HERBIG Ae/Be STARS: AN INVESTIGATION OF MOLECULAR

ENVIRONMENTS AND ASSOCIATED STELLAR POPULATIONS

A Dissertation Presented

by

Lynne A. Hillenbrand

Submitted to the Graduate School of the

University of Massachusetts Amherst in partial ful�llment

of the requirements for the degree of

Doctor of Philosophy

February 1995

Department of Physics and Astronomy c Copyright Lynne A. Hillenbrand 1995

All Rights Reserved

HERBIG Ae/Be STARS: AN INVESTIGATION OF MOLECULAR

ENVIRONMENTS AND ASSOCIATED STELLAR POPULATIONS

A Dissertation Presented

by

Lynne A. Hillenbrand

Approved as to style and content by:

Stephen E. Strom, Chair

Suzan Edwards, Member

Michael F. Skrutskie, Member

Ronald L. Snell, Member

Frederick W. Byron, Jr., Outside Member

John F. Dubach, Department Head

Department of Physics and Astronomy

Acknowledgements

Unfortunately, by tradition this is usually the shortest section of such a docu-

ment. Being a traditional sort only on the surface, however, i suspect this precedent

may not hold true in my case { so be prepared!

There are three folks without whose in uence over the past several years (both

intended and unintended), i would have evolved very di�erently. I owe each of them a

proper chapter’s worth (at least) of unexpressed thoughts, and of course my deepest

thanks for their friendship. Steve Strom prompted me to re-investigate many of the

ideas and carry out many of the pro jects which he and others initiated in various

forms decades ago. This was accomplished, in part, by piling my desk with old,

musty �le folders containing hand drawn graphs, pencilled notes on index cards,

photographic prints, and spectrogram traces. Despite our sometimes vehement

disagreements between impressions derived from data viewed through his \one-sigma

eyes" vs my \three-sigma eyes," he did impart to me that neither is more powerful

than belief in a result. Suzan Edwards encouraged my habit of not following paths,

even though she herself was often my only path. Particularly during the admittedly

far - too - hurried assembly of this document, her guidance was invaluable, \kerutial"

in fact. Michael Meyer gracefully o�ered scienti�c explanations when needed, as well

as wonderfully encompassing myths about how great all of this was { usually just

when i really didn’t want to hear it. He also brought some needed integrity to

the infrared data acquisition, and developed and coded \the method" for deriving

masses for embedded stellar populations.

Others whose in uence also went beyond science have my particular gratitude

as well. Lee Hartmann was kind enough to engage with me in many hours of reality-check discussions, and provided necessary, but always supportive, challenge

to my thinking. Nuria Calvet was a friend and, as the next occupier of my o�ce, at

some level ensured my on-time evacuation. George Herbig’s lifelong work has always

had my admiration, and its style and content were critically in uential; i only hope

that in my own contributions i have not trod too heavily upon his foundations.

Phil Massey was both friend and collaborator (although it isn’t my recollection that

these things occured simultaneously), one of which led to his �rst introducing me

to the voodoo and art of accurate spectral classi�cation.

I was fortunate to have had access to computing, library, and other facilities

provided to me for extended periods at remote institutions during the course of my

UMass graduate career. In particular, i thank Pat Cassen and David Hollenbach

at NASA-Ames, Sidney Wol� at NOAO, Lee Hartmann and John Raymond at the

CfA, Suzan Edwards at Smith, and Frank Shu at U.C. Berkeley, for such provisions.

Thanks also to Annelia Sargent for passing a good word to the Royal Astronomical

Society on my behalf { which got me at least inside the gate and library in London,

although not quite onto a computer.

Mike Skrutskie’s design and engineering expertise with the NICMASS camera,

and his arrangement of the UMass - MDMO cooperative agreement is gratefully

acknowledged, as is his participation during the initial infrared imaging reconnais-

saince of Ae/Be stars in Mexico { particularly of the MWC 1080 and BD+40 4124

regions. Mike Merrill and Ian Gatley provided the SQIID images of NGC 7129 used

in this analysis, and my introduction to infrared imaging and reduction. Sidney

Wol� sponsored my initial trips to NOAO to work on the analysis of SQIID data,

and i acknowledge one particular lunch meeting during which she mediated some

of my general cynacism. Karen Strom obtained preliminary images with the SQIID

camera of several of the regions in this survey, and some of the spectra in the

LkH� 215 region and of the red spectral standards. John Stau�er, Jim Liebert, and

John Huchra each contributed some small amount of MMT time to obtaining spectra

for this pro ject. Scott Kenyon pointed me in the right direction on quantitative

spectral classi�cation. Ron Snell educated me on issues relevant to the molecular

work.

Louma Ghandour conducted the analysis of the Ae/Be spectral types, rotational

velocities, and surface gravities; Louma also o�ered friendship and critical reminders

to me on forgettable things like food and sleep. Lori Allen provided electronic access

to her red spectral standards in advance of publication, as well as commiseration

on the way up the learning curve of stellar classi�cation. John Carpenter provided

advice on FCRAO data acquisition, reduction, and presentation, as well as several

very useful programs and IRAF scripts; John also kindly took part in electronic

discussions of young cluster and initial mass function issues after everyone on the

east coast had gone to bed. Ted Bergin also helped with the FCRAO data acquistion.

Chigurupati Murali engaged in \dynamical discussions", but of course as a theorist

always wanted more information than i had as an observer.

Finally, i thank Professors Strom and Edwards for allowing me to impose upon

them a later-than-eleventh-hour reading of the manuscript.

To al l these contagious spirits, i hope my sincere a�ections have shown through

the often surface-level formality.

Abstract

HERBIG Ae/Be STARS: AN INVESTIGATION OF MOLECULAR

ENVIRONMENTS AND ASSOCIATED STELLAR POPULATIONS

February 1995

Lynne A. Hillenbrand, A.B., Princeton University

Ph.D., University of Massachusetts, Amherst

Directed by: Professor Stephen E. Strom

We have carried out a molecular mapping, optical and infrared imaging, and

stellar-classi�cation spectroscopic survey of star-forming sites containing young (� <

1 Myr) intermediate- and high-mass (M > 3M � ) stars. Our target sample is drawn

from the set of pre-main sequence Herbig Ae/Be stars with spectral types earlier than

B7, and focusses on those which are isolated from large complexes of extensive star-

formation. Our aim is to quantify the local environmental characteristics (molecular

and stellar clustering) of regions in which high-mass stars are being produced, in

order to compare these properties with those of regions in which only low-mass stars

are being produced.

In the current analysis, we �rst investigate the general attributes of the small

clouds within which our sample of massive Ae/Be stars is found. We then de�ne

an appropriate size scale (1/3 pc � 1/3 pc in area) over which to investigate stellar

clustering properties, and identify small (a few to tens in number), dense (several

hundred to several thousand stars per cubic parsec), partially - obscured stellar

aggregates pro jected onto the same molecular cores as are our sample of Ae/Be

stars. We �nd an apparent correlation between cluster density and the mass of the

de�ning Ae/Be star. We then present evidence based on the observation of infrared

and spectroscopic circumstellar activity signatures usually indicative of stellar youth,

as well as on the actual location of the members of several of these groups in the HR diagram, that indeed the companions to young massive Ae/Be stars are also young

pre-main sequence stars, of lower mass. Given the signi�cant amount of ambient

molecular material and the apparent youthfulness of the stellar populations, any

and all ob jects found near the cores are likely not to have wandered far from their

birthplaces. Thus, our survey enables us to carry out a complete census of stars

formed relatively contemporaneously with the high-mass \signpost."

Our particular goals then, are to determine 1) the initial stel lar mass spectrum in

spatially and temporally coherent (i.e., truly \initial") units which have given birth

to at least one high-mass star, as well as 2) the time sequence of star formation as

a function of stel lar mass, that is, whether stars of all masses are formed simul-

taneously in a dense stellar environment, or whether high-mass stars might form

signi�cantly before or after the initiation of low-mass star-formation. With these

goals, we explore techniques for investigating the distributions of stellar masses and

stellar ages in young groups, as well as the observational and theoretical limits of

these techniques.

Finally, in our discussion we address the issue of di�erences in local stellar

environment between star-forming regions producing high-mass stars and those

producing only low-mass stars. We pursue the hypothesis that if the Ae/Be stars

studied herein are representative of a stellar evolutionary phase through which all

young high-mass stars pass, and if their association with dense aggregates of stars is

typical, then these young stellar systems may provide important clues to the physical

processes associated with forming high-mass stars. We therefore urge the theoretical

consideration of star formation in dense groups (� 1000 stars pc �3 ) as an expansion

to the developing theory of protostellar collapse for individual high-mass stars.

Table of Contents

Page

Acknowledgements : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : iv

List Of Tables : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : xii

List Of Figures : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : xiii

Chapters

1. Introduction and Outline : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 1

1.1 Techniques for and Goals of Studying Young Stellar Populations : : 1

1.2 Re-Casting the Problem of \Initial" Mass Functions : : : : : : : : : 2

1.3 Sample Selection for this Investigation : : : : : : : : : : : : : : : : : 4

1.4 Procedures and Aims : : : : : : : : : : : : : : : : : : : : : : : : : : 9

1.5 Outline of Presentation : : : : : : : : : : : : : : : : : : : : : : : : : 11

2. The Molecular Survey : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 13

2.1 Observations and Data Reduction : : : : : : : : : : : : : : : : : : : 14

2.2 Analysis : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 15

2.2.1 Core Morphology from Column Density and Dense Gas Maps 15

2.2.2 Cloud Size and Mass Estimates : : : : : : : : : : : : : : : : : 23

2.2.3 Gas Kinematics from CO Line Pro�les : : : : : : : : : : : : : 25

2.3 Conclusions from the Molecular Survey : : : : : : : : : : : : : : : : 26

3. The Imaging Survey : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 28

3.1 Data Acquisition, Processing, and Reduction : : : : : : : : : : : : : 28

3.1.1 Optical Imaging and Photometry : : : : : : : : : : : : : : : : 28

3.1.2 Infrared Imaging and Photometry : : : : : : : : : : : : : : : 30

3.1.3 Astrometry : : : : : : : : : : : : : : : : : : : : : : : : : : : : 33

3.2 Survey Sensitivity to Pre-Main Sequence Stellar Populations : : : : 33

3.3 General Morphology of the Ae/Be Star Formation Sites : : : : : : : 41

3.4 Conclusions from the Imaging Survey : : : : : : : : : : : : : : : : : 43

4. The Optical Classification-Resolution Spectroscopic Survey : 44

4.1 Observations and Extraction of Stellar Spectra : : : : : : : : : : : : 45

4.2 Quantitative Spectral Classi�cation : : : : : : : : : : : : : : : : : : 46

4.3 Conclusions from the Spectroscopic Survey : : : : : : : : : : : : : : 49

5. Clusters Associated with Ae/Be Stars : : : : : : : : : : : : : : : : : : : : 52

5.1 De�nition of Size Scale for Investigation of Clustering Properties : : 52

5.2 K-band Images and Source Counts : : : : : : : : : : : : : : : : : : : 56

5.2.1 Survey Completeness : : : : : : : : : : : : : : : : : : : : : : 67

5.2.2 Survey Contamination : : : : : : : : : : : : : : : : : : : : : : 68

5.3 Pro jected Stellar Densities in the Vicinity of Ae/Be Stars : : : : : : 72

5.3.1 Comparison with Other Regions of Star Formation : : : : : : 72

5.3.2 Comparison with Other Isolated Massive Stars : : : : : : : : 74

5.3.3 Correlation of Cluster Density with Maximum Stellar Mass : 75

5.3.4 One Interpretation of the Correlation : : : : : : : : : : : : : 79

5.4 Conclusions and Discussion on Ae/Be Clustering Properties : : : : : 82

5.5 Plan for Remainder of Presentation : : : : : : : : : : : : : : : : : : 83

6. Stars with Circumstellar Disks and Envelopes : : : : : : : : : : : : : 85

6.1 Optically Visible Populations : : : : : : : : : : : : : : : : : : : : : : 85

6.2 Optically Invisible Populations : : : : : : : : : : : : : : : : : : : : : 86

6.3 Success Rate of Various Diagnostics of Circumstellar Material : : : : 90

6.4 Conclusions on the Presence of Circumstellar Material : : : : : : : : 91

7. A First Look at Stellar Populations: C-M Diagrams : : : : : : : : 93

7.1 Presentation of Color-Magnitude Data : : : : : : : : : : : : : : : : : 93

7.2 Methods for Estimating Interstellar Extinction : : : : : : : : : : : : 95

7.3 Turning Dereddened Photometry into Stellar Masses : : : : : : : : : 96

7.4 Preliminary Conclusions on Stellar Populations : : : : : : : : : : : : 98

8. Construction and Analysis of HR Diagrams : : : : : : : : : : : : : : : : 99

8.1 Placement of Young Stars in the log T ef f

- log (L / L � ) Plane : : : 99

8.2 Results for Selected Regions : : : : : : : : : : : : : : : : : : : : : : 102

8.2.1 The BD +40 � 4124 Group : : : : : : : : : : : : : : : : : : : 106

8.2.2 The Lk H� 215 Group : : : : : : : : : : : : : : : : : : : : : 106

8.2.3 The Lk H� 234 Group (NGC 7129) : : : : : : : : : : : : : : 107

8.2.4 Other Ae/Be Groups and Next Steps : : : : : : : : : : : : : 107

8.3 Understanding Pre-Main Sequence Evolution : : : : : : : : : : : : : 108

8.3.1 The Unaccounted-for E�ects of Ongoing Accretion : : : : : : 108

8.3.2 Comparison of Two Pre-Main Sequence Evolutionary Codes : 110

8.3.3 A Stellar \Birthline" in the HR Diagram? : : : : : : : : : : : 110

8.3.4 Suggested Tests of Evolutionary Tracks : : : : : : : : : : : : 119

8.4 Conclusions from HR Diagram Discussion : : : : : : : : : : : : : : : 120

9. Testing Universal Mass Functions : : : : : : : : : : : : : : : : : : : : : : : : 122

9.1 A Statistical Approach : : : : : : : : : : : : : : : : : : : : : : : : : 124

9.2 Results of Comparisons to the Miller-Scalo IMF : : : : : : : : : : : 127

9.3 Conclusions on Mass Spectra in Ae/Be Clusters : : : : : : : : : : : 132

10.Discussion : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 134

10.1 The Issue of Environment in the Star Formation Process : : : : : : : 134

10.2 The Ubiquity of High-Mass Star Formation in Groups? : : : : : : : 136

10.3 Theoretical Implications : : : : : : : : : : : : : : : : : : : : : : : : : 137

11.Summary and Future Investigations : : : : : : : : : : : : : : : : : : : : : : : 139

11.1 Summary of this Thesis Presentation : : : : : : : : : : : : : : : : : 139

11.2 Remaining Questions : : : : : : : : : : : : : : : : : : : : : : : : : : 142

Appendices

A. Background and Stellar Properties of Herbig Ae/Be Stars : : 144

A.1 Historical Information : : : : : : : : : : : : : : : : : : : : : : : : : : 144

A.2 Techniques for Determining Stellar Parameters : : : : : : : : : : : : 145

A.3 A New Spectroscopic Analysis : : : : : : : : : : : : : : : : : : : : : 147

A.4 Surface Gravities : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 148

B. Nearby Companions to Ae/Be Stars : : : : : : : : : : : : : : : : : : : : : : : 150

C. Ongoing Analysis in the Orion Nebula Cluster : : : : : : : : : : : : : 155

C.1 New Photometric and Spectroscopic Observations : : : : : : : : : : 155

C.2 The Sample : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 157

C.3 A Preliminary HR Diagram : : : : : : : : : : : : : : : : : : : : : : : 157

References : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 161

List of Tables

Table Page

1.1 Initial Sample of Group I and Group II Ae/Be Stars : : : : : : : : : : 8

2.1 Summary of Parameters Derived from Molecular Data : : : : : : : : 16

3.1 Mass Sensitivity Limits for Completeness to I C = 18.3 mag : : : : : : 36

3.2 Mass Sensitivity Limits for Completeness to K = 15.3 mag : : : : : : 37

4.1 Depth-of-Feature Analysis : : : : : : : : : : : : : : : : : : : : : : : : 50

5.1 Summary of Cluster Parameters at r < 0:167 pc : : : : : : : : : : : : 62

9.1 The Miller-Scalo Initial Mass Function : : : : : : : : : : : : : : : : : 126

9.2 Observed and Predicted Ratios of Intermediate- to Low-Mass Stars : 130

B.1 Infrared Companions within 10 Arcsec : : : : : : : : : : : : : : : : : 151

List of Figures

Figure Page

2.1 Molecular column density maps for 12 Ae/Be regions. : : : : : : : : : 18

2.2 Local interstellar/circumstellar extinction towards Ae/Be stars versus

beam-averaged molecular extinction : : : : : : : : : : : : : : : : : : : 24

3.1 Representative (with source distance) completeness limits for the

optical survey : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 39

3.2 Representative (with source distance) completeness limits for the

infrared surveys : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 40

5.1 The star-forming environment of the Ae/Be star BD +40 � 4124. : : : 54

5.2 K-band images uniformly covering 1/3pc � 1/3pc for 17 Ae/Be regions. 57

5.3 Histogram of relative infrared sensitivity between Ae/Be regions in

this survey : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 64

5.4 Histogram of census counts within 0.167 pc of Ae/Be stars. : : : : : : 66

5.5 General context of Ae/Be cluster densities. : : : : : : : : : : : : : : : 73

5.6 Stellar surface density versus maximum mass for clusters associated

with Ae/Be stars. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 77

6.1 (R C � I C ) � (H � K ) diagrams for the BD +40 � 4124, Lk H� 215,

MWC 1080, and NGC 7129 regions. : : : : : : : : : : : : : : : : : 87

6.2 (J � H ) � (H � K ) diagrams for the BD +40 � 4124, Lk H� 215,

MWC 1080, and NGC 7129 regions. : : : : : : : : : : : : : : : : : 88

7.1 J �(J �H ) diagrams for the BD +40 � 4124, Lk H� 215, MWC 1080,

and NGC 7129 regions. : : : : : : : : : : : : : : : : : : : : : : : : : 94

8.1 HR diagram for the BD +40 � 4124 region : : : : : : : : : : : : : : : 103

8.2 HR diagram for the Lk H� 215 region : : : : : : : : : : : : : : : : : : 104

8.3 HR diagram for the NGC 7129 region : : : : : : : : : : : : : : : : : 105

8.4 HR diagram for the inner 2 pc of Orion Nebula Cluster, 2:5 > M =M � 111

8.5 Direct comparison of stellar ages and masses derived from D’Antona

& Mazitelli (1994) and Swenson, et al. (1994) evolutionary codes : : : 112

8.6 Apparent correlation of stellar age with stellar mass, as derived from

existing evolutionary tracks : : : : : : : : : : : : : : : : : : : : : : : 113

8.7 HR diagram for the Orion Nebula Cluster, 40 > M =M � > 0:1 : : : : 115

9.1 Simulated predictions of the Miller-Scalo initial mass function for the

ratio of intermediate- to low-mass stars : : : : : : : : : : : : : : : : : 128

B.1 Infrared ux ratio versus separation for nearby companions : : : : : : 154