40.3 -24 26 41 12.29 

.03 
9.42 

•°\ 

7.6 

.2 
16 24 09.3 -24 26 41 13.82b 

.06 

11.89 

.03 

9.8b 

.5 
A (1) 16 24 06.1 -24 27 23 12.59 

.09 
10.19 

.03 

8.92 

•°\ 

7.9 

•3, 
16 24 09.5 -24 28 07 13.73b 

• .04 
11.71 
.02 

9.6 

.4 
16 23 42.5 -24 28 04 14.43c 

.04 
11.02c 

.01 
7.05' 
.02 

i (1). 16 24 25.4 -24 24 34 12.36 (3) 10.43 (3) 9.30 8.4 
• (3) .01 .1 

u> 
a* 



Table 1—Continued 

Object 

Number 

Previous 

Identification a(1950) 6(1950) 
J H K 3.4 ym 

14 16h23P57!2 -24°29'08" 13.29 

± .05 
11.67 
± .02 

9.2 
± .4 

15 EL-29 (3) 16 24 07.8 -24 30 33 14.7 (3) 

.2 

10.79 (3) 6.78 
.01 

3.88 (3) 

16 16 24 00.3 -24 30 44 13.97 

.07 

10.45 

.01 

7.82 

.01 

5.85 

.01 

17 16 24 04.8 -24 31 33 13.8 

.2 

10.40 

.01 

7.91 

.07 

18 16 23 47.4 -24 31 34 13.8 11.50 10.08 8.6 

19 16 24 10,1 -24 31 49 

.1 •°i 
14.5b 

.1 . 

*01h 
10.71 

.02 

.1 

8.21b 

•07u 
20 16 24 14.6 -24 31 59 13.36b 

.08 

10.74 

.01 

9.28 

.01 

8.12 

.09 

a. References for previous identification and photometry: 

(1) Vrba et al. (1975) 

(2) Harris, Woolf, and Rieke (1978) 
(3) Elias (1978b) 

b. Photometry was obtained with the 2.3-m telescope. 

c. Photometry was obtained using both the 1.54-m and 2.3-m telescopes. 



CHAPTER 3 

v ANALYSIS OF THE DATA 

18 
A thorough analysis of the CO data is undertaken to give us 

our first look at the gas and dust column densitiy distributions in 

the central regions of the p Oph cloud. From these distributions, we 

can derive accurate cloud masses and establish criteria to test the 

association of the twenty sources detected in our infrared survey to 

the cloud. 

The C180 Data 

1 O 
The quantities obtained most directly from the C O data are 

the integrated intensities, which reflect the relative gas column 

density distribution for optically thin emission lines and a constant 

excitation temperature. Numerous assumptions are necessary to derive 

18 
more useful absolute quantities such as the C 0 column density, the 

visual extinction Ay, and the hydrogen column density. The derivation 

of the column densities of gas and dust, as well as their inherent 

uncertainties, will be the topic of the following discussion. 

The Integrated Intensities 

The C^®0 emission in p Oph appears optically thin since, for 

I O 1 Q 
the few positions which have also been observed in CO, the C 0 

13 
lines occur in an optically-thin ratio with the corresponding CO 

(i.e., t13C0]/[C180] > 5.5). As a result, the antenna temperature in 

38 
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each channel Is proportional to the optical depth and thus the 

integrated line intensity is proportional to the the integrated line 

optical depth. As outlined in Appendix A, the local thermodynamic 

equilibrium column density scales directly from the integrated line 

optical depth and hence from the integrated intensity. Therefore, the 

18 
determination of the C °0 integrated intensity, as defined by 

jT^*^dv, will give an unbiased estimate of the relative gas column 

density distribution across p Oph for a constant excitation 

temperature. 

18 
The integrated intensity was ascertained for each CO line as 

follows. All spectral lines were routinely analysed using the 11-m 

on-line reduction program. After subtracting a linear baseline, the 

integrated intensity of the line was formed by summing the antenna 

temperatures across the entire line and multiplying by the velocity 

width of a single channel. For baselines with unusual amounts of 

curvature or spurious glitches, the baseline was removed by hand and 

the area of the line measured using a digital planimeter. On the 

basis of repeated observations of the standard position, a mean value 

for y*T^**®dv(3E 9S) = 5.12 + 0.08 K km/s was found. The error 

encountered in determining the integrated intensity of a single 

observation not only depends upon random fluctuations in TA but also 

upon the choice of baseline. This uncertainty is estimated to be 

about 10%. 

A map of C180 integrated intensity in the p Oph dark cloud is 

shown in Fig. 2 superposed on the red Palomar Sky Survey photograph. 



Fig. 2 A map of C^®0 integrated intensity and the results of our 2 ym 
survey superposed on the red Palomar Sk^ Survey photograph of the p 

Ophiuchi dark cloud. — Contours of f *®dv vary from 2 to 7 K km/s 
in steps of 1 K km/s as one goes from the outer to inner regions of 
the cloud. The 10' x 10'.5 box encloses the area surveyed at 2 pm and 
the 20 sources detected with K < 12.0 mag are denoted by a '+'. The 

bright reflection nebula to the west marks the position of HD 147889. 
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Fig. 2 A map of c18o integrated intensity and the results of our 2 ~m 
survey. 
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C*80 Column Densities 

Without detailed knowledge of the temperature and density 

structure of the molecular gas, the determination of the column 

18 
density of C O gas must be made using a simplified cloud geometry. 

18 
Adopting a LTE (local thermodynamic equilibrium) approach, the C 0 is 

readily calculated assuming the emission arises from a homogeneous 

slab of gas. Along each observed column, the gas will be 

characterized by a single excitation temperature in the J(l-*-0) 

transition which is common to all CO isotopes. For this calculation, 

the partition function will be obtained by assuming a constant 

18 
excitation temperature for all rotational states of C 0. The self-

absorbed profiles of ^CO and *^C0 are evidence that assuming a 

constant excitation temperature along a column of gas in p Oph is not 

correct; a two-temperature slab model may be more appropriate. 

However, we will later show that a two-temperature slab model may not 

significantly alter the LTE column densities calculated for a single 

excitation temperature. 

18 
A complete derivation of the expression for the LTE C 0 

column density is presented in Appendix A and yields the following: 

NI8
lte - 2.42 x 1014(ToAv)(Tx+0.89)[l-exp(5.27/Tx)]-1 (1) 

1 ft 
where A v is the full width at half power of the C 0 line in km/s, 

18 
and Tx is the gas excitation temperature, T q is the C 0 line 

center optical depth which is given by: 

Tg * -Injl-Tg18/5.27 [ (exp(5.27/Tx)-l)~1-0.166]~1 j (2) 
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|0 10 
where Tg is the peak C O brightness temperature. fiv was 

determined by assuming Gaussian line shapes: 

4v -/TA*18dv/TA*18
pk. . (3) 

As described earlier, k for an optically thin transition 

and from eqns. (1) and (3), we see that will be directly 

proportional to the integrated intensity of the line. 

1 ft 
Column densities for the CO emission lines have been 

computed for the 360 points observed in p Oph using relations (1) -

(3). The excitation temperature at each point was derived from the 

19 12 
corresponding peak CO J=(l-»-0) brightness temperature, Tg , 

1 2 
utilizing the fact that CO emission is optically thick: 

Tx = 5.53jln[ l-i-5.53/(TB
12+0.819)]|-1- (4) 

12 
CO brightness temperatures were obtained from the 62.5 kHz 

resolution map of presented by Loren et al. (1980) and from our 

own 62.5 kHz data taken with the same 5-m telescope at McDonald 

Observatory^ (Wilking and Lada, in preparation). A forward beam 

* 1 2 12 
coupling efficiency n^=0.85 was used to scale T^ to Tg^ (Loren 

1979, personal communication). The resulting map of n18LTE(TX"TB12) 

is shown in Fig. 3. 

1 ft 
In one sense, the N l^E maP presented in Fig. 3 is a lower 

1 ft 
limit to the true C O column density in this region of p Oph. Strong 

3. The Millimeter Wave Observatory is operated by the 

Electrical Engineering Research Laboratory of the University of Texas 
at Austin, with support from the National Science Foundation and 

McDonald Observatory. 
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0HPBW 

I6h25m I6h24m I6h23m 

a (1950) 

Fig. 3 A map of LTE C*®0 column density in the central regions of the 

p Oph cloud. — The contours of N*®LTE increase from 1.0 to 2.5 in 

units of 10 cm" toward the cloud center in steps of 0.5. Tx's were 
derived from the CO brightness temperatures (ref. eqn. 4). In 
addition, the 360 points toward which CO observations were made are 
shown. 
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12 
self-absorption of CO emission lines persists over the region mapped 

1 O 
i n  C O .  T h e r e f o r e ,  t h e  t r u e  g a s  e x c i t a t i o n  t e m p e r a t u r e  i s  b e i n g  

1 2 
underestimated when derived from 1^C0 brightness temperatures and 

perhaps a more accurate representation of the gas column density would 

be obtained using the value of Tx which corresponds to less heavily 

self-absorbed regions in p Oph. A value of T =50 K is found for 

18 12 
regions just west of our C 0 map where CO self-absorption is 

1 8 
minimal. A map for N ^^g(Tx=50K) is not shown here but would, as 

mentioned above, mimic the integrated intensity map of Fig.2 . Values 

of N*®k^,g(Tx=50K) can be scaled directly from Fig. 2 using the 

following relation: 

N18LTE<TX=50K> =/T
A*18DV (2*3 X 1016)/5.12 cm"2 . 

In general, values for =50K) will be greater than those shown 

in Fig. 3 by about 40%. 

12 
As alluded to earlier, the strong self-absorption in both CO 

and ^3C0 emission lines indicates our over-simplification of the 

thermal structure in the p Oph cloud. The gas in the outer part of 

the cloud must be considerably cooler than that in the inner layers. 

1 3 
The fact that CO is self-absorbed suggests that an appreciable 

fraction of the gas column is cold. While we do not know the relative 

size of the cold column, we can get a rough idea because of the spike-

18 
pedestal structure of the C 0 line presented in Fig. 1. If we assume 

that the narrow spike is due to a cold foreground component (TX=15K) 

and the broad pedestal arises from the warmer, inner layers (TX=32K), 

then about 20% of the total column would be comprised of cold gas. 
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The total column density derived from this two-temperature model is 

within 11% of the value calculated for a single excitation 

temperature. 

The Visual Extinction 

By computing the column density of dust coincident with the 

1 8 
observed column of CO gas, it is possible to derive estimates for 

the visual extinction, Ay, over the area mapped in p Oph. However, 

the uncertainties associated with these estimates will be large 

whether they are obtained indirectly with assumptions for the 

appropriate isotopic abundances and gas-to-dust ratio or directly by 

an observed empirical relation. 

Without the aid of any observational study of the N*®Jj
,TE/Av 

ratio in warm, opaque clouds (Tgag>30-50K, Ay>25 mag.), it is 

necessary to rely upon a scheme which first calculates the true CO 

19 18 18 
column density, N , from the true C O column density, N . From 

1 9 
N1 , hydrogen column densities and Av can be derived. Such a 

procedure is summarized below: 

n12 = n18 . [CO]/[C180] (5) 

NIH = N12 * W/tCJ * ICJ/ICO] (6) 

Av = NZH * E(B-V)/Nffl • R (7) 

Unfortunately, we cannot know how well the LTE column densities that 

we calculate reflect the true column density required in eqn. 5 

(i.e., how well the LTE assumptions are met) without performing 

detailed model calculations. In addition, the parameters needed to 
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18 
derive Ay from N are poorly determined for the temperatures and 

densities found in p Oph. 

The first of these parameters, the isotopic abundance ratio of 

[C0]/[C180], has been the object of several recent studies (e.g. 

Wannier et al. 1976, Langer et al. 1980, McCutcheon et al. 1980, 

Wilson et al. 1981) and is required to derive from N*8 (eqn. 5). 

This quantity appears to be constant over a wide range of cloud 

conditions and is consistent with the terrestial and solar system 

ratio, [CO]/[C180]=490. 

The column density of total hydrogen (atomic plus molecular), 

^ZH» *s extreme importance since the cloud mass can be derived by 

1 0 
summing across the cloud. Obtaining from N (eqn. 6) 

requires the knowledge of the interstellar abundance of carbon 

relative to hydrogen and the fraction of total carbon present as CO 

gas. The first quantity, [C]/[H], is procured from studies which 

derive "cosmic" abundances from solar system objects which appear to 

sample abundances in the protosolar nebula. A value of 4.17 x 10~^ is 

found by Cameron (1980). The second parameter, the ratio of CO gas 

to total carbon ([CO]/[C])t is the weakest link in our effort to 

derive Ay. Dickman (1978) has estimated this quantity to fall in the 

range of 12-25% in the outer regions of cool clouds (Tga3<10K, Av<5 

mag). 

Unfortunately we cannot predict the actual [C0]/[C] ratio for 

the cloud conditions which prevail in p Oph. However, model 

calculations point out two effects which will tend to increase this 

ratio in p Oph relative to that in the cool clouds studied by Dickman. 



First, both the higher temperature and density conditions in p Oph 

should give rise to a more efficient conversion of neutral carbon to 

CO for a given opacity into the cloud. For clouds with Tgas=20 K and 

n(H2)=5000 ci"^, 100% of the gas phase carbon is expected to be in the 

form of CO when depths into the cloud which exceed 3 mag (Langer 

1976). Second, the high opacities observed in the p Oph cloud will 

insure that there is 100% conversion of gas phase carbon to CO 

throughout the larger fraction of a gas column. 

While efficient conversion of gas phase carbon to CO is 

expected in p Oph, two observed effects could serve to reduce the 

predicted CO to total carbon ratio . The aforementioned model 

calculations presume there are no internal sources embedded in the 

cloud capable of contributing sufficient ultraviolet flux to 

dissociate CO. But there are numerous embedded sources in p Oph and, 

as indicated by far-infrared, radio continuum, and radio recombination 

(Falgarone et al. 1978) observations, several of these objects inject 

13 
substantial ultraviolet flux into the cloud. Observations of JC0 in 

p Oph by Frerking, Langer, and Wilson (1981) reflect a higher 

ionizing flux in the cloud for a given opacity relative to cool 

clouds. The presence of large dust grains in p Oph could also point 

to a lower than expected [C0]/[C] ratio. Large dust grains appear to 

be related to the heavy element depletion of the interstellar gas 

(Carrasco, Strom, and Strom 1973, Snow 1975). The accretion of C and 

possibly even CO onto dust grains would effectively reduce the amount 

of CO gas relative to total carbon in p Oph. Therefore, we will 

assume to first order that the true [CO]/ [C ] ratio in the p Oph dark. 



cloud is comparable to that derived for low opacity, low density, cool 

clouds. 

The final step in obtaining estimates for Av from N*® (eqn. 7) 

involves use of the observed gas-to-dust ratio, ^^/Ay. Using 

ultraviolet data to measure hydrogen column densities toward 75 stars 

of known color excess, Bohlin, Savage, and Drake (1978) find an 

21 — 7 — 1 
average value of NJ.JJ/E(B-V) = 5.8 x 10 cm mag with an estimated 

error of only 6%. Since this value is derived from low extinctions, 

Av ̂ 0-2 mag, we can only assume this quantity can be extrapolated to 

the large opacities in p Oph. The theoretical justification for 

extending this gas-to-dust ratio to larger Av has been discussed by 

Dickman (1978). There is insufficient evidence that the presence of 

large dust grains, as inferred by long wavelengths of maximum 

polarization and large values for R = Av/E(B-V), alters this ratio. A 

plot of NJ.JJ/E(B-V) vs. X max is shown in Fig. 4 for 21 stars taken 

from Bohlin, Savage, and Drake for which reliable values for A max are 

available in the literature. Except for the star p Oph A, the value 

of NJ;JJ/E(B-V) for this set is consistent with the constant value of 

5.8 x 10^ cm"^ mag"^ over a wide range of grain sizes. Bohlin, 

Savage, and Drake attribute the large value of NJJJ/E(B-V) toward p Oph 

A to anomalous extinction; however, two stars with equally large 

values of X , and R, v Sco and HD 112244, display normal ratios, 
max ' 

Therefore, evidence for large dust grains in the p Oph cloud (e.g., 

Carrasco, Strom, and Strom 1973) will not be taken as an indication of 

an unusual gas-to-dust ratio. Clearly, additional ultraviolet 
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' max (f i m )  

Fig. 4 A plot of N2H/E(B-V) VS. Xmax for 21 stars. — Values for 
NJJJ/ECB-V) were taken from Bohlin, Savage, and Drake (1978) and values 
f°r A max were obtained from Serkowski, Mathewson, and Ford (1975) and 
Wilking, Lebofsky, and Rieke (1981). The line representing the 
average value for the gas-to-dust ratio of 5 x 10^ cm mag , as 
derived by Bohlin, Savage, and Drake for 75 stars, is shown. 
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observations toward regions with large grains are needed to establish 

any possible variation in the N^/ECB-V) ratio with grain size. 

The value for R has been well determined for several visible 

stars in the p Oph dark cloud (D. H. Harris, 1976). The derived 

quantity of 4.1 is significantly greater than the value of 3.15 

derived for more diffuse clouds (D. H. Harris, 1976). The value for R 

18 
may exceed 4.1 in the denser regions mapped in C 0 such that we 

consider this value to be a conservative estimate. 

Using our best estimates for four of the parameters presented 

in eqns. 5-7, we can express the ratio of visual extinction to LTE 

C180 column density in terms of the [C0]/[C] ratio and the true C*80 

column density: 

M^LTE = 8,3 x 10~16(tC0]/[C])"1(N18/N18
LTE) mag cm2 . (8) 

While we are concerned with the errors contributed by all four 

parameters, the major uncertainties in the above equation are 

introduced by the [C0]/[C] ratio and by how well LTE column densities 

reflect the true column density. These sources of error could be 

bypassed if an empirical relation for could be obtained. 

1 ̂  
Dickman (1978) has obtained an empirical Ay/N lte rati° f°r 

cool clouds with 1-4 mag of visual extinction using LTE calculations 

1 ̂  
for the CO column density and star counts. From 75 data points he 

io — I f .  2 
has found an average value of Ay/N l^E = ̂  x 10 mag cm with a 

standard deviation of the sample equal to 50%. By an appropriate 

scaling of N*8LTE to n*\TE» we can derive Ay directly from our 

observations using Dickman's relation. Using an empirically 
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determined relation such as this avoids many of the uncertainties 

encountered in the procedure outlined by eqns. 5-7 although it has its 

own pitfalls. Dickman's relation has the distinct advantage of 

completely eliminating the five parameters that would otherwise be 

1 3 
needed to convert N to Ay. Most importantly, it does not rely upon 

how well LTE column densities reflect true column densities. However 

the use of this relation relies upon the accuracy of star counts and 

is derived over a limited range of cloud opacities, Av=l-4 mag. If we 

can modify Dickman's relation to apply to warmer and more opaque 

regions (i.e., Ay > 25 mag.) like p Oph, we can improve the accuracy 

of our estimates for Ay. 

1 R 
Deriving Av directly from N via Dickman's relation is 

complicated by several observed effects. First, is chemically 

18 
fractionated relative to both CO and CO in the outer regions of cool 

clouds (Langer 1977, Dickman, McCutcheon, and Shuter 1979, Langer et 

al. 1980). While the terrestial ratio of [*^C0]/[C*®0]=5.5 is 

observed toward the denser cores of these clouds (Ay>5 mag), isotope 

1 3 
exchange reactions enhance CO in the cloud edges such that this 

ratio varies from ^25 to 7 for Av = 1 to 4 mag (McCutcheon et al. 

1980, Wilson, Langer, and Goldsmith 1981). Hence, the value of the 

true *^C0 column density per extinction is not a constant over the 

range of cloud opacities of interest (Av=l-100 mag). Second, both CO 

and C*®0 are observed to suffer some degree of dissociation by 

ultraviolet photons in the outer regions of cool clouds for total 

cloud opacities which are less than 4 mag (Goldsmith et al. 1980, 
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Frerking, Langer, and Wilson, 1981). Since C*®0 (and CO) is not 

subject to fractionation, we expect the ratio of the true column 

density of to Av to be nearly constant for Av > 4 mag over the 

range of total cloud opacities of interest. We need only to determine 

1 O ip 1 O 
this constant by an observation of N LTJJ/N LTE an(* ^ LTE'^v at 

a single extinction greater than 4 mag. 

Observations of these ratios are available in the range of 

extinctions from 4-5 mag. Dickman's relation for this range has 

already been discussed. Only limited observations of the LTE value 

for over the 4-5 mag extinction range exist. McCutcheon et 

al. (1980) have observed this ratio for several clouds and show that 

this quantity is 'W. LTE calculations performed on both published 

and unpublished *^C0 and C*®0 data (Langer et al. 1980; Myers, Linke, 

and Benson 1981; and Crutcher 1981, personal communication) indicate 

that 7 is probably a lower limit to the true ratio but higher quality 

observations are needed to determine more exactly what this ratio is. 

I O 1 Q 

The scatter in the NiJ/N ratios may not only reflect the difficulty 

in calculating LTE column densities but may also indicate how 

sensitive this quantity is to the cloud environment. 

We do know the value for R is different in p Oph from that 

found in typical interstellar clouds. Correcting Dickman's result for 

R (multiplying by 4.1/3.15) and scaling it to C*®0 column densities by 

multiplying by 7 we obtain: 

= 3.6 x ID"15 mag cm^ (9) 

for p Oph, with the same uncertainty of 50% which Dickman found for 
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an individual observation. In our use of Dickman's relation for the p 

Oph region, we have tacitly assumed that the [C]/[H] ratio, the 

[CO]/[C] ratio, and the gas-to-dust ratio remain unchanged relative to 

their values for the outer regions of cool clouds (refer to eqns. 5-

7). As discussed above, these are reasonable assumptions. We have 

1 8 
also assumed that not only must the value of the true Clo0 column 

1 Q 
density per extinction N /A remain constant for Ay > 4 mag, but the 

1 8 
value of N LT£/Av must remain constant as well. This is identical to 

requiring that the N18/N18
LTE ratio stay unchanged over the range of 

cloud conditions of interest. Recall that its value was set using 

observations of cool clouds with total extinctions of 4-5 mag. We 

1 Q 1 Q 
could speculate how the NAO/N ^te ratio may change in p Oph relative 

to low opacity, cool clouds, but without the details of the 

temperature and density structure in these clouds and model 

calculations, we can say little about this variation. 

The relation presented in eqn. 9 can be coupled with the 

Av/N 1®LTE rat*° derived from eqns. 5-7 (and presented in eqn. 8) to 

obtain: 

(tCO]/[C])~1(N1 ̂ /N18
lte) - (23%Tl . 

We conclude that if the LTE assumptions are met in p Oph, then the 

ratio of CO gas to total carbon is approximately 23%. This is 

essentially Dickman's result for low opacity, cool clouds since the 

parameters used to derive eqn. 8 for p Oph were adopted from low 

opacity, cool clouds and eqn. 9 was obtained via his empirical 

relation. 
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Most recently, Frerking, Langer, and Wilson (1981) have 

18 
directly observed the Ay/N l^E rati° *n both the Taurus and p Oph 

dark clouds. They have formed this ratio by comparing the column 

densities of^ optically thin CO (primarily C*80) with visual 

extinctions derived from star counts and infrared photometry toward 

1 8 
field stars in the clouds. The Av/N ltE relati°n they obtain for p 

Oph (6 mag < Av < 12 mag) is surprisingly similar to that found in 

Taurus (4 mag < Av < 22 mag) and is given by: 

AV/N18
LTE 

=  5  X 10~15 +  4/N18
LTE MAG CM2 * 

This empirical relation agrees quite well with that obtained in eqn. 

9. We note that the LTE values used by Frerking, Langer, and Wilson 

to form the above relation represent a mean value bracketed by two 

extreme cases. In the first case, a lower limit to the LTE column 

density is calculated assuming only the J=1,0 levels are thermalized. 

In the second case, an upper limit to the LTE column density is 

calculated assuming that all rotational levels are thermalized. 

Clearly, because we determine our LTE column densities with this 

1 8 
latter assumption alone, extending their observed Av/N* to higher 

extinctions in p Oph would result in visual extinctions at least 40% 

greater than those predicted from equation 9. 

18 
A map of visual extinction as derived from our LTE C 0 column 

densities and eqn. 9 is presented in Fig. 5. The accuracy of these 

visual extinctions is difficult to determine. If the 50% error 

associated with Dickman's relation simply reflects the errors in 

individual observations, then our use of this relation would introduce 



Fig. 5 A map of the visual extinction in p Ophiuchus as derived from 
our C O data. — Contours of A>v are marked in increments of 25 mag 
with the peak values given for the three largest enhancements. In 
addition to the 20 sources detected in our 2pm survey, objects 
studied by other near-infrared surveys (GSS,. VSSG, and.Elias 1978b) 

are shown. Open triangles represent sources which have been 

determined to be embedded in the p Oph cloud by this study, by Elias 
(1978b), or by Wilking et al. (1979). Solid triangles denote sources 
which, at this time, cannot be classified as either members of the 
embedded cluster or background stars. The sole field star which has 1 Q 
been identified in the vicinity of our Clo0 map, VS-13, is shown by an 

open square. Also displayed in this figure are (1.) six compact HII 
regions,, indicated by large diamonds, as observed by Brown and 
Zuckerman (1975) and Falgarone and Gilmore (1981), (2.) two of the 
78 ym sources observed by Fazio et al. (1976) , represented by the dot 
patterns, and (3.) two areas of high spatial density, marked by the 
X's and characterized by strong SO emission (Gottlieb et al. 1978), 

2mm H2CO emission and rare 2cm HoCO emission at the easternmost 
position (Loren, Evans, and Knapp 1980, Loren et al. 1980). 
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Fig. 5 A map of the visual extinction in p Ophiuchi as derived from 
our C O data. 
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an error of less than 6%. In this case, the uncertainty in our Ay's 

would be dominated by our assumption that the ratio of LTE C*®0 column 

density to extinction is a constant over Av=4-100 mag. However, if 

1 ̂  
the 50% error also includes a systematic variation of the Av/N l^e 

ratio from cloud to cloud, then our estimates for Ay will be subject 

to this 50% uncertainty. In any case, we believe that we have used 

lower limits for the LTE value of and for R in addition to 

1 Q 1 o 
using the value s of N LTE derived from T =Tg ^ which are in 

themselves conservative estimates due to CO self-absorption. Although 

the uncertainties attached to our estimates of Ay may reach 50%, we 

expect that more accurately determined values for Ay in p Oph will 

most likely increase these estimates. 

Hydrogen Column Densities 

Mass estimates for the gas in p Oph can be obtained from 

hydrogen column densities. is most simply derived from our 

estimates for Av and therefore similar uncertainties in the mass will 

persist. By multiplying Ay by the gas-to-dust ratio, N£H/a
v> we 

obtain Using the relations described in the previous section, we 

derive: 

NJH/Av = 1.4 x 1021 cm-2 mag~* 

or NHH/Nl8LTE = 5,2 X 1C)6 

A map of hydrogen column density in p Oph is not presented but could 

be scaled directly from either Fig. 3 or Fig. 5 using the above 

relations. 



The cloud mass is finally determined by summing NJ.h, either 

observed or extrapolated, from each one square arcmin within the 

mapped area. Table 2 presents the masses derived for each of the 

three cores of gas as defined by the 75 mag contours in Fig. 5, for 

the 10' x 1015 box surveyed at 2 um, and for the area enclosed by the 

50 and 25 mag contour in Fig. 5 (the 25 mag "contour" is bounded on 

the east by the edge of the map). 

Membership of the Twenty Objects 

A detailed analysis of the infrared photometry shown in 

Table 1 is performed to gain insight into how many of the 20 objects 

found in our survey box are embedded in the p Oph dark cloud. 

Ideally, narrowband photometry in and around the 2.3 ym CO band would 

be the simplest method to distinguish between embedded and background 

infrared stars (e.g., Elias 1978b). Even with the high sensitivity of 

this survey, the high extinctions in our survey box (typically Av > 50 

mag) insure that 95% of the background stars detected would be G (5%), 

or Kor M giants (90%) (Elias 1978b). The apparent youth of the p 

Oph cloud would preclude the existence of evolved stars embedded in 

the cloud and suggests that stars associated with the cloud will 

either be on or approaching the zero age main sequence (hereafter 

ZAMS). The 2.3 ym CO band is only present for giant stars later than 

G5 and dwarf stars later than K0. Therefore, the majority of young 

stars which we would expect to observe embedded in p Oph should show 

no CO absorption at 2.3ym. Unfortunately, only Objects 6,13,and 15 

have been examined at 2.3 ym; Object 6 by this study (no absorption), 



Table 2 

Cloud Masses in the Core Region 

Projected Area 

Ay > 75 mag North 16 
Central 32 
South 14 

75 mag > Ay > 50 mag 231 

50 mag Ay > 25 mag 258 

Total (Ay > 25 mag) 551 

10' x 10!5 Survey Box 157 
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and Objects 13 and IS by Ellas (possible absorption and no absorption, 

respectively). 

With only broadband photometry at our disposal, our task is 

not an easy one. In the following section, three separate arguments 

will be presented to show that all 20 sources are members of a 

population of young objects embedded in the p Oph dark cloud. All 

arguments will rely upon the extinctions which were derived from the 

molecular-line data. 

Star Counts 

Counts of infrared sources in unobscured areas near p Oph 

have been performed by Elias (1978b). With the 50 mag of extinction 

throughout our survey box, we have an effective limiting magnitude of 

less than 7.0 mag at 2.2 ym for the detection of background stars. 

Using Fig. 4 from Elias' study, we estimate that less than one (0.4) 

^background star is expected in our 10' x 10'.5 survey box at this 

sensitivity. On this statisical argument, the vast majority of 

objects detected in our survey would appear to be associated with the 

dark cloud. 

Infrared Excesses 

With our broadband photometry alone it may be possible to 

distinguish between stars associated with and background to the p Oph 

cloud by looking for evidence of an infrared excess at 3.4 y m in each 

object. Infrared excesses longward of 3 ym are common in young stars 

and arise from thermal radiation from a dust shell and/or free-free 

emission from a gaseous envelope surrounding and heated by the star 



(e.g., Cohen and Kuhi 1979). Infrared excesses in the 2-4 ym region 

are observed in some late M and carbon Mira variables (Merrill and 

Stein, 1976) but these objects are not predicted to be a significant 

percentage of the background population. Hence, this test for cluster 

membership will be a two step process. First, we will fit spectral 

types to the 20 stars assuming they lie on the ZAMS at the distance of 

p Oph. Those stars found to display excess emission at 3.4 y m are 

then candidates for the embedded population. The second step will be 

to assume that the observed colors of each candidate belong to a 

background giant star whose intrinsic colors are most effective in 

removing the infrared excess. Our knowledge of the background 

population and the intrinsic colors of giant stars (e.g., Frogel et 

al. 1978) predicts that this will occur for G5 III. If giant colors 

cannot remove the excess, the object will be assigned to the embedded 

population in p Oph. The failure to display excess emission at 3.4 ym 

does not tell us whether the star is associated or background and 

other criteria must be used. 

The reddening toward p Oph has been well studied by Elias from 

background stars which lie at the periphery of the dark cloud 

material. Using J, H, K, and 3.4 p (also referred to as L) 

photometry, he finds the ratios of color excesses to be: 

E(J-H)/E(H-K)= 1.59 + .05 (10a) 

and E(K-L)/E(H-K)= 0.56 + .04 . (10b) 

Using visual photometry for Source 1 to convert color excesses to 
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visual extinction, Glias obtains: 

A y  - 4.6 E(J-K) 

= 11.9 E(H-K) 

= 7.5 E(J-H) 

(11a) 

( l i b )  

(He) 

To perform the first step of this test for cluster membership. 

we use a simple iterative procedure to derive the ZAMS spectral type, 

and visual extinction. The underlying assumptions are (1.) the stars 

lie at the distance of the p Oph cloud, (2.) the stars are on the 

ZAMS, (3.) the J, H, and K colors are photospheric in origin reddened 

by foreground dust, and (4.) there is no excess emission from 

circumstellar dust or gas shortward of 3 ym. If any of the latter 

three assumptions are not satisfied, then the test is academic since 

the infrared sources would have to be pre-main sequence and embedded 

in the cloud. 

Using the observed J-H or H-K color indices (both if 

available) and a distance modulis of m-M=6.0 for p Oph we obtain: 

Mj£ is the absolute magnitude and mjr is the apparent magnitude at 2.2 

ym. Ay is given by either the J-H or H-K observed minus intrinsic 

color indices. As an additional constraint for M^ we can use: 

(12)  

where 

or 

MK " MV * (V~K) (13) 



where My is the absolute visual magnitude. By making an initial guess 

for the spectral type, we get two independent estimates for from 

eqns. 12 and 13. Values for the intrinsic color indices and for V-K 

as a function of spectral type were obtained from Johnson (1966) and 

Frogel et al. (1978) with appropriate modifications to the latter to 

conform with Johnson's system. The absolute visual magnitudes for 

ZAMS objects and their corresponding spectral types were taken from 

Allen (1973). 

Spectral types were varied until both estimates for the 

absolute K magnitudes agreed. Rapid convergence to a final Mj^ always 

occurred resulting in spectral types to within a subclass. Using this 

estimate for the spectral type, the color excesses E(H-K) and E(K-L) 

could be formed. If the ratio E(K-L)/E(H-K) was found to exceed the 

value of 0.60 (refer to eqn. 10b) by more than its one sigma value 

calculated from the errors in the photometry, then the difference was 

attributed to excess emission at L. The results of fitting the 

broadband infrared photometry to the colors of ZAMS stars are shown in 

columns 2-6 of Table 3. For each object, the absolute K magnitude, 

spectral type, visual extinction, and E(K-L)/E(H-K) (with its one 

sigma error) are given. Good agreement usually resulted when spectral 

types were determined from both J-H and H-K color indices. For Object 

1, the spectral type from the J-H color index was not considered due 

to large errors in the J photometry. The spectral type from the J-H 

color index was adopted for Object 15 because of the possibility of 

excess emission at K. 
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Nineteen of the twenty objects detected in our survey 

displayed excess emission at 3.4 y m when fit with ZAMS spectral types 

(Object 5 did not). Performing the second step of our test on these 

nineteen objects involved fitting their colors to that of a G5 giant. 

These results are summarized in columns 7-9 of Table 3. Except for 

Object 8, this fit failed to remove the excess emission at L. Based 

on this criterium alone, we conclude that at least eighteen of the 

infrared sources are embedded in the p Oph cloud. 

Extinction 

Utilizing the observed H-K color indices and our map of Av as 

1 ft 
derived from the CO observations, it may be possible to distinguish 

between associated and background infrared sources detected toward p 

Oph on the basis of visual extinction. For an observed H-K color, the 

maximum possible extinction toward a background star will occur when 

the star is of the earliest detectable spectral type (i.e., smallest 

intrinsic H-K). Using our knowledge of the expected background 

population toward p Oph, we can predict this will occur for a G5 

giant. Using the observed H-K color indices and a G5 III spectral 

type for the 20 objects, this maximum extinction is easily calculated 

using eqn. lib and is presented in column 7 of Table 3. 

A second estimate for the visual extinction toward each 

infrared source, assuming it is background, can be obtained from the 

total cloud extinction as derived from our C*®0 data (Fig. 5). These 

18 
values are entered in the last column of Table 3 under Ay(C 0). With 

the provision that these visual extinctions are representative of the 
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true cloud extinction in p Oph and that there is no dumpiness within 

18 
our l'.l beam of observation, then Av(C 0) could never exceed AV(G5 

III) if the infrared source was truly background. A comparison of 

these two estimates for the extinction toward a background star leads 

us to the conclusion that all of the infrared sources detected in our 

survey are embedded in the cloud. 



Table 3 

Membership of the Twenty Objects: Infrared Excesses and Extinction 

Object ZAMS G5 til 
AvCC^O) 

Number % Sp.Ty. E(K-L)/E(H-K) L excess? Av E(K-L)/E(H-K) L excess? 
AvCC^O) 

1 2.21 A7 26 0.77+0.11 yes 25 0.77±0.11 yes 50 

2 1.41 B9 35 0.74+0.05 yes 35 0.74+0.05 yes 51 

3 1.45 B9 39 0.66+0.04 yes 38 0.65+0.04 yes 57 

4 1.39 B9 22 0.73+0.03 yes 21 0.72±0.03 yes 54 

5 -0.81 B3 50 0.49+0.02 no 50 55 

6 -0.93 B2 48 0.69±0.01 yes 47 0.68±0.01 yes 59 

7 1.84 A2 30 0.88±0.04 yes 30 0.88±0.04 yes 50 

8 -0.62 B4 34 0.64±0.02 yes 34 0.62+0.02 no 50 

9 3.63 G4 23 1.03±0.28 yes 22 1.08±0.28 yes 75 

10 1.36 B8 16 0.74±0.07 yes 15 0.74±0.07 yes 70 

11 3.33 G1 24 0.96±0.19 yes 23 1.01±0.19 yes 58 . 

12 0.89 B7 41 1.14±0.02 yes 40 1.15±0.02 yes 56 

13 1.94 A2 14 0.78±0.09 yes 13 0.7610.09 yes 46 



Table 3—Continued 

Object 

Number 

ZAMS G5 III 
VC^O) 

Object 

Number Sp.Ty. Av E(K-L)/E(H-K) L excess? Av E(K-L)/E(H-K) L excess? 
VC^O) 

14 3.78 G5 19 1.43±0.26 yes 19 1.50±0.26 yes 75 

15 -4.11 BO 31 0.72±0.01 yes 47 0.71±0.01 yes 80 

16 -1.40 B2 30 0.74±0.01 yes 31 0.72±0.01 yes 70 

17 0.27 B5 41 0.72±0.04 yes 40 0.71±0.04 yes 60 

18 2.40 F2 16 0.93±0.09 yes 16 0.9910.09 yes 32 

19 0.13 B5 45 0.65±0.03 yes 45 0.64±0„03 yes 78 

20 1.51 B9 19 0.76+0.06 yes 17 0.75+0.06 yes 78 



CHAPTER 4 

RESULTS AND COMPARISONS 

Before we can discuss the energy balance and star formation 

process within the p Oph cloud, it is necessary to explore how our new 

observations contribute to the current understanding of the cloud. 

Whenever possible, we will synthesize our results with existing 

infrared and radio data to gain a clearer picture of the cloud 

structure and mass and the size and nature of the embedded population. 

Mass Distribution 

Our C*®0 map presents a picture of the p Oph dark cloud unlike 

any previous molecular-line map of the area (refer to Figs. 2 and 5 

for the following discussion). A significant fraction of the mass of 

the p Oph cloud appears to be contained in a concentration of gas 

which is fairly compact and elongated along a northwest-southeast axis 

over an area of dimensions 20' x AO' or 1 pc x 2 pc. The western edge 

of this cloud core is sharply defined while the eastern edges blend 

into lower density material. Along the ridge of this core of gas are 

three mass enhancements. The northernmost enhancement is also a 

C O 
region of high spatial density (n(H2)>10 cm ; marked by an X in Fig. 

5) as determined from observations of SO (Gottlieb et al. 1978) and 

H2CO (Loren, Sandqvist, and Wootten 1981). It is bounded on the east 

by a B3 ZAMS star, designated as Source 1 by VSSG, which is 

responsible for a compact HII region (Brown and Zuckerman 1975), an 



extensive CII and SII region (Pankonin and Walmsley 1978, Falgarone et 

al. 1978), and strong far-infrared emission from the surrounding dust 

(Fazio et al. 1976, Harvey, Campbell, and Hoffmann 1979). The central 

mass enhancement along the ridge is by far the largest in the cloud 

1 1 
and is characterized by strong self-absorption in iJC0 emission lines 

(Lada and Wilking 1980, Wilking and Lada, in preparation). 

Observations of ̂ CO in this central region show that despite the high 

column densities, the area is not as heavily compressed and has 

spatial densities of about 10^ cm (Loren, Sandqvist, and Wootten 

1981). The southernmost mass enhancement in the core region appears 

to continue the trend of decreasing spatial density along the ridge 

and a tendency for the gas to be more dispersed along the line of 

sight. 

In addition to the northern mass enhancement seen in C^O, 

another area of extremely high spatial density has been observed to 

lie in the the core region (also marked by an X in Fig. 5). This area 

displays strong SO emission (Gottlieb et al. 1978) as well as strong 

2mm and rare 2 cm H2CO emission (Loren et al. 1980, Loren, Sandqvist, 

and Wootten 1981). The latter observations set a lower limit to the 

spatial density of n(H£) = 10^ cm~^. This region must be very 

compressed since, as seen in Fig. 5, it does not contribute 

significantly to the mass of the cloud. 

The gas column density distribution of C^O closely coincides 

with the dust extinction in the core region in p Oph as seen on the 

red POSS photograph (e.g., Fig. 2). Direct comparisons between the 

1 ft 
visual extinctions derived from our C °0 data for the core region with 
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those derived from star counts cannot be made since our observations 

fall outside the regime where the latter are possible (Ay > 5 mag). 

None of the field stars studied by Elias are coincident with our 

observations. It is encouraging that the visual extinctions derived 

for the periphery of the core region from star counts and infrared 

photometry are consistent with the lowest values for Av derived from 

C180. 

As expected, the detailed structure of our G*®0 map of p Oph 

bears little resemblance to ^CO maps by Encrenaz, Falgarone, and 

Lucas (1975, hereafter EFL) or Myers et al. (1978). In addition to 

our higher spatial resolution, the saturation and self-absorption of 

1 O 
CO in p Oph leads to underestimates of the true column density. By 

i O 1 Q 
comparing these CO integrated intensity maps to our C 0 map in Fig. 

1 
2, one can get a fair idea of the degree and extent of the iJC0 self-

absorption in p Oph. 

Our C*®0 nap does bear some resemblance to the 6 cm H2CO map 

of Myers and Ho (1975). However, 6 cm H2 CO absorption is quenched at 

high spatial densities (Evans et al. 1975, Snell 1979) and is not 

observed toward the northernmost mass enhancement. On the basis of 

these H2CO observations and other molecular-line data, Myers et al. 

(1978) develop a picture for the cloud structure in p Oph in which 

most of the cloud mass is contained in four distinct fragments. Three 

of these fragments (2, 3, and 4) comprise what we refer to as the core 

region. In C^O, these fragments are not as distinct as suggested by 

Myers et al. This would imply that 6 cm H2CO is not always a reliable 

tracer of cloud mass in p Oph. 



Cloud Mass 

Ideally, well-sampled molecular-line observations of optically 

thin emission lines are desired for the most accurate mass estimates. 

As described in Chapter 3, these estimates have their share of 

uncertainty but we consider them to be much more reliable than mass 

estimates derived using star counts (e.g., EFL, Myers et al. 1978). 

I Q 

The cloud masses derived from our C O data are summarized in Table 2. 

1 ft 
For the entire area mapped in C O we obtain a cloud mass of 551 M0. 

Over one-half of this mass (293 MQ) is contained within the 50 mag 

contour shown in Fig. 5. Using molecular-line maps of various species 

in p Oph and a density distribution derived from star counts by EFL, 

Myers et al. have calculated the masses for individual spherical 

fragments defined by their observations. While the total mass derived 

for the three cloud fragments which lie within the boundaries of our 

C*®0 observations agrees with our estimate of 551 MQ, the detailed 

agreement is poor. For example, fragment 2, which is defined by the 6 

cm H2CO absorption in the northeast corner of our map, is found to 

have 100 MQ using the star count density distribution. Conversely, 

our C*®0 data would indicate that the contribution to the mass of the 

core region from this fragment is neglible. The best agreement with 

our derived mass by a Myers et al. spherical fragment arises from 

their ^CO fragment (r=lpc) which they determine to have 450-670 MQ 

(the upper limit independent of the star count density distribution). 

Since the core region comprises only part of the p Oph dark 

cloud, we can only speculate what the total cloud mass might be. 

Judging from the sharp decrease of molecular-line emission away from 



the core region, the inclusion of areas west of the core region and of 

the opaque material contiguous with the eastern core region can at 

most increase our current mass estimate by a factor of two (about 1000 

1 ft 13 
MQ). Well-sampled CO or CO observations of these areas would be 

required to determine accurately the total mass of the p Oph cloud. 

We would suggest that previous estimates for the total mass of the p 

Oph cloud of about 2000 MQ (EFL, Myers et al.), which were based upon 

the less reliable star count analysis, have overestimated the total 

cloud mass by a factor of two. 

The Embedded Population 

In light of the new population of objects which we have found 

associated with the p Oph cloud, it is necessary to reevaluate our 

thinking about the size and distribution of the embedded objects. The 

core region of the p Oph dark cloud, as shown in Fig. 5, has been the 

object of three 2 ym surveys. This entire area was included in a 

search for 2 pm sources by Elias (1978b) which had a limiting 

magnitude slightly brighter than K = 8.0 mag. Grasdalen, Strom, and 

Strom (1973) (GSS) have surveyed the region of the core west of the 

Source 1 area to a sensitivity of K = 9.0 mag. Vrba et al. (1975) 

(VSSG) completed the GSS survey to a limiting magnitude of K = 10.0 

mag to include most of the core region; their coverage is bounded in 

the south by the declination of the southern edge of our survey box. 

The Results of Our Survey 

Twenty objects were detected in our 2 ym survey of the 10' x 

10.5 box enclosing the central mass enhancement. The distribution of 



1 ft 
these sources is shown in Fig. 2 along with the CO integrated 

intensity superposed on the red POSS photograph. As a result of 

previous 2 ym surveys, we anticipated four of these objects. They are 

identified in Table 1 and include Objects 4 (VS-26), 10 (Object A from 

VSSG), 13 (VS-25), and 15 (EL-29). Four previously undetected 

objects were detected with K < 10 mag and are within the area surveyed 

by VSSG. The coordinates given for VS-30 and VS-31 by VSSG would 

place both sources in our survey box. Although we detected objects in 

their vicinity, these objects are fainter than the limiting magnitude 

of VSSG. A cluster of three sources were found in a 10" x 30" area 

(Objects 3, 4, and 5) at the position of VS-26, explaining the past 

confusion over its observation. The J, H, and K photometry of Object 

5 agrees well with colors presented for 'VS-26' by Harris, Woolf, and 

Rieke (1978). 2 ym photometry of Objects 13 and 15 by this study 

agrees well with that of Elias. It is difficult to compare our 

observations of Objects 3, 4, and 5 and Object 10 with those of VS-26 

and Object A by VSSG because of their 36" beam size and the extended 

nature of these sources. Strong ice absorption at 3.1 ym has been 

measured for Objects 5 and 15 (Harris, Woolf, and Rieke 1978, Merrill 

1981, personal communication) confirming the deeply embedded nature of 

these objects. 

In addition to the 10* x 10'.5 box, a small area (3' x 7'.7) 

north and west of Source 1 was searched to a sensitivity of K = 11.0 

in the same manner as described in Chapter 2. This 2 pm survey 

revealed no previously undetected sources. The survey was unable to 

confirm the existence of GS-33, GS-34, and VS-12. 



73 

The completeness of our primary 2 ym survey to 12.0 mag is not 

clear cut from the distribution of the apparent K magnitudes since 

the number of objects in the 11-12 mag range decreases from the number 

in the 10-11 mag interval. It may be that our detectable limit is not 

given by the instantaneous 3:1 signal-to-rms noise but is better 

represented by the 3:1 instantaneous signal-to-peak-to-peak noise. 

This latter value varied from 11.6 to 12.0 mag. If our survey is 

indeed complete to 12.0 mag then there may be a low mass cut-off in 

the mass distribution of the observed embedded population. 

The Size and Distribution of the Embedded Population 

Clearly, not all of the 2 pm sources found in the four efforts 

to survey the core region of p Oph are embedded in the cloud. Strict 

criteria must be established to distinguish between infrared sources 

associated with or background to the cloud. On the basis of 

narrowband photometry in and around the 2.3 y m CO band, Elias was able 

to assign 19 sources to a population of neo- or protostellar objects 

associated with the p Oph dark cloud. His sample included sources 

detected in his survey and sources selected from GSS and VSSG in the 

central regions of the cloud. 

Based upon our survey and the identification of all 20 objects 

(including EL-29) with the embedded population (ref. Chapter 3), we 

can expand the list of cluster members to 38. Two additional objects, 

VS-1 and GS-26, can be included in this list on the basis of their 

polarization position angles (Wilking et al. 1979) and their 

superposition on areas of high visual extinction. VS-4, VS-5, VS-21, 
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and VS-27 can be added because of their superposition on areas of high 

extinction. Hence, the number of objects thus far associated with the 

p Oph cloud totals 44, as listed in Table 4. 

In summary, our observations have led to a doubling in the 

number of known objects embedded in the p Oph cloud. Fig. 5 shows the 

distribution of 42 of the forty-four 2pm sources associated with the 

p Oph dark cloud. Denoted by open triangles, their distribution 

indicates that star formation has not been restricted to any 

particular area of the core region. Not shown in Fig. 5 are HD 147889 

and SR-24 which are associated with the cloud and lie in areas of low 

extinction at the edges of the core region. Objects which are 

observed toward the core region of p Oph but have insufficient 

information to assign them cluster membership are denoted by dark 

triangles in Fig. 5. 

The Nature of the Embedded Sources 

Clues to the nature of some of the objects embedded in p Oph 

can be acquired without extensive photometry. The presence of early-

type stars in the cloud is observed through the detection of radio 

continuum radiation from their compact H1I regions and far-infrared 

emission from the surrounding dust. An analysis of the visible 

cluster members and the broadband infrared photometry of the remaining 

cluster members is performed to gain insight into their nature. 

Compact HII Regions 

With the sensitivity of existing observations, compact HII 

regions in p Oph could be observed for stars of B3 ZAMS spectral type 
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Table 4 

The 44 Cluster Members 

Object Visible ZAMS (unless otherwise noted) Adopted Photometry^ 

Name Star?a Sp.Ty. Abnormal 
E(J-H)/E(H-R)? 

L excess? Near IR 5-20 urn 

1. HD 147889 yes B2 V 4 no yes (2) 

2. Source 1° yes B3 12.5 no no (3) (1) 

3. SR-3 yes B6 V 6 yes yes (2) 

4. GS-31C yes •rjd (3) (2) 

5. GS-28C 

(Do-Ar 24) 
yes late K 

<TT) 
(5) 

6. SR-24 yes K2 (TT) 4 (7) 

7. SR-9 yes K7 (TT) 1 (7) 

8. SR-4 yes K7 (TT) 2 (7) 

9. EL-29C no BO 31 yes yes (3) (3) 

10. Obj. 16c no B2 30 yes yes (4) 

11. Obj. 6C no B2 48 yes (4) 

12. GS-23 yes B3 8 yes no (6) (3) (5) 

13. Obj. 5° no B3 50 no (4) 

14. Source 2C yes B3 18 no yes (6)(2) (1) 

15. GS-30C no B3 29 yes yes (3) (3) 

16. EL-24 yes B3 15 yes yes (3) (3) 

17. VS-23 yes B4 9 no yes (6)(3) (3) 

18. VS-17C no B4 29 yes yes (2) (2) 

19. Obj. 8C no B4 34 yes (4) 

20. Obj. 17c no B5 41 yes (4) 

21. Obj. 19c no B5 45 yes (4) 

22. VS-14 yes B5 10 yes yes (6)(3) 

23.VS-1 yes B5 19 yes (6)(3) 

24. GS-29C no B6 14 yes (6) (3) (1) 

25. GS-39 no B6 21 no (3) 

26. GS-26C no B6 22 yes yes (2) 
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Table 4—Continued 

Object 
Name 

Visible 
Star?a 

ZAMS (unless otherwise noted) Adopted Photometry'' Object 
Name 

Visible 
Star?a Sp.Ty. Abnormal 

E(J-H)/E(H-K)7 
L excess? Near IR 5-20 um 

27. Obj. 12c no B7 41 yes (4) 

28. Obj. 10c no B8 16 yes yes (4) 

29. VS-27C no B8 26 (1) 

30. Obj. 2C no B9 35 yes (4) 

31. Obj. 3C no B9 39 yes (4) 

32. Obj. 4C no B9 22 no yes (4) 

33. Obj. 20c no B9 19 yes yes (4) 

34. VS-18C no AO 22 yes yes (2) 

35. Obj. 7C no A2 30 yes (4) 

36. VS-25 no A2 14 no yes (3) (4) 

37. VS-5C no A3 19 (1) 

38. VS-21 yes A3 13 (6)(1) 

39. Obj. lc no A7 26 yes yes (4) 

40. Obj. 18 no F2 16 no yes (4) 

41. VS-4C no F2 21 (1) 

42. Obj. llc no G1 24 yes (4) 

43. Obj. 9C no G4 23 yes (4) 

44. Obj. 14c no G5 19 yes (4) 

a. Optical identification from either red POSS plate or from 
Elias (1978b). 

b. References for adopted photometry: 
(1) Vrba et al. 1975 

(2) Harris, Woolf, and Rieke (1978) 
(3) Elias (1978b) 
(4) This study 

(5) Rydgren, Strom, and Strom (1976) 
(6) Chini et al. (1977) 
(7) Cohen and Kuhi (1979) 

c. Infrared object is contained within the approximate boundaries 

of the 50 tnag contour shown in Fig. 5. 

d. TT denotes T Tauri star. 



and earlier. However, because of selection effects, it cannot be 

guaranteed that the radio continuum radiation from all early-type 

stars has been detected. As Gilmore (1980a,b) has discussed, high 

density HII regions buried within clouds and excited by early B stars 

can remain undetected due to a combination of various phenomenom: (1) 

the HII region is extremely small, (2) the HII region is optically 

thick at radio frequencies, and (3) the HII region is dust-bounded 

rather than ionization limited. 

Twenty-seven sources of radio continuum radiation are 

observed throughout the p Oph dark cloud; 21 would be predicted on the 

basis of counts of extragalactic background radio sources (Falgarone 

and Gilmore 1981). Lying more than 15° above the galactic plane, 

thermal galactic background sources toward p Oph are not expected to 

occur. As many as ten of these 27 radio continuum sources can be 

identified as potential compact HII regions around early-type stars 

embedded in p Oph by either their thermal radio spectra or their 

association with known cluster members, far-infrared emission, or 

enhanced CO emission (Brown and Zuckerman 1975, Falgarone and Gilmore 

1981). Of these ten, we will concern ourselves only with the seven 

which lie in the core region. We will identify these compact 

continuum sources by the initials of their discoverers: BZ or FG. 

Except for BZ-3 (HD 147889), the potential compact HII regions 

which lie in the core region are marked by open diamonds in Fig. 5. 

Moving west to east are FG-10, 11, BZ-A, 5, 6, and FG-12. The three 

easternmost radio continuum sources are listed as only possible HII 

regions by Falgarone and Gilmore because of the need for additional 



78 

continuum observations and/or the discovery of an associated embedded 

star. 

From the radio continuum flux, one can predict the latest 

possible spectral type for the exciting star if associated with the 

cloud. If the exciting star has yet to reach the main sequence or if 

radio observations are subject to any of the selection effects 

mentioned above, then the exciting star could be more massive than 

radio continuum observations indicate. BZ-3 requires the excitation 

of a B2 ZAMS star which is provided by the B2 V star HD 147889 

(Garrison 1967). Both BZ-4 and FG-11 require excitation by a B3 ZAMS 

star which is consistent with the near-infrared colors of their 

associated infrared sources, Source 1 and GS-23, respectively. SR-3 

and GS-39 occur in the vicinity of FG-10 and BZ-5 but neither infrared 

source is positioned exactly on the radio continuum source nor are 

their near-infrared colors consistent with a spectral type as early as 

the B3 ZAMS spectral types suggested for these radio continuum 

sources. 

The future identification of BZ-6 with an embedded source 

would confirm the high visual extinctions we have proposed for the 

core region. The B2 ZAMS star needed to excite BZ-6 could have 

escaped detection from VSSG if more than 50 mag of extinction 

intervenes. Since this radio continuum source lies on our 50 mag 

contour (see Fig. 5), it is conceivable that more sensitive near-

infrared observations toward BZ-6 may reveal its exciting star. Fazio 

et al. (1976) detected no far-infrared emission from this area. 
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FG-12 lies in the northeast corner of our survey box and is 

coincident with Objects 3, 4, and 5 of our survey. The radio source 

requires the excitation of a B3 ZAMS star which is consistent with the 

near-infrared colors of Object 5. As mentioned earlier, Harris, 

Woolf, and Rieke (1978) have measured strong 3.1 pm ice absorption 

toward Object 5. Ice absorption is indicative of very cold, dense 

dust (T(iust<17 Watson and Salpeter 1972, Aanestad, 1973) which 

overlies the infrared source in either a foreground layer or in a 

circumstellar shell. Object 5 is located in a region of the cloud 

toward which extremely strong DCO+ emission is observed and, by 

implication, where very cold gas and dust exist. If Object 5 lies 

behind this layer of cold gas and dust, then the 3.1 pm absorption 

could arise without the presence of a circumstellar shell and the 

absence of excess emission at L and the high visual extinctions 

required for Object 5's B3 ZAMS classification (Av=50 mag, Table 3) 

are readily explained. 

In summary, radio continuum observations suggest the possible 

exisitence of four stars in the p Oph core region earlier than B3 

ZAMS. As a result, strong far-infrared emission would be expected 

toward HD 147889, Source 1, Object 5, and GS-23. Additional radio 

continuum and near-infrared observations are necessary to explain the 

origin of the three remaining radio continuum sources in the core 

region. 



Far-Infrared Emission 

Completely sampled far-infrared (FIR) observations of the 

entire p Oph cloud in the 40-250 jam wavelength region (with an 

effective wavelength of 78 ym for a 50 K source color temperature) 

have been performed by Fazio et al. (1976). According to Fazio et 

al., they were sensitive to stars of spectral type B8-9 V and earlier 

which deliver all of their energy to the surrounding dust. Several 

selection effects could operate which would have reduced their 

apparent sensitivity: (1) the exciting star does not deliver all of 

its energy to the surrounding dust, (2) the FIR emission is absorbed 

by cold dust which is optically thick at 78 pm, or (3) the FIR 

emission is extended and the brightness gradient small relative to 

their 5 arcmin chopper throw. 

Fazio et al. have resolved only three FIR sources arising from 

dust heated by early-type stars embedded in the cloud. Extended FIR 

emission is observed around the B2V star HD 147889 in addition to the 

FIR emission from the two areas shown by the dot patterns in Fig. 5. 

The southern source in Fig. 5 is also extended and lies in an area of 

very hot CO emission (T^ =50 K). This 78 pm source encompasses the 

star SR-3 and may or may not be related to radio continuum radiation 

from FG-10. The northern FIR source in Fig. 5 is the most highly 

peaked source and is excited by the early-type star Source 1. More 

detailed mapping of this emission at several FIR wavelengths has been 

performed by Harvey, Campbell, and Hoffmann (1979). They have shown 

that the displacement of FIR emission to the west of Source 1 is 

probably due to the density distribution of the dust which must 



closely resemble the density distribution of the gas (e.g., SO by 

Gottlieb et al. 1978 , 2mm l^CO by Loren, Sandqvist, and Wootten 

1981). About 400 LQ is measured for the FIR luminosity of this 

source. The B3 ZAMS spectral type which has been determined for 

Source 1 from its association with BZ-4 and its near-infrared colors 

would imply that not all of the star's energy is delivered to the 

surrounding dust. 

No FIR emission has been observed within our survey box nor 

within the Av = 50 mag contour with the exception of Source 1. From 

this we can conclude that either a combination of the selection 

effects mentioned above have concealed the FIR emission from any 

early-type stars embedded in the cloud or, as suggested by Fazio et 

al., there are no such stars. Using the total cloud extinctions 

1 ft 
derived from our CiO0 data, we can show that cold dust which is 

optically thick at 78 could hinder the detection of FIR emission 

from late B stars but not early B stars. About 40 mag of cold dust is 

necessary to hide detectable 78 pm emission from a source one-third 

the peak intensity of Source 1 (perhaps a B6-7 ZAMS star) but 130 mag 

is needed for a source of equal peak intensity (B3 ZAMS). There is a 

possibility that FIR emission in the core region is extended and 

uniform on a scale greater than 5'. Based upon the w&rm gas 

temperatures (Tgas=30-50 K) and the high spatial densities (n(H2) >10^ 

cm"~^) observed throughout the core region, we could presume that the 

gas and dust are thermodynamically coupled and would expect to see 

luminous FIR emission which mimics the column density distribution of 

the gas. But, as shown in Fig. 5, there is significant cloud 



structure in the core region on the scale of 5' which suggests that 

the observations by Fazio et al. probably could not have missed this 

sort of extended FIR emission. This could be confirmed by future 

large beam FIR observations in p Oph. Once again, cold dust which is 

optically thick at 78 ym could hide this extended FIR emission but, as 

discussed in detail in Chapter 5, this requires unusually large 

columns of cold dust. Therefore, for the purposes of further 

discussion, we shall assume that the observations by Fazio et al. were 

capable of detecting 78 ym emission from all embedded stars of 

spectral type B6 and earlier (and from some as late as B8-9 near the 

surface of the cloud) and that only three such stars exist in the core 

region. In our subsequent discussions of the energy balance and the 

star formation process in the p Oph cloud, we will explore the 

possibilities that this assumption is incorrect. 

In summary, FIR observations in the p Oph cloud have confirmed 

the early spectral types proposed for HD 147889 and Source 1. The B6V 

classification for SR-3 which is suggested by its near-infrared colors 

would be consistent with the presence of FIR emission toward the star 

and the absence of radio continuum radiation. The failure to detect 

FIR emission toward both GS-23 and Object 5 warrants further study of 

these objects and their proposed compact HII regions. Therefore, on 

the basis of the FIR data, we shall assume that there are only 3 B 

stars in the core region of p Oph: HD 147889, Source 1, and SR-3. 



Visible Stars 

Sixteen of the 44 infrared objects associated with the p Oph 

cloud are coincident with visible stars (see Table 4) as identified on 

the red POSS plate (e.g., Chini et al. 1977) or by Elias (1978b). 

Three of these visible stars can be associated with the early-type 

stars identified from the FIR observations. As discussed in the 

previous section, HD 147889 and Source 1 appear to be early B stars 
A < > 

(B2 V, and B3 ZAMS, respectively). A spectrum of SR-3 by Stuve and 

Rudkjobing (1949) resulted in their classification of AO V. 

Considering the strong reddening toward this star and a weak By 

absorption line detected in the infrared spectrum, Elias (1978b) has 

assigned SR-3 a spectral type of B6 which is consistent with its near-

infrared colors. We shall adopt a B6 V classification. 

Five of these visible objects have been identified as T Tauri 

stars (Rydgren, Strom, and Strom 1976, Elias 1978b, Cohen and Kuhi 

1979). These pre-main sequence objects are found to be stars of 

relatively low mass and have spectral types of K5 and later. The 

eight remaining visible stars include many extremely faint objects 

which have not been studied in sufficient detail to say what their 

nature might be. There are no visible stars coincident with infrared 

sources detected in our survey. 

Near-Infrared Observations 

Aside from the identification of eight cluster members with 

either early-type stars or T Tauri stars, little can be said 

quantitatively about the nature of the remaining 36 infrared objects. 



From near-infrared photometry, ZAMS' spectral types can be determined 

for each object by assuming their colors arise from heavily obscured 

photospheric emission (e.g., Chapter 3). From this exercise, we 

obtain a population of 36 B0-G5 ZAMS stars with Av's ranging from 10-

50 mag (see Table 4). As pointed out by Fazio et al. and Elias, a 

serious discrepancy exists between the number of early-type stars 

predicted by this method and the number actually observed through 

radio continuum and FIR observations. Of the unclassified 36 cluster 

members, there are 18 which are predicted to be of spectral type B6 

and earlier if they lie on the ZAMS which would give rise to 

detectable FIR emission by delivering as much as 6 x 10^ L0 to the 

surrounding dark cloud material. This luminosity simply cannot be 

accounted for from existing FIR observations. It is clear, as 

suggested by Fazio et al. and Elias, that in the absence of extended 

FIR emission, many of the infrared sources in p Oph are pre-main 

sequence and do not represent the upper main sequence of the cluster 

population. 

Assuming the majority of embedded objects are indeed pre-main 

sequence in nature, our failure to determine accurate spectral types 

from the near-infrared colors suggests that the observed colors are a 

combination of reddened photospheric and circumstellar emission. As a 

result, the apparent ZAMS spectral types that we calculate 

overestimate the object's luminosity. As anticipated there is strong' 

evidence for circumstellar dust for many of these objects with 

apparent ZAMS spectral types of B6 and earlier. Because the relative 

contributions of foreground extinction, photospheric emission and 



circumstellar emission to the observed color indices are not generally 

decipherable and because the reddening law toward a circumstellar 

shell is not typical of interstellar reddening, 5-20 JJ m observations 

are the best discriminators for an infrared excess. Seven of the 18 

objects which have apparent ZAMS spectral types of B6 and earlier have 

been observed in the 5-20 y m region (see Table 4) and all display 

infrared excesses. 

While the absence of FIR emission can infer the pre-main 

sequence nature and the presence of circumstellar emission for objects 

with apparent ZAMS spectral types of B6 and earlier, we must infer the 

nature of the remaining 18 "unclassified" objects which have apparent 

ZAMS spectral types of B7 and later. Recall that the determination of 

ZAMS spectral types presumed normal reddening in the (H-K) spectral 

region. The resulting color excesses, which were also constrained by 

the apparent K magnitude, the distance to the cloud, and the observed 

(H-K), showed a tendency to produce abnormal reddening away from the 

(H-K) region (ref. Table 4). For example, all objects with observed J 

and L colors were found to display excess emission at L (except for 

GS-23 and Object 5) and a large scatter in the values of 

E(J-H)/E(H-K). In the case of the 18 objects with apparent ZAMS 

spectral types of B6 and earlier, we could directly attribute this 

behavior to excess emission and/or abnormal reddening from 

circumstellar dust. For the remaining 18 objects, we can only infer 

that this similar behavior in their deduced reddening law could also 

be due to circumstellar dust and that we have overestimated their 
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luminosities as well. 5-20 ym observations are required to bear out 

the pre-main sequence nature these objects. 

If these 36 objects are indeed pre-main sequence, it is 

extremely difficult to say anything more quantitative. To obtain 

estimates for their mass and age, we would first need to position them 

accurately on the H-R diagram. This requires the knowledge of the 

bolometric luminosity, Lbol' each source and a measure of their 

spectral type or effective temperature. Mass and age estimates can 

then be obtained by adopting a set of theoretical pre-main sequence 

evolutionary tracks. Unfortunately, the broadband near-infrared 

photometry alone, which is readily available for most sources, is not 

very useful in discerning the luminosity and spectral type of 

protostellar objects. 

The dereddened spectral energy distribution of each object is 

necessary to establish their Ljjol* Because of the major role of 

circumstellar dust in shifting the stellar luminosity to longer 

wavelengths, 5-20 ym observations of pre-main sequence objects are 

essential in determining their bolometric luminosity." As mentioned 

above, these long wavelength observations exist for only seven of the 

sources in question and they do indeed display luminous circumstellar 

emission. In addition, the observation of extremely broad spectral 

energy distributions and strong FIR emission in emission-line pre-main 

sequence stars by Harvey, Thronson, and Gately (1979b) suggests that 

photometry longward of 20 y m may reveal substantial luminosity. 

Therefore without 5-20 ym photometry, only a crude lower limit to 

can be set. 



87 

Even if the spectral energy distribution can be measured, the 
«» 

true bolometric luminosity cannot be obtained without information 

concerning the amount of foreground extinction. Unfortunately, the 

relative contribution of the foreground extinction to the observed CH

IC) cannot be disentangled for protostellar objects. Visual 

extinctions can be derived from the relative strengths of 

recombination lines accessable in the near-infrared but these lines 

only occur for 0 and early B stars with compact HII regions. It is 

also possible to estimate Av from the depth of the 9.7 ym silicate 

absorption feature (Rieke 1974, Gillett et al. 1975). This data 

exists for only two objects, EL-29 and GS-30 (Elias 1978b). Using 

Av/T9.7 = 10-20, we obtain Ay = 10-20 mag and 2.5-5 mag, 

respectively, for these objects. No dereddening would be necessary in 

the special case that the source photons absorbed at shorter 

wavelengths are recovered at the longer wavelengths within the beam of 

the photometric observations. 

An indicator of the spectral type or effective temperature 

for these protostellar objects does not exist and would be most 

difficult to obtain. Only eight of the 36 unclassified cluster 

members have optical counterparts, and these objects are sufficiently 

faint and/or red such that the study of their visible photospheric 

absorption lines would not be possible. Circumstellar emission in the 

near-infrared plus foreground extinction would conceal any temperature 

indicators accessable in the near-infrared. 

Even without the effective temperature crude limits to 

the mass of the protostar can be made using the bolometric luminosity 
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and theoretical pre-main sequence evolutionary tracks on a plot of 

vs. Te££. When the protostar has an associated visible star, we 

shall assume that we can observe some radiation from its gaseous 

photosphere. Because of this, we shall assume that the protostar has 

reached the convective-radiative stage of its evolution (Stahler, Shu, 

and Taam 1980). While it is true that a given will cross the 

convective-radiative tracks of a range of protostar masses, this range 

is typically only a factor of two for Lbol > 1 LQ. When the protostar 

has no associated visible star, mass estimates are more difficult to 

obtain. For such objects, it is quite possible that the radiation we 

observe could arise totally from an obscuring circumstellar shell and 

that the protostar is not far enough along in its evolution to have 

even reached the top of the theoretical convective-radiative tracks 

(Stahler, Shu, and Taam). 

Little is known about the theoretical evolutionary tracks for 

cool protostars which have yet to display emission from their gaseous 

photospheres. Model calculations by Stahler, Shu, and Taam (1980) 

indicate that before a 1 M0 protostar reaches convective equilibrium, 

the accretion of the core will result in a very rapid rise in the 

luminosity of the dust photosphere which may exceed 60 LQ. This will 

later give way to a less luminous gas photosphere (6L0) at the end of 

core accretion and at the beginning of convective-radiative pre-main 

sequence contraction. Therefore, for protostars with no visible star, 

we shall assume that the observed arises from a dust photosphere 

which is more luminous than the gaseous photosphere which the star 
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possesses when it finally reaches the ZAMS. This sets an upper limit 

to the mass of the evolving protostar. 

Bolometric luminosities were calculated assuming that these 36 

objects are pre-main sequence cluster members in an effort to estimate 

their total luminosity available to the surrounding dust and to 

estimate their mass. Because of the scarcity of long wavelength data 

for these objects, we are forced to make two critical assumptions 

which will severely underestimate their bolometric luminosity. First, 

we have assumed that the peak flux occurs at the maximum flux measured 

(typically 3.4 ym). Except for VS-17 (Harris, Woolf, and Rieke 1978), 

none of these objects appear to have been measured longward of their 

peak emission. In this sense, all but one of our calculated Lbol's 

will be lower limits, their quality improving with the availability 

of longer wavelength observations. Second, except for EL-29 and GS-

30, we have assumed there is no reddening of the near-infrared 

colors. Again, this will result in an underestimation of which 

will be less severe for objects with 5-20 ym observations since some of 

the radiation absorbed in the near-infrared is recovered. The 

spectral energy distribution of each source was fit with one or two 

temperature blackbody curves weighted by an emissivity of [l-exp(-t)] 

where T=l/Xym (T = 1 at 1 ym). The area under these curves was 

obtained by numerical integration to derive L}j0i* 

A lower limit of 220 Lg is obtained for the total bolometric 

luminosities of these 36 presumed pre-main sequence objects. This is 

consistent with the observed absence of luminous FIR emission. 

Combining this with the three early-type stars and five T Tauri stars, 



we derive a total stellar luminosity of > 9 x 10^ LQ for the known 

cluster population in p Ophiuchi. Clearly, this total luminosity is 

dominated by the three early B stars. The most luminous pre-main 

sequence stars thus far observed in p Oph would be EL-29 (>109 LQ) and 

GS-30 (>36LQ). Both of these objects have been discussed in detail by 

Elias and appear to be intrinsically cool protostars. The remaining 

34 pre-main sequence cluster members would contribute an average of 2 

LQ apiece. 

Of the 36 objects in question, only four could be used to give 

reliable mass estimates, that is to say they are visible objects with 

10 or 20 ym observations. Masses derived from the bolometric 

luminosity for VS-23, EL-24, Source 2, and GS-29 fall in the 1-2 MQ 

range. Because they have no optical counterparts, the most massive 

stars which could be formed from EL-29 and GS-30 would be 3.5 MQ (AOV) 

and 2.5 MQ (A3V), respectively. 

In summary, based upon the FIR observations of Fazio et al. we 

have treated the population of 36 unclassified objects as pre-main 

sequence in nature. This conjecture would be supported by the strong 

infrared excesses found for sources with 5-20 pm photometry and the 

tendency for ZAMS color excesses to display abnormal reddening. Our 

estimation of their bolometric luminosities would imply that, if pre-

main sequence, the majority of these 36 objects are of relatively low 

mass (1-2 MQ) with the exception of EL-29 and GS-30 which could form 

slightly more massive stars. We do not see evidence for any high mass 

stars approaching the ZAMS which would become B stars. The lower 

limit to the total luminosity available from these objects is 
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consistent with the failure to detect luminous far-infrared emission 

in P Oph. 

It is worth restating the incompleteness of our data set. 

Without 5-20 ym data and a handle on the amount of foreground 

extinction, bolometric luminosities and hence masses could be grossly 

underestimated. Since such a small number of objects in our sample 

have been adequately observed at long wavelengths, future 5-20pm 

photometry could serve to alter the conclusions reached above. 



CHAPTER 5 

CLOUD ENERGETICS 

We have shown that large column densities of gas and dust 

prevail throughout the central regions of the p Oph cloud. In the 

following discussion, we will demonstrate that a large fraction of the 

total gas column is warm. Because of the absence of warm dust, we 

will show that the molecular gas cannot be heated through collisions 

with the dust and will investigate several prospective heating sources 

for the molecular gas which bypass the dust. 

Large Column Densities of Warm Gas 

There is direct evidence for both warm and cold gas in p Oph. 

Observations of ^CO emission lines indicate that gas temperatures of 

at least 30-50 K are common throughout the core region. There are 

also sizeable quantities of cold foreground gas (Tgas
=15 K) in the 

1 2 
same column as the warm gas as demonstrated by the self-absorbed CO 

and 13C0 emission lines. The presence of cold gas is required by 

observations of strong DC0+ emission (Wootten and Loren 1981) and 

implied by far-infrared observations (Harvey, Campbell, and Hoffmann 

1979) and ice absorption toward several embedded sources. 

While we cannot know precisely what fraction of the total gas 

column is comprised of warm gas, we can use our AN(J 13QQ 

observations to imply that this fraction is large. Strong ^CO 

emission is observed throughout the core region with the peak 

92 
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brightness temperatures of the asymmetric profiles ranging from 12-30 

K and averaging 22 K (Wilking and Lada, in preparation). If we assume 

that this strong emission arises from a single temperature layer which 

lies behind a cold (T„ =15 K) foreground slab of gas, then the large 
gab 

integrated intensities of the *^C0 lines (e.g., Fig. 1) imply that the 

gas column in this background layer is large. 

The temperature of this large background layer depends upon 

1 ̂  
our estimate for the optical depth of the AJC0 emission and the origin 

1 O 10 
of the CO emission. Contingent upon whether the observed CO 

emission from the background layer is saturated or optically thin, the 

l^CO brightness temperatures which would be predicted from this layer 

could range from 22 - 22(89) K. The peak ^CO brightness temperatures 

are observed to be 30-50% lower than the peak brightness temperatures 

of the corresponding self-absorbed ^C0 emission lines (Tg^=25-45 K). 

Thus, if the observed ^C0 emission is not saturated, then the strong 

^C0 emission that we observe is consistent with that predicted from 

the same background slab. This common origin for the strong ^CO ancj 

*"^C0 emission lines implies a large column of 30-50 K gas. As 

I O 
mentioned in Chapter 3, the spike-pedestal structure of the CO line 

shown in Fig. 1 suggests that 80% of the total gas column is comprised 

12 
of this warm background layer. The common origin for both the CO 

and l-^CO emission is supported by the similarities between their line 

profiles (e.g., Lada and Wilking 1980). 

If, however, the ^C0 emission lines from the background layer 

are completely saturated, then the average gas temperature of this 

layer would be 25 K. The strong ^C0 emission which we observe would 



not be consistent with the 22 K 12C0 brightness temperatures predicted 

from this layer. Instead, we would have to invent a third layer of 

hot gas to produce the observed 25-45 K emission. This layer 

would have to be situated between the 15 K and 25 K layers since its 

emission lines could experience self-aborption only from the 15 K gas. 

It would also be necessary that this third layer have an optical depth 

in ̂ CO of x < 2 since it could not contribute significantly to the 

observed emission from the background layer (T^/T*-^>39 for x C2). 

Under these constraints, the possible values for the gas temperature 

and optical depth of this optically thin layer are readily obtained 

since the observed ^CO emission must be produced with the combined 

brightness temperatures from the 25 K background layer .(weighted by 

exp(-x)) and from the optically thin layer of gas (weighted by [1-

exp(-x)]). The gas temperatures in this thin layer would have to be 

greater than or equal to 30-50 K for x<. 2. The column filling factor 

which results from each solution for T and x of the hot layer can 
O . 

be calculated using eqn. 1 (Av=1.5 km/s and xQ(C^®0)=x/490) and a 

total gas column derived by assuming a 15 K spike - 25 K pedestal 

structure for the line profile in Fig. 1. The filling factor for 

this optically thin layer is about 2-3% for TOQ = 45 - 150 K, which gd o 

implies that about 80% of the column is comprised of the background 25 

K gas. It can be shown that this filling factor for the hot gas can 

never fall below 2%. For higher temperatures, the filling factor of 

optically thin gas would increase and eventually exceed that of the 25 

K gas. Therefore, demanding a separate origin for the strong 
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emission requires a specialized thermal structure but still results in 

a large column of warm (>25 K) gas. 

1 O 10 
In summary, assuming the observed A^C0 and CO emission 

arises from a combination of several isothermal layers, we can 

construct models for the thermal structure of thepOph core region. 

Both models which we have investigated require a large column of warm 

gas (Tgas>25 K) which may comprise 80% of the total gas column. 

Because of the simplicity of the two-temperature slab model and the 

1 9 1 ̂  
similarity of the 1 CO and CO emission profiles, we prefer this 

geometry for the thermal structure of the core region. 

Where is the Warm Dust? 

The large columns of gas in the core region of p Oph are 

considerably warmer than those found in isolated dark clouds (T„„ =8-gab 

12 K) which are believed to be heated by ambient cosmic rays 

(Elmegreen, Dickinson, and Lada 1978). Therefore, this warm molecular 

gas must be heated locally. The numerous embedded sources and the 

high spatial densities (n(H2)>10^ cm-^) in the core region would 

suggest that the molecular gas might be heated through collisions with 

warm dust (Goldreich and Kwan 1974, Scoville and Kwan 1976). The 

temperature of the dust would have to be greater than or equal to the 

observed gas temperatures, depending upon the spatial density and the 

degree of thermodynamical coupling. 

To establish whether or not this mechanism is operating in 

p Oph, we must first determine what minimum dust luminosity would be 

required to heat the gas to the observed temperatures. Adopting our 
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two-temperature slab model for the gas, we shall assume the cloud Is 

dominated by 35 K gas. The minimum dust luminosity can be obtained 

assuming that Tdust = Tgag, i.e., that the warm columns of gas are 

also the regions of high spatial density and the dust and gas are 

perfectly coupled. Then we must address two important questions to 

reconcile this proposed minimum dust luminosity with observations. 

First, is there sufficient stellar luminosity available from the 

embedded sources to provide the needed luminosity? Second, is there 

evidence for this dust luminosity and warm dust from FIR observations? 

The minimum dust luminosity required to heat the gas to the 

observed temperatures can be calculated using two simple models. The 

first model presumes the cloud radiates like a blackbody over its 

surface area A: 

L1 tot = A a Tdust^ * 

For a cylinder of radius R = 0.2 pc and length 1.5 pc (roughly the 50 

mag contour in Fig. 5) with an average dust temperature of 35 K we 

obtain: 

L1 tot " 4'5 x 105 L0 • 

As a second estimate of the dust luminosity, we will assume that each 

grain in the cloud has a wavelength dependent emissivity in the FIR 

given by Qabs ^1/X, and that the radiation from each grain is not 

absorbed by neighboring grains. For an isothermal dust cloud of 

volume V and a constant spatial density of grains, we can derive the 

following expression for this optically thin limit: 



l2 tot = ̂ V(x0X0/l0)(4.8 x 10~5)Tdust.5 ergs/s , 

where tq is the optical depth through a cloud pathlength 1Q at a 

single FIR wavelength XQ« Using the same geometry for the cloud as 

above, we will estimate the optical depth at 100 y m along the radius 

of the cylinder such that 1Q = 2R. The average visual extinction 

along the diameter of the cylinder is approximately 60 mag as seen in 

Fig. 5. Using the ratio of visible extinction to 100 ym emission 

optical depth of 100 (Harvey, Campbell, and Hoffmann 1979), we find TQ 

= 0.6. Therefore, our second estimate for the minimum dust luminosity 

becomes: 

L2 tot = 2,2 x 1C)5 L0 

Given these estimates for the minimum dust luminosity and 

realizing that our oversimplification of the temperature and density 

structure in p Oph will lead to large uncertainties in this 

luminosity, we can state that the embedded sources thus far detected 

inpOph could possibly be responsible for heating the gas (via the 

dust) only if they are main sequence in nature. If all 44 of the 

known cluster members were to lie on the ZAMS and deliver all of their 

luminosity to the surrounding dust, we could account for as much as 

6.5 x 10 4 LQ. This could be consistent with our second model if, for 

example, the ratio of visual extinction to 100 ym emission optical 

depth takes on the value of 500 which has been derived in other 

molecular clouds (see Whitcomb et al. 1981 and references therein). 



98 

While a main sequence cluster population might provide 

sufficient energy to heat the molecular gas, the intermediate step is 

missing. There is no observational evidence for luminous FIR emission 

throughout the core region of pOph. As discussed in the previous 

section, the observed absence of FIR emission strongly argues against 

the main sequence nature of the embedded population and, in turn, must 

argue against the heating of the molecular gas in p Oph through 

collisions with warm dust. Aside from Source 1 , no far-infrared 

emission was observed by Fazio et al. in the core region of p Oph. If 

we assume a constant dust temperature along a column that has an 

optical depth proportional to that of the molecular gas, we can set an 

upper limit to the dust temperature which is consistent with this 

observed deficiency of FIR emission. Using the Fazio et al. 3a upper 

limit of 350 Jy in a 2' beam and estimates for the 78 jjm optical 

depth, X7g, we can calculate this upper limit from the following: 

F78 = a B(78,Tdust)[l-exp(-x78)] (14) 

where & is the solid angle subtended by the beam and B is the Planck 

function, x yg can be approximated by assuming a 1/A wavelength 

dependence and Ti00 = For an avera8e visual extinction of 50 

mag as determined from our C^O observations, the failure to detect 78 

ym emission requires a dust temperature t < 18 K in the core 

region of p Oph. 

A subsequent observation at 100 pm by Harvey, Thronson, and 

Gately (1979b) indicates that the dust temperature may be cooler than 

18 K toward some locations in the core region. Using their 3aupper 



limit of 30 Jy in a 40" beam toward the 3E 9S position ̂ ,^62 mag), 

their failure to detect 100 pm emission requires a dust temperature 

Tdust < 13 K at this position. 

The inferred departure from dust-gas coupling in the core 

region of p Oph depends critically upon the observed absence of 

luminous FIR emission and our proposed model for the thermal structure 

of the cloud. Two possible situations could be proposed which would 

allow warm dust to heat the molecular gas to the observed high levels 

and yet remain undetected by existing FIR observations. Both 

situations, which will be summarized below, have been discussed by 

Lada and Wilking (1980), and will be shown to be inconsistent with our 

molecular-line data. 

In the first case, we would assume that large quantities of 

optically thick cold dust absorb the luminous 78 ym emission from 35 K 

dust which heats the gas in a background layer. As previously 

discussed, there is ample evidence for cold foreground dust in p Oph. 

The flux from a 35 K column of dust in a 2' beam with an optical depth 

of X78 = 0.5 can be calculated from eqn. 14 and is found to be 4.5 x 

104 Jy. To hide this luminous FIR emission would require a quantity 

of optically thick cold dust such that: 

350 = (4.5 x 104) exp(-tyg) 

or T78 > 4.9 and Av > 380 mag. Such large amounts of cold foreground 

1 A 
dust are inconsistent with our observed CiO0 column densities and the 

1 2  1  ^  
thermal cloud structure determined from our CO and 1JC0 data. Even 

assuming a similar column of 25 K dust, which would follow our three-
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temperature component model, requires at least 214 mag of optically 

thick, foreground dust. 

In the second case, we would assume that we have overestimated 

the size of the column of warm dust. We can calculate the column 

filling factor for a layer of 50 K dust whose optically thin FIR 

emission would remain undetected. Using eqn. 14 and substituting for 

T(jugt = 50 K and Fazio's detectable limit, we derive tyg = 6 x 10~^ 

which infers a column filling factor of 1 x 10"^ for a 50 mag column. 

In order for this warm dust to provide the heating for the molecular 

gas, we would require a correspondingly thin layer of warm gas and see 

if it could be made consistent with our molecular-line data. But even 

for perfect gas-dust coupling and our three-temperature component 

model for the gas, the minimum column in which the warm gas could 

reside would be much larger than the proposed layer of dust. As 

discussed in the previous section, this minimum column filling factor 

is 2-3 x 10~2 for ToaQ 
= 45-150 K. Regardless of our choice for 

TV/T78, we cannot devise a layer of warm gas heated by warm dust which 

would satisfy both FIR observations and our ^CO and ^CO data. 

In summary, if the observed absence of luminous far-infrared 

emission is correct, then the molecular gas in p Oph cannot be heated 

through collisions with warm dust. Therefore, in the following 

sections, we will explore possible energy sources for the molecular 

gas which must deliver energy directly to the gas, thus bypassing the 

dust. 
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The Gas Cooling Rate 

Before we can investigate other possible energy sources for 

the molecular gas, we need to know the minimum energy which must be 

supplied directly to the gas to balance the observed gas cooling rate. 

The total gas cooling by molecular and atomic line radiation, A g, is 

obtained using the cooling calculations of Goldsmith and Langer (1978) 

given the spatial density and temperature of the gas. By adopting a 

suitable geometry, the gas luminosity can be obtained. We will 

calculate the gas cooling rate for two variations of the two-

temperature slab model. In the first case, we will assume that the 

large columns of warm gas are also the regions of high spatial 

density. Since the temperature and spatial density do not vary 

smoothly across the cloud, the core region was divided into six 

distinct regions which could be characterized by a single nCHo), T_ , 
O 

and Njry. Assuming each region is a plane-parallel slab of thickness 

N^H/[2n(H2)], we arrive at a total gas cooling luminosity of 2 LQ 

implying an average gas cooling rate of 1.1 x 10"^ ergs s~* cm"^. 

Simply stated, any proposed energy source for the gas inpOph must 

involve at least 2/eL0 where eis the efficiency with which that 

process can transfer its energy to the gas. 

In the second case, we will assume that the cold foreground 

layer is the region of high spatial density and we will characterize 

the warm background layer by Tgag = 35 K and nCl^) ** 300 cm This 

results in a gas cooling rate which is about a factor of 100 less than 

that calculated above: A„ = 1.4 x 10-^ ergs s~* cm~^. 
O 
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Cosmic-Ray Heating 

In the absence of other heat sources, ambient cosmic rays are 

capable of heating molecular clouds to gas temperatures of 8-12 K 

through the ionization of H2 (e.g., Goldsmith and Langer 1978, 

Elmegreen, Dickinson, and Lada 1978). Cosmic rays with energies 

between 10 and 100 MeV are most important in this ionization process 

but their flux cannot be directly observed and must be either 

extrapolated from the high energy cosmic-ray flux measured in the 

solar vicinity (Spitzer and Tomasko 1968) or inferred from models for 

the chemical thermal equilibrium in diffuse clouds (e.g., Barshun and 

Walmsley 1977). After Goldsmith and Langer, we shall adopt an ambient 

primary cosmic-ray ionization rate for H2 of 2 x 10"^ s~* which is 

consistent with the lower limit derived from the high-energy cosmic 

rays (7 x 10""*® s~*) and with estimates derived from models for 

diffuse clouds (10~^ s~*). 

Regardless of the temperature of the high spatial density gas, 

ambient cosmic rays would not be able to heat the molecular gas in p 

Oph to the observed 30-50 K. The ambient cosmic-ray heating rate can 

only provide 6.4 x 10~^ erg s~* cm-^ or 1.9 x 10"^ erg s~* cm"^ to a 

cloud of spatial density 10^ cm"^ or 300 cm~^, respectively. However, 

gamma-ray observations toward p Oph suggest there may be an enhanced 

cosmic-ray flux in the cloud relative to the solar flux and relative 

to molecular clouds of similar mass (Simpson 1979, Bignami and Morfill 

1979, Casse and Paul 1980). By equating the gas cooling rate derived 

in the previous section with the cosmic-ray heating rate, we can 

estimate the degree of enhancement in the ionization rate necessary to 
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heat the gas in p Oph. The cosmic-ray heating rate is given by 

Goldsmith and Langer (1978): 

Fcr = ^ p<H2> AQCr n<H2> 

where AQcr is the heat deposited as a result of each primary 

ionization. A Qcr has an average value of 20 eV for protons in the 10 

to 100 MeV range. Therefore, to match the gas cooling rates with 

cosmic-ray heating requires a factor of 7-17 increase in the cosmic-

ray ionization rate, i.e., = 1.4-3.4 x 10"^ s~*. 

The gamma-ray flux which would be predicted as a result of 

interactions of ambient cosmic rays with a molecular cloud can be 

calculated from the following relation from Black and Fazio (1973): 

P(>100MeV) = 10"6 M e/d2 . 

In this equation, M is the cloud mass in solar masses, d is the cloud 

— 2 5 
distance in pc, and eis the gamma-ray emissivity in 10 

photons(>100 MeV) s~^ (H atom)-*. Using our upper limit of 1000 MQ 

for the mass of the p Oph cloud and a value for e= 2 as derived for 

the solar vicinity (Stecker 1977), one would anticipate a gamma-ray 

flux of 8 x 10~® photons(>100 MeV) cm-2 s~^ toward p Oph. 

Surprisingly, a gamma-ray flux of 1.1 x 10"^ is measured within the 

1.5 error radius of the COS-B satellite when pointed toward p Oph 

(Wills et al. 1981). No specific gamma-ray source such as a radio 

pulsar can be indentified in the COS-B beam. To reconcile this order 

of magnitude discrepancy with predictions, we must either demand at 

least a factor of ten increase in the mass of the dark cloud material 
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encompassed by the COS-B beam (e.g., Issa and Wolfendale 1981) or 

require that the Y-ray emissivity is greater in p Oph by more than a 

factor of ten relative to the solar neighborhood. The latter 

requirement is the most tractable in our view and, as suggested by 

previous authors, would imply an enhanced cosmic-ray density. 

Unfortunately, it is difficult to estimate reliably what the 

magnitude of the increased cosmic-ray flux and ionization rate would 

be from an enhanced y -ray emissivity or what the mechanism for this 

enhancement might be. Casse and Paul (1980) have proposed that 

protons accelerated in supersonic stellar winds in luminous OB stars 

and T Tauri stars can produce substantial y-ray emission when injected 

into a dense cloud. They conclude that the B1 III staroSco plus 11 

nearby T Tauri stars can satisfy the energy requirements to sustain 

the observedy -ray emission inpOph. Morfill et al. (1981) have 

suggested that an enhanced cosmic-ray intensity in p Oph could be due 

to the acceleration of galactic cosmic rays in a shock wave coincident 

with the North Polar Spur supernova remnant. 

In conclusion, gamma-ray observations suggest that cosmic-ray 

heating of the molecular gas in pOph may be an important process. An 

enhancement in the cosmic-ray ionization rate of 7-17 is required to 

satisfy the observed gas cooling rates* However, the mechanism which 

would produce an enhanced cosmic-ray density inpOph is uncertain. 

The observation of an enhanced electron abundance in p Oph could lend 

support for an enhanced cosmic-ray ionization rate in the cloud. 
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Shock Heating 

An attractive way to deliver energy directly to the gas and to 

explain the high gas temperatures in p Oph is to invoke the passage of 

a shock through the cloud. Vrba (1977) has proposed that a shock 

driven implosion was responsible for the triggering of star formation 

in the p Oph dark cloud. He has noted numerous observational 

characteristics of the cloud, such as magnetic field geometry, 

polarization-to-absorption ratios, cloud morphology, and the 

distribution of 2 ym sources, that were consistent with a galactic 

shock striking the cloud from the southwest and moving roughly 

perpendicular to the line of sight. Vrba based his conclusions upon 

the similarities of these observational characteristics with the model 

calculations of Woodward (1975). More recently, Morfill et al. (1981) 

have suggested that the interaction of a shock wave from the North 

Polar Spur (Loop 1) supernova remnant with the p Oph cloud is 

responsible for the observed gamma-ray flux toward the cloud. They 

estimate that this shock is moving with a velocity of 350 km/s. Our 

new C*®0 observations of the mass distribution of the cloud would lend 

some support to the shock proposal since the cloud's elongated shape 

is consistent with a compression from the southwest (refer to Figs. 2, 

3, or 5). 

While observations can offer indirect support for the passage 

of a shock, there is no direct or compelling evidence such as an 

observed transition region where the velocity and column density of 

emission lines change abruptly. Nonetheless, because a shock is an 

attractive way to heat the gas without first heating the dust, we will 
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perform a set of simple calculations to check the feasibility of shock 

heating in p Oph. Since we as yet cannot determine where this 

proposed shock front would be, we will assume that the core region 

where gas temperatures are hot represents the post-shocked gas and try 

to avoid parameters which involve conditions in the pre-shocked gas. 

We are forced to assume that the conditions in the post-shocked gas 

have not changed appreciably since the passage of the shock or, 

equivalently, that the actual shock front is still very close to the 

region of hot gas. 

If thermal motions are the dominant source of pressure in the 

post-shocked region (e.g., a shock propagating parallel to a magnetic 

field or no turbulence), we can constrain the shock velocity if we 

assume that the shock heating is greater than or equal to the observed 

gas cooling. As derived by Elmegreen, Dickinson, and Lada (1978), 

Vg > 2AX Ag /nkT 

where Vg is the shock velocity, Ax is the width of the shocked layer, 

and n and T are the density and temperature of the post-shocked gas. 

For Ax = 0.4 pc , and T = 35 K, we can satisfy the observed gas 

cooling rate by requiring a shock of velocity Vg 56 km/s if the warm 

gas is also the region of high spatial density (n(H2) = 10^ cm~^) and 

Ve > 24 km/s if the warm gas has a spatial density of only 300 cm . S "• 

If the post-shock gas pressure is instead dominated by 

internal magnetic oscillations with an Alfven velocity greater than or 

equal to the observed CO line width Av, then, for a given shock 

velocity, a shock can deliver more energy to the molecular gas than 
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was possible in the previous case (Arons and Max 197 5). The post-

shock pressure would be at least p (Av/2)2 and easily outweigh the 

thermal pressure. Again, following Elmegreen, Dickinson, and Lada, 

the shock velocity must be at least 

Vg > 8 Ax Ag /(pAv2) 

It should be noted that this calculation also applies to the case 

where supersonic turbulence is responsible for the post-shock. 

12 
pressure. For the same parameters as above and with a CO line FWHM 

of 2.5 km/s, we obtain V' > 5 km/s and Ve > 2 km/s for the situations 

where the warm gas has nC^) of 10^ cm-^ and 300 cm"^, respectively. 

In summary, although we can neither confirm nor deny the shock 

model forpOph, a shock driven implosion with a velocity typical of 

galactic shocks could satisfy the heating requirements in p Oph. If 

magnetic or turbulent motion in the shocked gas are the dominant 

source of internal pressure and line broadening, then shocks can 

supply more energy to the cloud for a given shock velocity than if 

thermal motions alone determine this pressure. However, it may be 

difficult to reconcile the molecular-line observations with the 

passage of a single simple shock. The evidence for a cold foreground 

slab of gas and for large spatial density gradients along the ridge of 

high column density which forms the core region (Fig. 3) complicates 

the simple picture composed for the passage of a shock through the p 

Oph cloud. 
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Magnetic Viscous Heating 

The elongated shape of the core region of p Oph suggests that 

compression of the cloud may have occurred. During compression, 

frozen-in magnetic fields will be distorted as long as they have a 

component perpendicular to the compressing force. These distortions 

will result in stored energy which will be dissipated through 

collisions of ions with neutral particles. As shown by Elmegreen, 

Dickinson, and Lada (1978), the heating rate due to this relaxation of 

internal magnetic field distortions will increase more rapidly with 

density than the gas cooling rate. This will result in enhanced gas 

temperatures which can persist for a period of time given by the 

dissipation time for Alfven waves. Therefore, this magnetic viscous 

heating is another mechanism with which the molecular gas may be 

heated bypassing the dust. Although the compression does not require 

a shock, it is an attractive way for a cloud to maintain enhanced gas 

temperatures after a shock has passed. 

The dissipation time for internal Alfven waves is dependent 

upon the electron density ne, the Alfven velocity V^, and the 

wavenumber k = 2Tr/Xof the oscillations, resulting in: 

Tb ^ (2ne <a v>)/(kVA)2 

where a is the ion-neutral collision cross-section and v is the H2 

thermal velocity. The magnetic viscous heating is then given by 

R G = B2/(8TTTB) 

where B is the magnetic field strength. 
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The electron density is a difficult quantity to obtain in p 

Oph. Electron abundances derived from observations of HC0+ are 

hampered by self-absorption in the HC0+ profiles (Wootten, Snell, and 

Glassgold 1979, Wootten 1981, personal communication). The electron 

density in the Source 1 area has been estimated from observations of 

the C and S recombination lines (Pankonin and Walmsley 1978). In 

„ O 
their model, they require an ng = 10-15 cm toward the compact HII 

_ O 
region and a value of ng = 1 cm in a 0.5 pc halo around Source 1. 

If ambient cosmic rays (no enhancements) are the only source of 

ionization, the electron density can be estimated from the spatial 

density by 

ne - 3.1 x 10~5 [n(H2)]2/3 

(Oppenheimer and Dalgarno 1974). For an average spatial density of 

10^ cm-3, we would predict n0 = 0.01 cm-3 and for n^) = 300 cm-3, ne 

= 0.001 cm-3 from an ambient cosmic-ray flux. 

Even more uncertain than the electron density is the magnetic 

field strength in the pOph cloud. The failure to detect Zeeman 

splitting of microwave OH in p Oph has allowed Chaisson (1975) to set 

an upper limit to the magnetic field of B < 500 yG. A second value 

for B in p Oph can be obtained assuming the present molecular gas 

condensed from the lower density gas of the interstellar medium (B=l 

yG when n(H2) = l cm-3). If B scales with the density as n^2 

(Mouchouvias 1978), then a value of B = 200 yG is predicted from the 

present day value for nC^) =• 10+^ cm-3 and B = 35 yG for n(H2) = 300 



110 

Instead of trying to calculate the magnetic viscous heating 

rate with poorly determined values for B, we will assume that it 

matches the observed gas cooling rate. In this way, we can derive 

estimates for the magnetic field strength which would be required if 

magnetic viscous heating is responsible for the warm molecular gas in 

p Oph and compare them to the crude estimates above. Assuming an 

electron density of 0.1 cm"^, <tn^= 1.4 x 10-^ cm^/s (Spitzer 1968) 

and an oscillation wavelength of X= A x = 0.4 pc, we obtain the 

magnetic field strength: 

B = 7.6 x 106 (Ag p)1/^ Gauss. 

If the large columns of warm gas are also the regions of high spatial 

density, then for nCl^) = 10^ cm"^ a magnetic field of 335 yG is 

required. Alternatively, if the large columns of warm gas have 

spatial densities of only 300 ci"^, a magnetic field of only 47 yG is 

required. Both of these estimates for B would be reduced by a factor 

of two if the true electron density were smaller by a factor of ten. 

Therefore, to exactly balance the observed gas cooling rate 

with magnetic viscous heating, a magnetic field strength of 26-335 yG 

would be required in the pOph cloud depending upon the values for 

nC^) and ne one choses for the core region. These estimates are 

consistent with the estimates for B presented above. The resulting 

dissipation times range from tb = 0.6-1.3 x 10^ years and are 

reasonable in terms of the best estimate for the age of the molecular 

cloud (see Chapter 6). We conclude that magnetic viscous heating 

could be a viable process by which to heat the molecular gas in p Oph. 
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Summary 

We have shown that there are large column densities of warm 

gas in the core region of p Oph. Existing FIR observations have ruled 

out the heating of this gas through collisions with warm dust for any 

reasonable model for the thermal cloud structure. On the basis of 

observational evidence, we have proposed three processes which could 

heat the molecular gas more directly: cosmic-ray ionization, shocks, 

and magnetic field distortions. Within the constraints provided by 

current observations, any or all of these processes could be operating 

in p Oph. To differentiate between these energy sources will require 

a more thorough knowledge of the temperature and density structure of 

the cloud and better limits for the electron density and magnetic 

field strength. 



CHAPTER 6 

OPEN CLUSTER FORMATION IN THE p OPHIUCHL DARK CLOUD 

In the following discussion of the characteristics of star 

formation in the pOph cloud, we will demonstrate that even though the 

dark cloud lies at the youngest edge of the Sco-Cen OB association and 

has some similarities to association complexes, it is not the 

birthplace of a stellar association. Instead, it appears that the p 

Oph cloud is in the process of forming a bound open cluster within the 

Sco-Cen OB association. 

The Molecular Cloud Environment 

The properties of the molecular gas in the p Oph complex 

differ in a number of ways from those in association complexes such as 

Orion and Tau-Aur. The p Oph complex does extend for 30 pc when the 

O 
streamers are included, but its total mass (on the order of 10J MQ) is 

much less than that of a typical of giant molecular cloud (10-* MQ). 

The p Oph complex is also more centrally condensed with a significant 

fraction (as much as 50%) of its mass concentrated in 1 pc x 2 pc core 

which occupies about 1% of the projected area of the complex. 

Extensive areas within the core region display average spatial 

densities of 10^ to 10^ cm"^. Giant molecular clouds often contain 

similar dense fragments of compararble or greater mass, but these 

fragments usually contain a smaller fraction «10%) of the total cloud 

mass (e.g., M17SW, W3, Orion KL, S252 , NGC 1333). In addition, the 
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velocity dispersion in the p Oph core is considerably less than that 

in the dense giant molecular cloud fragments, but similar to regions 

like Tau-Aur where primarily low mass stars are being formed. The 

19 1 ̂  
self-absorption of CO and CO emission profiles on their red or 

high velocity side suggests that the p Oph cloud is very slowly 

contracting around the core and that the core is most likely 

gravitationally bound and relatively stable. Despite a high gas 

temperature which is similar to that in regions producing 0 stars, 

surveys in the near and far-infrared and radio continuum have found no 

neo- or protostellar objects of spectral type B2 or earlier in the p 

Oph cloud. Without the disruptive influence of such stars it seems 

likely that low mass star formation could continue in p Oph for a long 

period of time (>10^ yrs.). 

In summary, the molecular cloud environment in p Oph is one in 

which low to intermediate mass star formation is quietly progressing 

throughout the cloud. The observable properties of the cloud, i.e., 

the small size, the high spatial densities and a large fraction of the 

total mass in a centrally condensed core region, are more suggestive 

of the cloud properties predicted for cluster-forming clouds than 

those observed in association-forming clouds. 

Star Formation Efficiency 

The star formation efficiency (SFE) is readily obtained using 

the results of our 2 ym survey and is most easily calculated for the 

molecular gas enclosed by the 50 mag contour shown in Fig. 5. This 

volume of gas has a well-determined mass of 293 MQ (see Chapter 3). 
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Except for a small section south of our survey box, most of the area 

enclosed by the 50 mag contour has been surveyed at 2 ym to either 

K=+10 mag (38%) or K=+12 mag (48%). Without resolving the dilemma 

posed by the large columns of warm gas and the apparent absence of 

warm dust, i.e., the nature of the embedded sources, we shall 

calculate the star formation efficiency for two cases: (1) the 

embedded sources are main sequence objects, except for 2 T Tauri 

stars, and (2) the embedded sources are pre-main sequence objects, 

except for Source 1. These two cases will provide an upper and lower 

limit to the true SFE. The results of the following discussion are 

summarized in Table 5. 

Main Sequence SFE 

There are 30 cluster members which have been identified inside 

the 50 mag contour. These objects are listed in Table 4 along with 

the ZAMS spectral types and visual extinctions they would possess if 

their near-infrared colors contain only reddened photospheric 

emission. From the ZAMS spectral types, we derive a total observed 

stellar mass of 157 M0 which yields an observed SFE of 35%. 

For a more realistic estimate of the star formation efficiency 

of ZAMS objects, we can account for cluster members which are hidden 

by extinction if we adapt a suitable geometry for the dust and g;^s in 

the 50 mag contour. Using our observations as a guide, we assume 

that the dust and gas lie in a uniform-density, plane-parallel slab 

with a total visual opacity of xc 
= 66 mag. We also assume that the 

stars are distributed uniformly throughout the cloud. In this way, we 
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are able to calculate the maximum depth Into the cloud to which each 

survey could penetrate for each absolute magnitude Interval. The true 

number of stars N in an absolute magnitude interval Mj^ is given by: 

Ntrue<MK> " [(0*1 t c/(m1~Mj^~DM)] NQBS(MK) 

where m^ the limiting K magnitude to which the area of interest has 

been surveyed and DM is the distance modulis for the p Oph cloud (6 

mag). Clearly, our determination of each star's absolute magnitude 

relies upon its identification as a ZAMS object. 

The total mass of ZAMS stars including those hidden by 

extinction is 248 MQ. This implies a SFE of 46%. It should be noted 

that this estimate is independent of the mass of the gas enclosed by 

the 50 mag contour since, in this simple model, any change in the 

value for Tc will change the cloud mass by the same factor. This 

value of 46% could be raised even further if we corrected for the 

unsurveyed area (14% of the total) and assuming an initial mass 

function, corrected for the lower mass ZAMS members which were too 

faint to be detected. 

Pre-Main Sequence SFE 

The possibility has been raised that the embedded population 

in p Oph is primarily pre-main sequence. Based upon the limited 

information available to us concerning the bolometric luminosities of 

these objects, we shall characterize the 29 protostellar objects which 

lie within the 50 mag contour by an average mass of 1 MQ and the 

average luminosity of a main sequence G5 star (MJJ=3.7 mag). 
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Therefore, the total observed stellar mass of pre-main sequence 

objects Is 38 MQ (Source 1 Is Included as a 9 Mg object) and the 

observed SFE Is 11%. 

It is relatively straightforward to correct this idealized 

protostellar population for extinction. Since we have assumed the 

cluster members are represented by a single absolute magnitude, their 

apparent magnitudes will reflect their depth in the cloud. Thus, the 

maximum depth to which our survey was able to detect these objects 

would be 22 mag. Before correcting for members hidden by extinctions 

greater than 22 mag, it is desirable to predict the total number of 

objects in the 50 mag contour brighter than K=+12 mag (i.e., those 

objects hidden by extinctions less than 22 mag in areas which we did 

not survey). Correcting for the unsurveyed area and the area surveyed 

to only K=+10 mag adds 13 objects to our pre-main sequence population 

in the outer 22 mag of the cloud. This results in a total stellar 

mass of 51 M0 and a SFE of 15%. 

Adopting the identical geometry as before (xc=66 mag) and 

assuming the pre-main sequence objects are distributed uniformly 

throughout the cloud, the total number of 1 MQ objects is readily 

obtained by multiplying the number in the outer 22 mag of the cloud 

(42) by 3. The resulting stellar mass in the 50 mag contour is 135 MQ 

and the SFE is 32%. As before, this value of 32% is independent of 

the cloud mass. This estimate could be increased if some members are 

found to be main sequence stars (e.g., Object 5), or if we tried to 

account for stars less luminous than our limits of detection. 
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Summary 

Regardless of the assumptions made for the nature of the 

objects embedded within the 50 mag contour, the star formation 

efficiency in p Oph is high (32-46%) if the stars occur with uniform 

density throughout the cloud. These efficiencies are a factor of 3-5 

greater than those calculated under the same assumptions for T 

associations (Cohen and Kuhi 1979). If the star-forming gas in p Oph 

remains undisturbed, it appears very likely that these efficiencies 

will continue to increase and the p Oph cloud will give birth to a 

bound cluster. 

Stellar Densities 

The mass in stars per cubic parsec within the 50 mag contour 

can be obtained by using the same assumptions for the nature of the 

embedded population as above and by calculating the volume which they 

occupy. This volume of space can be approximated by the volume of the 

uniform-density gas (xc=»66 mag) if one assumes an appropriate average 

spatial density. For the case in which the regions of high spatial 

density coincide with the large columns of warm gas, an average n(H.2) 

= 10^ cm-^ yields a volume of 1.2 pc"^. The maximum volume which the 

gas could occupy would be calculated for the situation where the high 

spatial densities lie in the cold foreground layer. An average 

_ O 
spatial density for the large columns of warm gas of 300 cm results 

in a volume of 41.4 pc^. 

The results of this exercise are presented in Table 5. For an 

average spatial density of 10^ cm~^, the stellar densities are quite 
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Table 5 

•k 
Summary of Star Formation Efficiencies and 

Stellar Densities 

Embedded Population within the 
50 mag Contour 

(M/Mn) „ v 0 stars 
SFE (%) M

0/Pc3 Embedded Population within the 
50 mag Contour 

in4 "3 
10 cm 300cm ^ 

1. ZAMS (except for 2 T Tauri 
stars) 

(a). observed 157 35 131 4 

(b). corrected for extinction 248 46 207 6 

2. Pre-Main Sequence (except 

for Source 1) 

(a). observed 38 11 32 1 

(b.) corrected for area not 
surveyed to K=12 mag 

51 15 43 1 

(c). corrected for extinction 135 32 113 3 

SFE = M . /(M + M . . 
stars gas stars) 
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high (113-207 M0/pc3); about a factor of five greater than found ih T 

associations. These densities are typical of those found in young 

open clusters. For an average spatial density of 300 cm-3, the 

stellar densities vary from 3-6 Mg/pc3 and are comparable to those 

calculated for T associations. Both estimates for the stellar density 

not only indicate the intimacy of the embedded population with the 

surrounding dark cloud material but also its stability against 

disruption by galactic tides and passing interstellar clouds. 

Age and Stellar Content 

How we depict the stellar population in p Oph will have a 

direct bearing upon how we view the stellar mass spectrum and the age 

of the star-forming gas. An upper limit to the star-forming'age of 

the p Oph cloud can be set assuming that all of the embedded objects 

observed in p Oph lie on the ZAMS. In this case, the maximum possible 

age would be the contraction age for the latest-type star in Table 4 

or 5 x 10? yr. for Object 14 (Iben, 1965). This length of time is 

consistent with the duration of star formation observed in the 

Pleiades and the predicted longevity of cluster-forming clouds. This 

time period would also imply that star formation in the p Oph cloud 

began about 40 million years before star formation in the Upper 

Scorpius OB subgroup. 

If the embedded sources in p Oph are main sequence objects, 

then we would have a population of stars heavily weighted toward 

objects more massive than 3.5 M0 (B0V-B9V, see Table 4). Infrared 

surveys performed in p Oph have had sufficient sensitivity to detect 
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low mass ZAMS cluster members (AOV thru M2V for our survey). Because 

of the compactness of the p Oph cloud, establishing membership for the 

low mass stars should not be a problem as it may be in a more extended 

OB or R association. Hence, there should be no incompleteness in the 

stellar mass spectrum for low mass stars in p Oph and its departure 

from the initial mass function established for field stars and open 

clusters is difficult to explain. To produce this unique stellar mass 

spectrum may necessitate invoking a process by which the interactions 

and the accretion of high density ambient gas by the lower mass 

fragments result in mass concentrations too large to form stars which 

are less massive than 3.5 MQ. This process has been forwarded by 

Pumphrey and Scalo (1979) as a possible explanation for the proposed 

deficiency of low mass (<1M0) stars in some open clusters. 

Alternatively, the youngest possible age for star formation in 

the p Oph cloud would arise if, except for the three established B 

stars, the majority of the embedded objects are still contracting 

toward the main sequence. This age, assuming the stars were formed in 

a single event, would be the contraction age for the latest-type B 

star," SR-3 (B6, see Chapter 4), which is about 6 x 10^ yr. (Iben, 

1965). This would imply that star formation in p Oph is a recent 

event which was initiated after the formation of the Upper Scorpius OB 

subgroup. 

If the embedded population in p Oph is primarily pre-main 

sequence in nature, then the resulting stellar mass spectrum would 

appear to have a bimodal distribution. As discussed in Chapter 4, we 

can identify at least three main sequence objects in p Oph: HD 147889 
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(B2V), Source 1 (B3 ZAMS), and SR-3 (B6V). Crude mass estimates 

obtained for the remaining objects indicate that they would be 

contracting toward the ZAMS with luminosities typical of stars below 

3.5 M0 (AOV and later). If the mass spectrum of stars in p Oph has 

formed in a manner which follows the Salpeter (1955) initial mass 

function, we can compare the number of high-mass (B3V-B9V)and low-

mass (A0V-M2V) stars which would accompany the formation of a single 

B2V or B3V star and relate these to our observations. For the 

formation of one B2V star, the initial mass function predicts 11 stars 

between B3V and B9V (two are observed) and 139 stars between AOV and 

M2V. For a B3V star, 8 stars are predicted between B4V and B9V (one is 

observed) and 102 stars between AOV and M2V. Our observations show a 

marked deficiency of late B stars, however the number of low-mass 

stars predicted is consistent with our estimate of 126 stars within 

the 50 mag contour. In fact, the number of low mass stars estimated 

to lie within the 50 mag contour may indicate an excess population of 

these objects in the entire cloud relative to the high mass star if 

they occur with the same density throughout the remainder of the 

cloud. 

In order for this stellar mass spectrum to agree with the 

initial mass function we must explain the apparent deficiency of late 

B stars. If the stars in pOph were formed in a single event, then we 

would demand that more accurate determinations for the bolometric 

luminosities of the embedded objects would reveal additional stars 

more massive than 3.5 MQ. If the stars in p Oph are forming 

sequentially in mass, as in NGC 2264, then we would expect the excess 
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population of low-mass stars relative to high-mass stars in p Oph and 

contend that the young star-forming episode in p Oph has only produced 

a small fraction of the final high-mass population. 

A third estimate for the star-forming age of the p Oph cloud 

has been obtained through the study of T Tauri stars by Cohen and Kuhi 

(1979). They find the p Oph T Tauri stars range in age from 0.1-3.2 x 

10^ yr. Thus, in their evaluation, star formation has been operating 

for about 3 million years in p Oph. This would be consistent with the 

pre-main sequence nature of the stellar population in p Oph and stars 

forming coevally to within 3 m.y. 

In summary, the age limits for the star-forming episode in the 

p Oph cloud, 0.6-50 million years, are not well constrained because of 

our uncertainty as to the nature of the embedded sources. The upper 

limit is obtained by assuming a ZAMS population for the embedded 

objects. But this upper limit is much greater than the ages derived 

for the p Oph T Tauri stars. In addition, the assumption of a ZAMS 

population results in a stellar mass spectrum considerably different 

than that known for field and cluster stars in the galaxy. However, 

the duration of T Tauri star formation (3 million years) could be 

consistent with our observations if the embedded population consisted 

of pre-main sequence stars. The resulting mass spectrum would have an 

excess of low mass stars (A0V-M2V) relative to B stars. However, if 

star formation in pOph is occuring sequentially in mass (similar to 

the situation in NGC 2264), then a stellar mass spectrum consistent 

with that for the field and visible open clusters could be eventually 

reproduced. Finally, the age estimate of < 3 m.y. for star formation 
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in p Oph is less than the age of the Upper Scorpius OB subgroup (10 

m«y.) and would suggest that the formation of the p Oph cluster may be 

related to star formation in this OB association. 

Comparisons with Open Clusters 

To better characterize the star formation in the p Oph cloud, 

we can compare the pOph cluster with open clusters of known age which 

either have similar molecular structures or a total stellar mass on 

the order of .50% of the p Oph gas (i.e., their original molecular 

cloud had a mass similar to the p Oph cloud). In this way, we can see 

where the p Oph cluster would fit into the evolutionary scheme 

outlined for open clusters in Chapter 1 and what this might predict 

for the future development of the pOph cluster. 

IC 5146 

The open cluster IC 5146 (900 pc, Elias 1978a) affords us a 

opportunity to view an open cluster with a well-studied molecular 

cloud. The dark cloud material associated with IC 5146 is 

morphologically very similar to the p Oph dark cloud complex. Both 

complexes have regions of active star formation located in dense cores 

at the tips of filamentary cloud streamers. Although there are no 

mass estimates for the IC 5146 dark cloud, the molecular gas is 

similar to that in pOph in that it appears quiescent with very narrow 

molecular lines (Lada and Elmegreen 1977). 

The IC 5146 open cluster is young (a contraction age of about 

3 million years, Walker 1959) and yet already displays a substantial 

visible population which covers an area of radius 1.8 pc. Its most 
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massive star is a BOV star whose HI1 region is beginning to disrupt 

the dark cloud material. Additional studies ~of the embedded and low 

mass population in IC 5146 plus the mass of the associated molecular 

gas would be expected to reveal high star formation efficiencies in an 

area which appears to be a more evolved version of the p Oph cloud and 

cluster. 

IC 2602 

There has already been one bound cluster formed within the 

Sco-Cen OB association. Lying at the same distance as the p Oph 

cloud, IC 2602 (1** = 290°, b** = -5°) lies at the edge of the oldest 

identifiable subgroup in Sco-Cen whose age must exceed 14 million 

years (Blaauw 1964). The cluster is observed to have a nuclear age of 

8 million years (Braes 1962) which means it was forming stars after 

the formation of the OB subgroup. It is estimated to have a stellar 

mass of 300 MQ (Blaauw 1964) contained within a mean radius of only 

1.1 pc. The resulting stellar density would be 54 M@/pc^. The stellar 

mass in IC 2602 suggests that it may have formed from a molecular 

cloud very similar to the p Oph cloud. Unlike p Oph and the young 

cluster IC 5146, it appears as if the early B stars in IC 2602 (the 

most massive is BOV) have been able to dissipate most of the 

surrounding dark cloud material. The compactness of this cluster is 

reminescent of the compactness of the p Oph dark cloud and suggests it 

may still be in the process of relaxation. 
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Pleiades 

The Pleiades is a bound open cluster located about 125 pc from 

the sun. Because of its proximity, the study of its stellar 

population is complete to very low masses. This has made the Pleiades 

a model for the study of all open clusters and its properties have 

been frequently quoted in our previous discussion. 

Q  

To reiterate, the Pleiades is anywhere from 2.5 to 8 x 10 

years old (contraction age) and most of its 416 Mg of stars lie within 

a radius of 3.5 pc with an average stellar density of about 2.5 

Mg/pc^. The accurate determination of its stellar mass, which is 

similar to that in IC 2602, allows us to infer that the maximum mass 

of the molecular cloud from which the Pleiades must have formed was 

also very similar in mass to that observed for the p Oph molecular 

cloud. The observed trends of increasing cluster radius and 

decreasing stellar density with age are apparent when one compares the 

Pleiades with IC 2602. 

Star formation is believed to have lasted for at least 175 

million years in the Pleiades molecular cloud. If the p Oph cloud is 

forming a cluster similar to the Pleiades, then any estimates for the 

present age of the p Oph cloud would imply that it is very young in 

terms of its total star-forming lifetime. 

Summary 

By comparing the p Oph cluster to visible clusters of known 

age which must have formed from molecular clouds similar to the p Oph 

cloud, we conclude that the p Oph cluster is still in a very early 
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stage of Its evolution. The compactness, high stellar densities, and 

heavy obscuration of thep Oph cluster are consistent with a very 

young, unevolved open cluster which has yet to form massive stars. If 

comparisons with these visible open clusters is valid, then an age of 

several million years would be suggested for the p Oph cluster which 

would be consistent with a pre-main sequence population. 

Star-Forming History 

All lines of evidence, i.e., the molecular cloud environment, 

the star formation efficiency, and the stellar density, point toward 

the formation of an open cluster in the p Oph dark cloud. But because 

of the uncertainty concerning the nature of the embedded sources, we 

are left with two possible options for the age of the p Oph open 

cluster. Our first option would be to have the cluster composed 

primarily of pre-main sequence objects. This would require the star-

forming age of the cluster to be at least 6 x 10^ yr. and the cluster 

itself to be in the earliest stage of the evolutionary sequence 

suggested from the study of open clusters with similar cluster-forming 

clouds. To be in accord with the initial mass function derived for 

open clusters, we must assume that either (1) the stars in p Oph 

formed in a single event 6 x 10-* years ago and that several late B 

stars have been incorrectly identified as lower mass stars, or (2) 

stars have been forming continuously and sequentially in mass for at 

least 6 x 10^ yr. and that, this early in its star-forming history, 

only a small fraction of the cluster's B star population has been 

formed. If the stars have been forming continuously, then the star-
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forming age of 3 m.y. derived from the p Oph T Tauri stars would be in 

agreement with the pre-main sequence nature of the cluster. 

If, on the other hand, we are willing to accept the ZAMS 

nature of the embedded sources, we are compelled to accept an unusual 

stellar mass spectrum lacking in stars less massive than 3.5 MQ. This 

second option requires the p Oph cluster to be as old as 50 million 

years which is inconsistent with the ages derived for the p Oph T 

Tauri stars and the age inferred from comparisons with open clusters 

of presumably similar origin. 

The star formation efficiency in p Oph is already quite high 

(>32%), regardless of our assumption as to the nature of the embedded 

sources. Even if the cloud were 50 m.y. old, it would still be young 

when compared to the duration of the star-forming episode in the 

Pleiades of 175 m.y. Since there is no evidence for the emergence of 

massive, disrupting stars, we can expect that the continuation of the 

star formation in p Oph will serve to convert more of its molecular 

gas into stars. If the cloud can continue to produce stars at a 

constant rate for a period of time equal to the current episode of 

star formation, then the star formation efficiency would be well over 

50% and the cluster will be assured of staying bound. 

Although there are numerous difficulties with an age of 50 

m.y. for the p Oph open cluster, it would be more consistent with the 

longevity of the star-forming episode in the Pleiades cloud than our 

first option if we assume the star formation rate increases or remains 

constant over time. Rates measured for well-developed stellar 

populations in clusters and associations show an exponential increase 
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in the star formation rate with time (Iben and Talbot 1966, Cohen and 

Kuhi 1979) but unfortunately there are problems of incompleteness in 

the data for low mass stars. The star formation rate derived for a 

young p Oph cluster is high. If this current rate were allowed to 

remain constant over time, then about 90% of the molecular gas in p 

Oph would be converted into stars after only 10 million years. This 

star-forming episode would fall far short of the 175 nuy„ over which 

the Pleiades molecular cloud formed stars. Therefore, if we are to 

favor the youth of the p Oph cluster and a star-forming episode of the 

duration which is seen in the Pleiades, then we must demand that the 

star formation rate decrease with time. For example, it is possible 

that the current high rate of star formation in pOph represents an 

initial, efficient burst of star formation which will eventually 

settle down to a more modest rate which would not deplete the 

molecular cloud in 10^ yr. 

An interesting consequence of a young p Oph cluster would be 

that its origin could possibly be linked to the formation of the Upper 

Scorpius subgroup. The dissipation of a giant molecular cloud by OB 

star formation can occur in about ten million years once OB stars 

begin to form. This dissipation would result in the dispersal of 

smaller molecular cloud fragments as well as the sweeping up of 

neutral material by ionization fronts (e.g., Whitworth 1979, Elmegreen 

1979). It appears conceivable that one of these fragments could 

achieve sufficient mass to become self-gravitating and begin its own 

episode of star formation. In another scenario, we could imagine that 

star formation in p Oph was initiated by the uninterrupted 
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continuation and possibly last episode of sequential star formation in 

the Sco-Cen OB association, a process which began at least 14 million 

years ago in the vicinity of the IC 2602 open cluster. If this were 

the case, then the final stage of sequential star formation in Sco-Cen 

would be an open cluster rather than an OB subgroup. 



CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 

1 ̂  
Realizing the major role of iJC0 self-absorption in concealing 

the true mass, mass distribution, and visual extinction in the central 

regions of the p Oph cloud, we have undertaken a new combined 

millimeter-wave and near-infrared study aimed at a better 

understanding of the star formation process within the cloud. High 

18 
spatial resolution observations of optically thin CO emission in p 

Oph have given us our first look at the distribution of molecular gas 

(and on an arcminute scale) and have proven to be the best molecular 

1 8 
tracer of the most visually opaque regions of the cloud. The C O 

emission is strongest in a 1 pc x 2 pc area, which we refer to as the 

core region, and implies that there are visual extinctions which 

1 ft 
exceed 50 mag over much of this area. The C °0 observations have 

allowed us to directly determine the mass of the core region (550 M0) 

and to estimate the maximum mass for the entire cloud (1000 MQ) 

without having to rely upon assumptions for the density structure of 

the gas. 

A sensitive 2 pm survey of the most extensive area of high 

1 ̂  
visual extinction, which is also the region of AJC0 self-absorption, 

has revealed twenty objects (sixteen of them are new). Using infrared 

photometry and various criteria for membership, we have determined 

that all of these objects are associated with the cloud and that this 

130 
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area is not as devoid of embedded sources as had been previously 

thought. Combining these objects with those from previous surveys has 

enabled us to compile a list of 44 objects associated with thep Oph 

cloud. These 44 sources are distributed uniformly across the core 

region however there is a concentration of brighter 2 ym objects in 

the north. 

How we characterize the energy balance and star formation in 

the p Oph cloud from our observations depends critically upon our 

interpretation of the nature of the embedded sources. If the 44 

objects lie on the ZAMS, then we have 6 x 10^ L0 available to the heat 

surrounding dust from a population of B0-G5 stars embedded in the 

outer 50 mag of the cloud. However, the observed absence of far-

infrared emission and warm dust suggests that, with the exception of 

three ZAMS B stars, the embedded objects are less luminous. The pre-

main sequence nature of the 41 associated members is not unreasonable 

in light of the fact that five of the stars have already been 

identified as T Tauri stars and that all of the remaining objects 

which have had 5-20 ym observations show evidence for circumstellar 

dust. Crude estimates for the bolometric luminosities of these 

objects are consistent with a population of low-mass stars approaching 

the main sequence with masses below 3.5 MQ and more typically 1 M0. 

This would imply that our infrared survey has only sampled the outer 

22 mag of the cloud. 

The cloud energetics in p Oph are most simply explained 

assuming an embedded population of ZAMS objects. Such a population 

could supply sufficient energy to heat the large columns of warm gas 



132 

through collisions with warm dust if the dust and gas were perfectly 

coupled (^dust=^gas^* high degree of coupling would require that 

the regions of high spatial density (n(H2)>10^ ci"^) which are 

observed in the core region coincide with the warm gas. 

Unfortunately, the absence of far-infrared emission casts 

doubt upon this simple picture of energy balance. There does not 

appear to be large enough columns of warm dust capable of heating the 

molecular gas and therefore the embedded population must be comprised 

of primarily low luminosity stars. Consequently, we have explored 

alternate mechanisms which might directly heat the molecular gas in p 

Oph but have little effect on the dust. Cosmic-ray heating would be 

tractable if, as hinted by gamma-ray observations, there could be a 

factor of 7-17 increase in the cosmic-ray ionization rate in p Oph 

relative to the value accepted for normal dark clouds. Shocks are an 

attractive heat source because of the similarities of the p Oph cloud 

properties to those predicted from models for shocked clouds and the 

proximity of the North Polar Spur supernova remnant. Shocks with 

velocities greater than 2-5 km/s would be capable of heating the 

molecular gas in p Oph. In response to the compression of the cloud, 

magnetic viscous heating could be effective in heating the gas if the 

magnetic fields in the core region lie in the range of 26-335 pG. 

Regardless of the assumptions for the nature of the embedded 

population, the p Oph cloud appears to be forming a bound open 

cluster. The high degree of central condensation of a large fraction 

of the total mass of the p Oph complex in a compact, high density core 

is more suggestive of the cloud properties predicted for cluster-
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forming clouds than the properties observed in association complexes. 

The molecular gas inpOph has low velocity dispersions suggesting 

that the star formation has thus far been dominated by low-mass stars 

(M < 9 MQ) and that no massive stars have yet emerged to disrupt the 

gas. The star formation efficiency has already been quite high in p 

Oph (>32-46%). If the cloud can continue to form stars then, for any 

estimate for the age of the cluster-forming gas, the cloud appears to 

be able to form a bound cluster (i.e., SFE > 50%). 

If the cluster members in the p Oph cloud lie on the ZAMS then 

estimates for the star-forming age could reach 50 million years. This 

would be in agreement with the survival of the cluster-forming gas in 

the Pleiades for 175 m.y. However, this age is not consistent with 

that suggested from comparisons with open clusters which have formed 

from similar molecular clouds or with the ages derived for the oldest 

p Oph T Tauri stars (3 m.y.). The resulting stellar mass spectrum 

would not resemble the initial mass function observed for open 

clusters but would have a lack of stars less massive than 3.5 MQ. 

A completely different picture of the pOph cluster develops 

if, except for three B stars, the members are pre-main sequence 

objects. The minimum star-forming age would be 0.6 m.y., but the 

stellar population could be consistent with the T Tauri age of 3 m.y. 

if the low-mass stars have formed sequentially in mass and hence 

coevally to within 3 m.y. Comparisons with open clusters of similar 

origin would place the p Oph cluster in the earliest stage of its 

evolution, in accord with the observed compactness, high stellar 

densities, and heavy obscuration of the cluster, and would suggest an 
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age of several million years. The stellar mass spectrum which would 

follow from this protostellar population would be deficient in late B 

stars when compared to the initial mass function derived for open 

clusters. This deficiency could be understood if either (1) the 

cluster stars formed in a single event 6 x 10^ yr. ago and we have 

misclassified several late B stars as lower-mass stars, or (2) the 

stars are forming sequentially in mass and only a small fraction of 

the B star population has been produced. One consequence of the high 

star formation rate in a young p Oph cluster would be that if this 

rate remains constant, then the lifetime of the molecular cloud would 

be much shorter «10^ yr.) than would be predicted for cluster-forming 

clouds. The youth of the p Oph cloud relative to the age of the Upper 

Scorpius OB subgroup may suggest that it is a fragment from the Sco-

Cen giant molecular cloud which has either become self-gravitating or 

is the continuation of the seqential star formation chain in the Sco-

Cen OB association. 

The conditional format of these conclusions emphasizes the 

need for additional observations to clarify the nature of the embedded 

sources. Large beam, multi-wavelength FIR observations of the core 

region should be performed to confirm the absence of extended luminous 

dust emission and the presence of cold dust. High resolution FIR 

observations coupled with the acquisition of higher sensitivity radio 

continuum data now available with the VLA could investigate the 

possible ZAMS nature of Obj. 5 and GS-23. Extensive 5-20 ym broadband 

photometry of the cluster members could be used to reveal those 

objects with circumstellar dust and, when combined with an estimate of 
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the foreground extinction, would allow more accurate determinations of 

their bolometric luminosities and the masses. 

Before we can disentangle the cloud energetics, we need a 

better understanding of the geometry of the warm and cold gas in the p 

Oph cloud and of the origin of self-absorbed ^CO emission lines. 

Observations of the J=2->1 transition of C*®0 and ^CO at selected 

positions in the core region, when combined with our previously 

obtained J=l-»0 data, would permit a more thorough investigation of the 

thermal structure of the core region. As a result, we could improve 

1 ft 
our estimates for the column densities of Clo0, cloud mass, and visual 

extinctions and could confirm the large column densities of warm gas 

which were crucial in eliminating warm dust as a potential heating 

source for the gas. 

The detailed study of open clusters with associated dark cloud 

material would help us to expand our meager knowledge of the formation 

of open clusters and how they evolve within their dark cloud material. 

Because of it similarities to thepOph molecular cloud, the IC 5146 

open cluster and cloud could be subjected to a similar investigation. 

Using optically-thin millimeter wave observations to determine the 

cloud mass and visual extinction, and near-infrared techniques to 

establish the embedded population, we could derive parameters such as 

the star formation rate and efficiency. Since the age of the cluster 

has been determined from its visible population, we could compare how 

these parameters have evolved over time relative to the p Oph cluster. 



APPENDIX A 

CALCULATION OF C180 COLUMN DENSITIES 

Under the assumption of local thermodynamic equilibrium, the 

1 A 
CO column density can be calculated using the brightness temperature 

1 ft 
and the full-width at half-maximum of the CiO0 lines and their 

i n 
corresponding CO brightness temperatures (refer to eqn. 1 in text). 

The LTE assumption permits the use of a constant excitation 

temperature, Tx = Tg*^ (refer to eqn. 5 in text), for the excitation 

of all CO isotopes in the J=l-*0 transition along the line of sight. 

18 
It will also be assumed that all rotational levels of C 0 share this 

common excitation temperature. 

In general, the column density of particles is obtained from 

their mean optical depth x , calculated for the appropriate two level 

process which forms the observed line. This mean optical depth is 

related to the optical depth along the line profile, x (x), by: 

x (x) = x <f> (x) (15) 

where x is the line frequency in Doppler widths and <J>(x) is the line 

profile normalized such that x (0)=x. The mean optical depth along a 

line of sight 1 for a transition from an upper state j to a lower 

state i is defined by: 

x- J  HI ) dl = (hvij/4u)y[ni(l)Bij - n..(l)B^ ]dl (16) 

136 
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where n is the density of particles, and and are the Einstein 

rate coefficients for induced absorption and emission, respectively. 

These rate coefficients are related to the spontaneous emission 

coefficient by the following: 

Aji " «i"'ij3/=2)BJ1 ; sAj * gjBji (17) 

where the g's are the statistical weights. Under LTE, the relative 

density of particles in the upper and lower states is represented by 

the Boltzmann equation: 

n^/nj = gj/gi exp(-hv ij/kV . (18) 

Substituting (17) and (18) into (16) we can express T in terms of the 

column density of particles in the lower state: /£ 
ni(l)dl . (19) 

For rotational transitions in molecules, the density of 

molecules in the lower rotational state is related to the density of 

molecules in all rotational states by the rotational partition 

function Qr« Assuming a constant excitation temperature for all 

levels: 

ni/ntot = <2i+1> exp[-hBi(i+l)/kTx]/Qr (20) 

where B is the rotational constant given by v/[2(J+l)] and v is the 

frequency corresponding to the (J+l) to J state. Qr is given by a sum 

over all rotational states m: 
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Q_ =• Z (2m+l) exp[-hBm(m+l)/kT ] . (21) 
r m=o 

When the argument hB/kTx is small, Qr can be approximated by an 

integral (Townes and Schawlow 1955) yielding: 

Qr - kTx/hB . (22) 

For the J=(l-K>) transition of C180, i=J=0 and eqn. 20 reduces 

to: 

ntot = n0 ̂  (23) 

and eqn. 22 becomes 

Qr - 2kTx/hv10 (24) 

where VJQ is the frequency of the transition (109.78218 GHz). More 

accurate determinations of Qr can be formed by summing the terms in 

eqn. 21 for an assumed Tx until the higher rotational levels no longer 

contribute significantly to the sum. The resulting Qr can be 

expressed in terms of its deviation from the value obtained for small 

arguments (eqn.24): 

Qr = (2k/hv10) (Tx +A ) (25) 

where A =0.89 for T =30 K. By using the above equation, the rotational 

partition function can be obtained for any excitation temperature of 

interest without resumming the terms in eqn. 21. 

An estimate of the C^O column density, NQLTE, is derived by 

substituting (23) and (25) into eqn. 19: 
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£ 
Qtotdl = (8irv10

2/c2)(T/A10)(g0/g1)(2k/h\> 1Q) 

• (Tx+0.89)[l-exp(-hv10/kTx)]_1 . (26) 

The values for A10 and gg/gi are easily calculated: 

A10 = (64/9)7r4v1Q3p2/hc2 and g()/gi = */3 (27) 

where y is the dipole moment. Hence, from (26) and (27) 

N0LTE18= (3k/4Tr3v10p2)(Tc/v10)(Tx+0.89)[l-exp(-hv10/kTx)]-1 . (28) 

1 ft 
However, NQJ^E is not the total column density over the line 

because T only represents a mean optical depth and not the optical 

18 
depth over the entire line. Since T =T(0), one could think of 

18 
as representing the total column density of C 0 gas at a single 

velocity appropriate to the line center. In order to obtain the 

contribution of column density at all velocities of the line, it is 

necessary to use the optical depth integrated over the line profile: 

f T (x)dx =T f <j>(x)dx . (29) 

line line 

For a Doppler profile, <|> (x)dx ̂  Av where Av is the full frequency 

width at half-maximum of the line and is related to the velocity width 

Av by 

Av • v 1Q A v/c . 

Substituting this into (29) and recalling that T is by definition 

equal to the line center optical depth TQ 

NOLTE 1 8  =  /  
J o  
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I  T(x)dx = TQ AV V iq / c  •  
•'line 

Therefore, by weighting both sides of eqn. 28 by the line profile and 

18 
integrating over the line we derive the total C O column density over 

— 19 
the entire line. After evaluating all constants with y = 1»12 x 10 

esu and for Av in km/s one obtains eqn.l in the text: 

NLTE18 = 2'42 x 101 A ( T0Av)(Tx+0.89)[l-exp(5.27/Tx)]-1 . 
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