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Star formation processes originating from dense molecular clouds leave us a molecular

universe. How molecules probe the physical conditions at different star-forming stages and

how the physical environments control the formation of the chemical inventory becomes a key

question to pursue. In the past, the understanding of this problem is impeded by instrumental

limitations. With instruments advanced in sensitivity and spatial/spectral resolution, this thesis

investigates the molecular environment of different star-forming regions.

Half of this thesis (Chapter 2 and Appendix A) focuses on mapping cold dense molecular

gas in an external galaxy, IC 342, at 3 Mpc. The distribution of molecular gas was efficiently

mapped with a set of density-sensitive tracers with Argus. Argus is the first array receiver

functioning at 3 mm on the 100 m Green Bank Telescope (GBT) and provides a resolution of 6′′–

10′′. As this study was conducted in the early era of Argus’ deployment, valuable information on

the instrument’s behavior is learned. The resolved molecular maps characterize the fundamental



physical properties of the clouds including the volume density and the excitation conditions.

Comparisons with results from radiative transfer modeling with RADEX help to decrypt this

information. The high spatial resolution of Argus also provides an opportunity in inspecting a

scale-scatter breakdown of the gas density-star formation correlation in nearby galaxies and in

investigating the influence of a finer spatial resolution on the correlation.

The other half of the thesis (Chapters 3 and 4) studies the hot core, an embedded phase

during massive star formation, of a proto-binary system W3 IRS 5 at 2.2 kpc. Rovibrational

transitions of gaseous H2O, CO, and isotopologues of CO were detected with mid-IR absorption

spectroscopy. The high spectral resolution (R ∼50,000–80,000) not only separates each transi-

tion individually but also decomposes different kinematic components residing in the system

with a velocity resolution of a few km s−1. Physical substructures such as the foreground cloud,

high-speed “bullet”, and hot clumps in the disk surface are identified. Characterization of the

physical substructures is conducted via the rotation diagram analysis and curve-of-growth anal-

yses. The curve-of-growth analyses, under either a foreground slab model or a disk model, take

account of the optical depth effects and correct the derived column densities by up to two orders

of magnitude. The disk model specifically suggests a disk scenario with vertically-decreasing

temperature from mid-plane, which is intrinsically different from externally illuminated disks

in the low-mass protostellar systems that have hot surfaces. Connections between physical

substructures and chemical substructures were also established. Investigations on chemical

abundances along the line of sight reveal the elemental carbon and oxygen depletion problem.
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Preface

The research presented in this thesis has been either previously published or at advanced

stages for submission.

Chapter 2 is presented with minimal changes and is going to be submitted to the Astro-

physical Journal (ApJ) as “Argus/GBT Observations of Molecular Gas in the Inner Regions of

IC 342”. The authors are Jialu Li, Andrew I. Harris, Erik Rosolowsky, Amanda A. Kepley, David

Frayer, Alberto D. Bolatto, Adam K. Leroy, Jennifer Donovan Meyer, Sarah Church, Joshua Ott

Gundersen, Kieran Cleary, and other DEGAS team members.

Chapter 3 is presented with minimal changes since publication in ApJ as “High-Resolution

M-band Spectroscopy of CO towards the Massive Young Stellar Binary W3 IRS5” (Li et al., 2022).

The authors are Jialu Li, Adwin Boogert, Andrew G. Barr, and Alexander G. G. M. Tielens.

Chapter 4 is presented with minimal changes and has been submited to ApJ as “High-

resolution SOFIA/EXES Spectroscopy of Water Absorption Lines in the Massive Young Binary

W3 IRS 5”. The authors are Jialu Li, Adwin Boogert, Andrew G. Barr, Curtis DeWitt, Maisie

Rashman, David Neufeld, Nick Indriolo, Yvonne Pendleton, Edward Montiel, Matt Richter, J. E.

Chiar, and Alexander G. G. M. Tielens.
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Vogel, Rebecca Levy, Laura Lenkić, Liz Tarantino, Vicente Villanueva, Carrie Volpert, and Serena

Cronin, the group of people working on galaxies, listen to my short reports patiently. I believe

those stories were very confusing in the first couple of years. I specifically appreciate Alberto

for his interesting thoughts, insightful questions, and great suggestions on how to tell a story

in a better way.

I appreciate Yefei Yuan, Helmut Dannerbauer, Dimitra Rigopoulou, and Yu Gao for their

guidance and supports in my early stage of astronomy researches when I was an undergraduate

v



student. I want to thank Cole Miller, Drake Deming, Derek Richardson, Massimo Ricotti, Doug

Hamilton, and Richard Mushotzky for their wonderful classes in the first two years of graduate

school. Until today, I often find that I get a new understanding of those class materials.

I am also grateful to all the staff in the astronomy department, including but not limited

to Olivia Dent, Barbara Hansborough, Susan Lehr, Lauren Miles, Mona Susanto, Dorinda Kim-

brell, Eric McKenzie, Adrienne Newman, and Mary Ann Phillips, for running the administrative

things so smooth for us. I want to thank all the other researchers, Marc, Tracy, Kevin, Mark,

and graduate students, Drew, Tiara, Qian, Dana, Zeeve, Pradip, Amy, Ginny, Sara, Robyn, Kyle,

Carrie, Chongchong, Tomás, Milena, Charlotte, Alex, Ramsey, Erica, and many others that I met

over the years.

I am grateful to my friends, Thomas Rimlinger, Weizhe Liu, Peizhi Du, Yu Shi, and Yao

Wang from the department of astronomy and others, for their companionship with laughs.

Thomas has been more than a great officemate but a good friend who is always concerned

about my well beings. I always appreciate your warm hosting with Bernadette. Weizhe has

been the best sparring partner all these years, and I am glad that Peizhi usually stands by my

side. I appreciate the time with you two and Yu to look for food which may not always be good.

Thanks to my roommate Yao, expecting great cooking at home is something more guaranteed.

I want to thank friends I have known long before graduate school. Wenjun Zhao and

Ruoshui Wang, you two accompanied me through all big and small bumps with love and have

always supported me unconditionally. We were not born to be a family, but you are the dearest

sisters in my heart. I also want to thank Can Cui, Ziwei Zhao, Ruochen Wu, Jingyuan Chen,

Zhaoyu Wang. My friendship with Shanrong Wang, Mengdie Fan, and Jingyi Liu lasts more

than half of my life. I appreciate all of you who are always there when I need help.

vi



A special thanks to my husband Jiali Lu, who should have a position in the previous

paragraph. It was quite an amazing moment when I put all the pieces of our memories together

and, without any doubts, realized that I should share my future journey with you.

Finally, I thank my parents, Leping Bao and Jianwei Li. You are the most interesting

parents in the world, and I love you very, very much.

vii



Table of Contents

Preface ii

Dedication iii

Acknowledgements iv

Table of Contents viii

List of Tables xi

List of Figures xiii

List of Abbreviations xv

Chapter 1: Introduction 1
1.1 Star Formation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.1.1 Physical Scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.1.2 Chemical Scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.1.3 Main Questions the Thesis Focuses On . . . . . . . . . . . . . . . . . . . 12

1.2 Molecular Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
1.2.1 Molecular Spectra in the Regime of Infrared/Radio . . . . . . . . . . . . 17
1.2.2 Interpreting Molecular Lines . . . . . . . . . . . . . . . . . . . . . . . . . 20
1.2.3 Analysis Specialized for This Thesis . . . . . . . . . . . . . . . . . . . . . 26

1.3 Telescopes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
1.3.1 Argus/GBT at 3 mm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
1.3.2 iSHELL/IRTF and EXES/SOFIA at MIR . . . . . . . . . . . . . . . . . . . 32

1.4 Thesis Chapters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

Chapter 2: Argus/GBT Observations of Molecular Gas in the Inner Regions of IC 342 37
2.1 Chapter preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.3 Observations and Data Reduction . . . . . . . . . . . . . . . . . . . . . . . . . . 40
2.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

2.4.1 Spatial Distribution of the Molecular Gas . . . . . . . . . . . . . . . . . . 41
2.4.2 Line Intensity Ratios of Different Molecular Species in the Nuclear Bar . 46

2.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
2.5.1 I(HCN)/I(HCO+) As a Relative Abundance Tracer . . . . . . . . . . . . 49

viii



2.5.2 Breakdown of the HCN-IR Correlation at High Spatial Resolution . . . . 61
2.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

Chapter 3: High-resolution M -band Spectroscopy of CO toward the Massive Young
Stellar Binary W3 IRS 5 67

3.1 Chapter Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
3.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
3.3 Observations and Data Reduction . . . . . . . . . . . . . . . . . . . . . . . . . . 70
3.4 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

3.4.1 Preliminary Analysis: Optically Thin Slab Model under LTE . . . . . . . 73
3.4.2 Curve-of-growth Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 76

3.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
3.5.1 Optically Thin Slab Modeling . . . . . . . . . . . . . . . . . . . . . . . . 82
3.5.2 Two Curve-of-growth Analyses . . . . . . . . . . . . . . . . . . . . . . . 86
3.5.3 Properties of Individual Components . . . . . . . . . . . . . . . . . . . . 91

3.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
3.6.1 Known Structures of W3 IRS 5 . . . . . . . . . . . . . . . . . . . . . . . . 102
3.6.2 The Foreground Envelope: Gas and Ice . . . . . . . . . . . . . . . . . . . 103
3.6.3 The Foreground Bullets of MIR2 . . . . . . . . . . . . . . . . . . . . . . . 109
3.6.4 The Immediate Regions of MIR1 and MIR2 . . . . . . . . . . . . . . . . . 113
3.6.5 Comparison with Hot Core Tracers . . . . . . . . . . . . . . . . . . . . . 117

3.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

Chapter 4: High-resolution SOFIA/EXES Spectroscopy of Water Absorption in the Mas-
sive Young Binary W3 IRS 5 123

4.1 Chapter Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
4.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
4.3 Observations and Data Reduction . . . . . . . . . . . . . . . . . . . . . . . . . . 127
4.4 Data Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

4.4.1 Rotation Diagram Analysis and the Opacity Problem . . . . . . . . . . . 132
4.4.2 Curve-of-growth Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 136

4.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
4.5.1 Two Hot Components: H1 and H2 . . . . . . . . . . . . . . . . . . . . . . 140
4.5.2 Connecting the Absorbing Components in H2O and CO . . . . . . . . . 145

4.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
4.6.1 Hot Gaseous Water in W3 IRS 5 . . . . . . . . . . . . . . . . . . . . . . . 149
4.6.2 Other Foreground Gaseous Components . . . . . . . . . . . . . . . . . . 156
4.6.3 Chemical Abundances along the Line of Sight . . . . . . . . . . . . . . . 158

4.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

Chapter 5: Summary and Future Outlook 164
5.1 The Takeaway . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

5.1.1 Argus for Resolved Molecular Gas . . . . . . . . . . . . . . . . . . . . . . 164
5.1.2 MIR Absorption Spectroscopy and Massive Star Formation . . . . . . . . 166

5.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

ix



5.2.1 Argus in Its Commission . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
5.2.2 Disks in the Embedded Massive Protostellar Phase . . . . . . . . . . . . 169

Appendix A: Argus on the GBT 175
A.1 Mapping Strategy Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175

A.1.1 Influence from the Change of the Parallactic Angle . . . . . . . . . . . . 175
A.1.2 Image Distortion under Current Scanning Strategy . . . . . . . . . . . . 176

A.2 Registering Position Errors under Problematic Pointing . . . . . . . . . . . . . . 183

Appendix B: Appendix for Chapter 2 186
B.1 Solutions for a Specific Line Intensity Ratio . . . . . . . . . . . . . . . . . . . . . 186

Appendix C: Appendices for Chapter 3 188
C.1 Additional Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188
C.2 Supplementary Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188

Appendix D: Appendices for Chapter 4 216
D.1 Telluric Molecular Lines from 5.36 to 7.92 µm . . . . . . . . . . . . . . . . . . . 216
D.2 Data Reduction: Sirius vs. PSG models . . . . . . . . . . . . . . . . . . . . . . . . 217
D.3 The Hidden Component at −38 km s−1 . . . . . . . . . . . . . . . . . . . . . . . 218
D.4 Additional Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221
D.5 List of the Water Lines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221

Appendix E: Facilities and Software 238
E.1 Facilities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 238
E.2 Software . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 238

Bibliography 240

x



List of Tables

2.1 Summary of Observations Toward IC 342 . . . . . . . . . . . . . . . . . . . . . . 40
2.2 Physical Conditions of the Four Marked Regions in Figure 2.5 . . . . . . . . . . 53
2.3 Key Criteria for Identifying the Physically More Feasible Parameter Space in the

Bar Region of IC 342 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
2.4 The Average and the Scatter in log10(LIR/LHCN) In Different Spatial Scales . . . 64

3.1 Physical Conditions of Identified Components Derived From Rotation Diagram
Analyses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

3.2 Column Density Ratios Derived From Rotation Diagram Analysis . . . . . . . . 88
3.3 Results From the Slab Model, Using a Curve-Of-Growth Analysis . . . . . . . . 92
3.4 Results From the Disk Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
3.5 Values of σc Derived From the Curve-Of-Growth Analysis in the Disk Model . . 94
3.6 Parameters of the Toy Model for MIR1-W1′ . . . . . . . . . . . . . . . . . . . . . 94
3.7 Physical Conditions of Identified Components . . . . . . . . . . . . . . . . . . . 104
3.8 Keplerian Parameters of Hot Blobs on the Disk . . . . . . . . . . . . . . . . . . . 115

4.1 Observational Parameters with SOFIA/EXES . . . . . . . . . . . . . . . . . . . . 126
4.2 Physical Conditions of Decomposed Components . . . . . . . . . . . . . . . . . 141
4.3 Results of the Physical Component ‘H1’ Derived From Different ϵ And σv In the

Disk Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144
4.4 Comparing Water and CO Components . . . . . . . . . . . . . . . . . . . . . . . 146
4.5 Comparison of H2O Characteristics Derived From ISO-SWS and SOFIA/EXES

Observations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
4.6 Vibrational Excitation Temperatures . . . . . . . . . . . . . . . . . . . . . . . . . 153
4.7 The Repository of Elemental Carbon and Oxygen in the Cold Regions of Massive

Protostars . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

5.1 Detection of Keplerian Disks in MYSOs . . . . . . . . . . . . . . . . . . . . . . . 170

C.1 MIR1: 13CO Line Parameters of v = −43 km s−1 . . . . . . . . . . . . . . . . . . 190
C.2 MIR1: 13CO Line Parameters of v = −49 km s−1 . . . . . . . . . . . . . . . . . . 191
C.3 MIR1: 13CO Line Parameters of v = −40 km s−1, high J . . . . . . . . . . . . . 192
C.4 MIR1: 13CO Line Parameters of v = −51 km s−1, high J . . . . . . . . . . . . . 193
C.5 MIR1: C18O Line Parameters of v = −38 km s−1 . . . . . . . . . . . . . . . . . . 194
C.6 MIR1: C18O Line Parameters of v = −43 km s−1 . . . . . . . . . . . . . . . . . . 195
C.7 MIR1: C18O Line Parameters of v = −49 km s−1 . . . . . . . . . . . . . . . . . . 196
C.8 MIR1: C17O Line Parameters of v = −38 km s−1 . . . . . . . . . . . . . . . . . . 197
C.9 MIR1: C17O Line Parameters of v = −44 km s−1 . . . . . . . . . . . . . . . . . . 198

xi



C.10 MIR1: 12CO ν= 1–2 Line Parameters of v = −40 km s−1 . . . . . . . . . . . . . . 199
C.11 MIR1: 12CO ν= 1–2 Line Parameters of v = −54 km s−1 . . . . . . . . . . . . . . 200
C.12 MIR1: 12CO ν=0–1 Line Parameters of v = −40 km s−1, high J . . . . . . . . . . 201
C.13 MIR1: 12CO ν=0–1 Line Parameters of v = −50 km s−1, high J . . . . . . . . . . 202
C.14 MIR2: 13CO Line Parameters of v = −38 km s−1 (1 of 2) . . . . . . . . . . . . . 203
C.15 MIR2: 13CO Line Parameters of v = −38 km s−1 (2 of 2) . . . . . . . . . . . . . . 204
C.16 MIR2: 13CO Line Parameters of v = −46 km s−1 . . . . . . . . . . . . . . . . . . 205
C.17 MIR2: 13CO Line Parameters of v = −53 km s−1 . . . . . . . . . . . . . . . . . . 206
C.18 MIR2: C18O Line Parameters of v = −38 km s−1 . . . . . . . . . . . . . . . . . . 207
C.19 MIR2: C18O Line Parameters of v = −46 km s−1 . . . . . . . . . . . . . . . . . . 208
C.20 MIR2: C17O Line Parameters of v = −38 km s−1 . . . . . . . . . . . . . . . . . . 209
C.21 MIR2: C17O Line Parameters of v = −46 km s−1 . . . . . . . . . . . . . . . . . . 210
C.22 MIR2: 12CO ν=0–1 Line Parameters of v = −38 km s−1, high J . . . . . . . . . . 211
C.23 MIR2: 12CO ν=0–1 Line Parameters of v = −53 km s−1, high J . . . . . . . . . . 212
C.24 MIR2: 12CO ν= 1–2 Line Parameters of v = −38 km s−1 (1 of 2) . . . . . . . . . 213
C.25 MIR2: 12CO ν= 1–2 Line Parameters of v = −38 km s−1 (2 of 2) . . . . . . . . . 214
C.26 MIR1: 13CO Line Parameters of v = −38 km s−1 . . . . . . . . . . . . . . . . . . 215

D.1 Inputs for the PSG Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 217
D.2 Line Parameters of the −39.5 km s−1 Component in the ν2=1–0 Transition (1 of

6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223
D.3 Line Parameters of the −39.5 km s−1 Component in the ν2=1–0 Transition (2 of

6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 224
D.4 Line Parameters of the −39.5 km s−1 Component in the ν2=1–0 Transition (3 of

6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 225
D.5 Line Parameters of the −39.5 km s−1 Component in the ν2=1–0 Transition (4 of

6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 226
D.6 Line Parameters of the −39.5 km s−1 Component in the ν2=1–0 Transition (5 of

6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 227
D.7 Line Parameters of the −39.5 km s−1 Component in the ν2=1–0 Transition (6 of

6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 228
D.8 Line Parameters of the −54.5 km s−1 Component in the ν2=1–0 Transition (1 of 3) 229
D.9 Line Parameters of the −54.5 km s−1 Component in the ν2=1–0 Transition (2 of

3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 230
D.10 Line Parameters of the −54.5 km s−1 Component in the ν2=1–0 Transition (3 of

3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 231
D.11 Line Parameters of the −45 km s−1 Component in the ν2=1–0 Transition . . . . 232
D.12 Line Parameters of the −39.5 km s−1 Component in the ν2=2–1 Transition (1 of 3) 233
D.13 Line Parameters of the −39.5 km s−1 Component in the ν2=2–1 Transition (2 of 3) 234
D.14 Line Parameters of the −39.5 km s−1 Component in the ν2=2–1 Transition (3 of 3) 235
D.15 Line Parameters of the −54.5 km s−1 Component in the ν2=2–1 Transition (1 of

2) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 236
D.16 Line Parameters of the −54.5 km s−1 Component in the ν2=2–1 Transition (2 of

2) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 237

xii



List of Figures

1.1 Lifecycle of Gas and Dust in Interstellar Space . . . . . . . . . . . . . . . . . . . 2
1.2 Three Evolutionary Phases of Massive Star Formation . . . . . . . . . . . . . . . 5
1.3 Different Evolutionary Stages of Low-Mass and High-Mass Stars . . . . . . . . . 6
1.4 The Evolution of Material From the Prestellar Stellar Stage to a Protoplanetary

Disk . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.5 The Global LIR − LHCN Correlation . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.6 Illustration of Absorption Line Observations . . . . . . . . . . . . . . . . . . . . 16
1.7 Rovibrational Transitions and Spectrum . . . . . . . . . . . . . . . . . . . . . . . 19
1.8 An iSHELL Spectrum Toward the Protostar Reipurth 50 . . . . . . . . . . . . . . 20
1.9 Illustration of Two Curve-of-growth Analyses . . . . . . . . . . . . . . . . . . . 25
1.10 Critical Densities for Different Molecular Transitions . . . . . . . . . . . . . . . 27
1.11 The 100 m GBT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
1.12 Argus and Its Footprint . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
1.13 Earth’s Atmospheric Transmission in MIR . . . . . . . . . . . . . . . . . . . . . 33
1.14 The SOFIA Observatory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.1 The Argus 12CO Map of IC 342 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
2.2 The Argus 12CO, 13CO, HCN, and HCO+ Maps of IC 342 . . . . . . . . . . . . . . 44
2.3 Argus Spectra at Selected Areas . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
2.4 Comparison of the Integrated Intensities of Different Transitions . . . . . . . . . 45
2.5 RADEX’s Results in Modelling The HCN to HCO+ Ratio . . . . . . . . . . . . . 51
2.6 Contours Represent r10/43 Of HCN Over the Grid (N , T ) For log10N(H2)/dv =

22.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
2.7 The Available Parameter Space Corresponding to the Intensity Ratio of HCN to

HCO+ of 0.8, 1.4, and 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
2.8 Breakdown of the HCN-IR Correlation at High Spatial Resolution . . . . . . . . 63

3.1 Selected 12CO, 13CO, and C18O ν= 0–1 and 12CO ν= 1–2 Absorption Lines Ob-
served Toward MIR1 and MIR2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

3.2 Comparison With the Two Curve-Of-Growth Analyses . . . . . . . . . . . . . . 81
3.3 Rotation Diagrams of a Selected Group of Components . . . . . . . . . . . . . . 83
3.4 Identified Kinematic Components of MIR1 and MIR2 . . . . . . . . . . . . . . . . 85
3.5 Curve-Of-Growth Analysis: The Slab Model . . . . . . . . . . . . . . . . . . . . 89
3.6 Curve-Of-Growth Analysis: The Disk Model . . . . . . . . . . . . . . . . . . . . 90
3.7 Examples of Modeled Spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
3.8 The Potential Emission Component . . . . . . . . . . . . . . . . . . . . . . . . . 99
3.9 Schematic View of the Potential Environment of W3 IRS 5. . . . . . . . . . . . . 105

xiii



3.10 Ice Features in the IRTF-Spex Spectra . . . . . . . . . . . . . . . . . . . . . . . . 106
3.11 IRTF-SpeX Spectra Fitted by the Black Body Model . . . . . . . . . . . . . . . . 107

4.1 Slit Coverage by EXES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
4.2 Selected Water Transitions Toward W3 IRS 5 . . . . . . . . . . . . . . . . . . . . 130
4.3 Rotation Diagrams of Water Transitions . . . . . . . . . . . . . . . . . . . . . . . 134
4.4 Selected Water Absorption Lines and the Opacity Effects . . . . . . . . . . . . . 135
4.5 Curve-Of-Growth Analysis for the Slab and Disk Models. . . . . . . . . . . . . . 143
4.6 Comparison Between Averaged H2O and CO Components . . . . . . . . . . . . 145

5.1 Chemical Network of the Main Reactions With High Activation Energies to Pro-
duce HCN, C2H2, CH4, and NH3. . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

5.2 Comparison of SOFIA/EXES and ISO − SWS Spectra . . . . . . . . . . . . . . 173

A.1 p(H) and p(H+70) - p(H) at Different Hour Angles . . . . . . . . . . . . . . . . . 177
A.2 Difference of dp in 70 Seconds . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179
A.3 Mapping Commands Used in Actual Observations . . . . . . . . . . . . . . . . . 180
A.4 Modeled Scanning Footprints . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
A.5 Modeled Mapping Results with Different Times of Scanning . . . . . . . . . . . 182
A.6 Distorted Nucleus Region of IC 342 Mapped in HCN(1–0) . . . . . . . . . . . . . 183
A.7 Cross-Correlation Between Sessions That Are Influenced by the Strong Wind . . 184
A.8 Cross-Correlation Between the BIMA-SONG Map of IC 342 and the Argus Map . 185

B.1 RADEX Resuls in Detail . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187

C.1 Supplementary Rotation Diagrams of Absorbing Components . . . . . . . . . . 189

D.1 Important Atmospheric Telluric Lines From 5.36 to 7.92 µm . . . . . . . . . . . 216
D.2 Comparison Between the Equivalent Width Estimated by Taking the Standard

Sirius Spectra vs. By Adopting the Psg Models . . . . . . . . . . . . . . . . . . . 218
D.3 Accumulative Average Spectra From 100 to 1000 K . . . . . . . . . . . . . . . . . 219
D.4 Two Different Gaussian Fitting Results for the Spectrum Averaged Below 200 K 220
D.5 Expected Cold Line Profiles of Water and the Correspondent Curve-Of-Growth

Based on Parameters Constrained in CO Observations . . . . . . . . . . . . . . . 221
D.6 Curve-Of-Growth Analyses for the ‘H2’ . . . . . . . . . . . . . . . . . . . . . . . 222

xiv



List of Abbreviations

ALMA Atacama Large Millimeter/submillimeter Array

BIMA Berkeley Illinois Maryland Association
BIMA-SONG The BIMA Survey of Nearby Galaxies

COM Complex Organic Molecule
CRIRES Cryogenic Infrared Echelle Spectrograph
CSA Canadian Space Agency

DEGAS Dense Extragalactic GBT+Argus Survey
DSHARP The Disk Substructures at High Angular Resolution Project

ESA European Space Agency
EXES Echelon-Cross-Echelle Spectrograph

FWHM Full Width at Half Maximum

GBT the 100 m Robert C. Byrd Green Bank Radio Telescope

HCHII Hypercompact-HII Region
HMC Hot Molecular Core
HMPO High-Mass Protostellar Object
HMSC High-Mass Starless Core

IRDC Infrared Dark Cloud
IRTF The Infrared Telescope Facility
ISM Interstellar Medium

JCMT James Clerk Maxwell Telescope
JWST James Webb Space Telescope

LAMBDA Leiden Atomic and Molecular Database
LIGs Luminous Infrared Galaxies
LTE Local Thermodynamic Equilibrium

xv



MIR Mid-Infrared
MMIC Millimeter-wave Integrated Circuit
NASA The National Aeronautics and Space Administration
NIR Near-Infrared
NIRCAM Near Infrared Camera
NRAO National Radio Astronomy Observatory

OTF On-The-Fly

PdBI Plateau de Bure Interferometer
PDR Photodissociation Region
PSG Planetary Spectrum Generator

SOFIA Stratospheric Observatory for Infrared Astronomy
STScI Space Telescope Science Institute

UCHII Ultracompact-HII Region
UDO the Unidentified Depleted Oxygen
ULIRGs Ultraluminous Infrared Galaxies
UV Ultraviolet

VLT the Very Large Telescope

ZAMS Zero Age Main Sequence

xvi



Chapter 1: Introduction

Simple elements, including C, N, O, and H, come together to form life on the Earth. In

the prebiotic era, these elements were locked up in volatiles such as H2O, NH3, CH4, CO, CO2,

H2CO, and CH3OH. These species were delivered to the Earth in molecular form via a variety

of physical processes, including the assemblage of rocky planets from asteroidal bodies (Jo-

hansen et al., 2014; Raymond et al., 2014), accretion of pebbles drifting in from the outer solar

system (Lambrechts & Johansen, 2012; Ormel & Klahr, 2010), and delivery by comets during

the late heavy bombardment (Chyba et al., 1990). Therefore, the organic inventory of the Earth

reflects the chemical heritage from a wide range of conditions in the solar system.

Such a chemical heritage can be further traced back to star formation processes originat-

ing from dense molecular clouds (Figure 1.1), although as far as we know, not all star-forming

systems are fortunate enough to end up with an Earth. As physical and chemical evolutions pro-

ceed hand in hand during star formation, understanding the interplay between these evoltions

becomes a key question of astrophysics and astrochemistry: How do the molecules probe the

physical conditions at different star-forming stages and help to understand the temporal evo-

lutionary scenario, and how do the physical environments control the formation of the organic

inventory?

Progress in answering the question above is driven by new observational data. On the
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Figure 1.1: Lifecycle of gas and dust in interstellar space. Characteristic molecules at each of
the star- and planet formation and stellar death stages are indicated. Figure adapted from van
Dishoeck (2018). Image by Bill Saxton (NRAO/AUI/NSF) and molecule pictures from the As-
trochymist.

one hand, although Sir Arthur Eddington pointed out some 100 years ago that “it is difficult

to admit the existence of molecules in interstellar space because when once a molecule be-

comes dissociated there seems no chance of the atoms joining up again” (Eddington, 1926), as

of late May 2022, about 270 molecules1 (ignoring the isotopologues) have been identified in

the interstellar medium (ISM). On the other hand, our view has also expanded to a variety of

physical scales with a deeper understanding. On galactic scales, the distribution of molecular

gas was extensively observed through measurements of the CO J =1–0 transition, with which

debates on the large-scale distribution of H2 in the Galaxy and molecular cloud lifetimes are
1https://cdms.astro.uni-koeln.de/classic/molecules
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resolved (Heyer & Dame, 2015). Of the large-scale molecular gas, the closer and denser cold

dark clouds are characterized as filamentary supersonic structures (tens to hundreds of parsec)

and starless subsonic cores (∼0.1 pc) by millimeter/submillimeter lines from species such as CO,

CS, and N2H+ (Bergin & Tafalla, 2007). As the scale decreases to the size of a singular forming

star, nowadays, the Atacama Large Millimeter/submillimeter Array (ALMA) is able to resolve

substructures of protoplanetary disks in the CO J =2–1 transition with a spatial resolution as

small as 5 au (e.g. the DSHARP survey, Andrews et al., 2018).

This thesis focuses on characterizing molecular clouds from galactic (kpc) scales down to

proto-stellar (thousands of au) scales. Specifically, we study in Chapter 2 cold, dense molecular

clouds that are resolved to hundreds of parsec in an external galaxy. The breakdown of degen-

erated physical conditions of dense molecular clouds at high spatial resolution is explored. We

use high-spectral resolution spectroscopy to investigate in Chapters 3 and 4 the hot cores of

several thousands of au dimensions in a massive protostellar system. Highly embedded cloud

structures are decomposed with a velocity resolution of a few km s−1. Multiple physical sub-

structures, such as foreground shells, outflows, and the disks therein, were identified, and their

connections with different chemical substructures were established.

The aim of this introductory chapter is to frame the current knowledge of star formation

processes and the basics of molecular spectroscopy for the reader (§ 1.1 and § 1.2). Readers who

feel familiar with the contexts may directly refer to § 1.1.3 and § 1.2.3, as these sections address

the main scientific questions asked by this thesis and emphasize specific concerns in analyzing

these questions. § 1.3 introduces the main observational instruments used in this thesis, and

§ 1.4 lists, with details, the contents of the remaining chapters.
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1.1 Star Formation

1.1.1 Physical Scenario

The birth of a star, or, more specifically, the mass of a star at its birth, determines much

of how the star lives through its life. Low-mass stars (M ≲ M⊙) are much more numerous,

lock up most of the stellar mass in the Galaxy, and live long and rather peacefully. High-mass

(M > 8M⊙) stars, while only making up less than 1% of the stellar population in the Milky

Way, consume fuel quickly, and strongly reshape the surrounding environment through their

intense ultraviolet (UV) radiation, energetic stellar winds, and violent explosions in the end.

The cumulative effects of this feedback regulate the immediate interstellar medium (ISM), and

ultimately govern the evolution of the host galaxies of the massive stars (Kennicutt, 2005).

1.1.1.1 Star-Forming Environment: Molecular Clouds

For either low- or high-mass stars, it is generally accepted that their formation starts

from the gravitational collapse of gas (Shu, 1977) inside cold, dense molecular clouds (Bergin

& Tafalla, 2007; Heyer & Dame, 2015), which are presented under Spitzer’s view in Figure 1.2.

Molecular clouds are cold (10–30 K), self-gravitating objects in which molecular material H2

is the dominant constituent. Molecular clouds show complex, filamentary structures that are

partly hierarchical, and the gravity of molecular clouds is counterbalanced by thermal pressure,

magnetic fields, and turbulence. The cloud size spans across 2–20 pc, the mean density (of H2)

is from 102–103 cm−3, and the mass ranges from 102–106 M⊙ (Bergin & Tafalla, 2007; Klessen,

2011).
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Figure 1.2: This series of images show three evolutionary phases of massive star formation, as
pictured in infrared images from NASA’s Spitzer Space Telescope. The stars start out in thick
cocoons of dust (left), evolve into hotter features dubbed “yellowballs” (center), and finally blow
out cavities in the surrounding dust and gas, resulting in green-rimmed bubbles with red centers
(right). In this image, infrared light of 3.6 microns is blue; 8-micron light is green; and 24-micron
light is red. Credits: NASA/JPL-Caltech.

Stars form by the gravitational collapse of dense molecular gas under the density fluctu-

ation generated by supersonic turbulence. As gas clumps become gravitationally unstable, the

central density of the cloud clumps increases significantly and gives birth to a protostar (McKee

& Ostriker, 2007). Because the cloud always has some initial angular momentum, the infalling

gas ends up in a rotating disk through which mass continues to be transported to the central

object, the protostar. Bipolar jets and outflows are usually associated with disks, and push an

opening space and generate shocks through the surrounding environment and remove excess

angular momentum from the disk. When the central temperature and pressure are sufficient to

5



Figure 1.3: Evolutionary sequence for high-mass and low-mass stars. Credits: Cormac Purcell.
The original figure is adapted from the personal website of Adam Ginsberg.

start fusion at the star’s core, the star reaches the Zero Age Main Sequence (McKee & Ostriker,

2007).

High-mass stars ignite hydrogen fusion before the collapse has ceased, and low-mass

stars ignite after the collapse has ceased. For massive protostellar objects, the Kelvin-Helmholtz

timescale, which represents the timescale on which a quasi-hydrostatic core contracts toward

hydrogen-burning densities and temperatures, is much shorter than the timescale of accre-

tion (McKee & Ostriker, 2007). The strong radiative forces that massive stars exert on gas and

dust may dramatically influence the accretion rate and the follow-up evolutionary stages (Fig-

ure 1.3). The formation process of massive stars is therefore not a simply scaled-up version of

low-mass star formation (Beuther et al., 2007; McKee & Tan, 2003).
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1.1.1.2 Low-Mass Star Formation

The formation process of low-mass stars is quite well established both observationally

and theoretically (see Luhman, 2012; McKee & Ostriker, 2007; Shu et al., 1987, and references

therein). As illustrated by Figure 1.3, three major phases are involved (Shu, 1977; Shu et al.,

1987). In the pre-stellar phase (∼ 5×106 yr), the core contracts quasi-statically and isothermally.

Energy is released in the form of radiation. Magnetic fields and turbulence provide important

support against the gravitational collapse process. As the collapse proceeds, the central object

contracts adiabatically, and eventually heats up. In this protostellar phase (∼ 105 yr), a young

protostar, which is referred to as a T-Tauri object, begins to form, and the disk structure devel-

ops. As the star continues to gravitationally contract at this pre-main sequence stage, the core

continues to heat up. Accretion stops well before hydrogen burning starts. At the same time,

a Keplerian disk encircling the protostar is visible, because much of the matter is blown away.

This disk lasts for ∼ 106−7 yr, and is also referred to as a proto-planetary disk, because it is the

future formation site of planets (Williams & Cieza, 2011). This nascent system will continue to

evolve for ∼ 108 yr under collisions between the planetesimals and planets.

1.1.1.3 High-Mass Star Formation

Understanding the formation processes of massive stars faces obstacles from the perspec-

tive of observation. Massive stars are rare, and those at their early formation stages are even

rarer, so these stars are usually distant from the observers. In their early stages, massive stars are

deeply embedded, and therefore are invisible at optical and near-infrared wavelengths. Massive

stars are seldom found to form in isolation (see Figure 1.3), so the highly clustered environment
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only obscures their formation and evolution processes further.

There also exist theoretical difficulties for high-mass star formation. Massive stars arrive

on the ZAMS before the accretion ends, so the outward directed force associated with radiation

pressure has to be less than the gravitational force pulling material in (Wolfire & Cassinelli,

1987); viz.,

κL

4πr2c
<

GM∗

r2
, or κ < κcrit = 130

[
M∗

10M⊙

] [
L∗

1000L⊙

]−1

cm2g−1, (1.1)

in which κ is the opacity, L is the star luminosity, r is the radius, and M∗ is the stellar mass.

For a massive star of 10M⊙ and 104L⊙, κcrit ∼ 10 cm2g−1. This is much smaller than the typical

opacity value of dusty ISM (κ ∼ 100 cm2g−1), and is referred to as the radiation pressure problem.

Several approaches have been established to reconcile the radiation problem. The gener-

ation of radiatively driven bubbles and disc-mediated accretion (Krumholz et al., 2009; Rosen &

Krumholz, 2020) in monolithic collapse models (Krumholz et al., 2005; McKee & Tan, 2003) have

been developed as a way to overcome the radiation pressure barrier. The coalescence scenario

(Bally & Zinnecker, 2005; Bonnell et al., 1998) in high-stellar-density environments avoids the

radiation-pressure issues. The competitive accretion model (Bonnell et al., 2004; Bonnell & Bate,

2006) suggests that the forming stars accrete material that is not gravitationally bound to the

stellar seed. Each of these different scenarios has implications for cluster formation and binary

formation involving disks.

For high-mass, star-forming cores, the current proposed theoretical evolutionary sequence

is high-mass, starless cores (HMSCs) → high-mass cores harboring accreting low/intermediate-

mass protostar(s) destined to become a high-mass star(s) → high-mass protostellar objects (HM-
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POs) → final stars (Beuther et al., 2007). Observationally, the embedded phases of massive pro-

tostellar objects are subdivided into infrared dark clouds (IRDC; starless core), hot molecular

cores (HMCs; proto-stellar object), hypercompact- and ultracompact-HII regions (HCHIIs and

UCHIIs), and compact and classical HII regions (Beuther et al., 2007). In the last two stages, fi-

nal stars have already been formed. As the formation and evolution proceed, the central object

warms and ionizes the environment, and drives a rich chemistry. Complex physical activities

are involved in the evolution as well, such as accretion disks, outflows, shocks, disk winds,

and these can leave their imprint on the chemical inventory (Cesaroni et al., 2007; Zinnecker &

Yorke, 2007).

1.1.2 Chemical Scenario

Although the stellar atmosphere produces and expels molecules and dust particles, most of

the unshielded molecules other than the largest are decomposed to atoms by harsh UV radiation

within ∼100 years (van Dishoeck, 1988). The existence of molecules thus indicates that the

chemistry that forms the molecules is local in nature (Herbst & van Dishoeck, 2009).

The increasing chemical complexity of molecules proceeds with the formation process

(see Figure 1.4) of either low- or high-mass stars (see Caselli & Ceccarelli, 2012; Herbst & van

Dishoeck, 2009; Jørgensen et al., 2020, and references therein):

Pre-stellar phase: In this cold (∼10 K) and dense (> 106 cm−3) environment, gas-phase chem-

istry – dominated by ion-neutral reactions – and grain-surface chemistry occurring on the sur-

face of dust grains take the leading role. The gas-phase atoms and molecules freeze out onto the

dust grains and form thick icy mantles. The mobile H atoms on the grain surface hydrogenate
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atoms and CO to form hydrogenated molecules such as water (H2O), formaldehyde (H2CO), and

methanol (CH3OH) (Caselli & Ceccarelli, 2012). The other process in this phase is the photolysis

of icy mantles, which produces radicals.

Protostellar phase: In this phase, the inner envelope of the protostellar and ice mantles are

warmed. Radicals produced in the previous stage may diffuse (Herbst & van Dishoeck, 2009).

Sublimation of ice mantles also starts when the temperature is high enough – only 20 K for

volatile species such as CO, but ∼100 K for more strongly bonded ice species such as H2O. This

stage with ice sublimation is generally better known as hot core or hot corino – one named

for high-mass systems, and the other for low-mass systems. Rich gas-phase ion–molecule

chemistry ensues after sublimation. For example, molecules formed on the dust surface in

the last period, such as methanol (CH3OH), sublime and form more complex species, such as

HCOOCH3 (Charnley & Rodgers, 2005). Shocks are another source of rich chemical reactions.

As accretion goes on, outflows interact with the surrounding environments and create shocks at

the interface. In the shocks, dust grains are sputtered and vaporized. Neutral–neutral gas-phase

reactions take over, and produce complex molecules (Caselli & Ceccarelli, 2012).

Hot cores and hot corinos attract attention because they are among the richest molec-

ular environments, including the complex organic molecules (COMs), in space (Herbst & van

Dishoeck, 2009). Hot cores were first found in the massive protostellar system in the Orion

molecular clouds (OMC-1, Blake et al., 1987) based on the jump in molecular abundances. It

was some 15 years later that similar structures were confirmed to exist in low-mass protostellar

systems (Cazaux et al., 2003) under mechanisms that rich COMs form under gas-phase reactions

after the evaporation of ice. However, COMs in hot corinos and hot cores differ in the chem-
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Figure 1.4: The evolution of material from the prestellar core stage through the collapsing en-
velope (size ∼0.05 pc or 104 AU) into a protoplanetary disk. The formation of zeroth- and first-
generation organic molecules in the ices is indicated with 0 and 1, and the second-generation
molecules in the hot-core/corino region when the envelope temperature reaches 100 K, and
even strongly bound ices start to evaporate, are designated 2. The grains are typically 0.1 µm in
diameter and are not drawn to scale. The temperature and density scale refer to the envelope,
not to the disk. All ices evaporate inside the (species-dependent) sublimation radius. Figure and
descriptions are adapted from Herbst & van Dishoeck (2009).

ical composition. When normalized to methanol or formaldehyde, hot corinos have typically

one order of magnitude more abundant COMs (such as HCOOCH3 or CH3OCH3) than do hot

cores (e.g., Bottinelli et al., 2007; Öberg et al., 2011). The temperature, cosmic-ray ionization rate,
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radiation field, the timescale of evolution, and the past pre-stellar history may all influence the

rates at which molecules are created or destroyed (Caselli & Ceccarelli, 2012).

After the protostellar stage, protoplanetary disks in low-mass systems are formed when

dust grains coagulate to planetesimals to form future planets, comets, and asteroids. For mas-

sive stars, the ultracompact HII regions ionize the surrounding gas and reduce the chemical

complexity (Caselli & Ceccarelli, 2012).

1.1.3 Main Questions the Thesis Focuses On

The above summary might read as if the star formation processes in molecular clouds are

quite well understood. However, this is by far not the case. Many degeneracy problems exist due

to the instrumental limitation from sensitivity and spatial/spectral resolution, and instruments

are designed and advanced accordingly to better understand those problems. This thesis tries

to address a few of these questions.

1.1.3.1 Dense Molecular Gas in External Galaxies

One question is about the role molecular gas density played in star formation in galax-

ies. Modern theories (e.g., Federrath & Klessen, 2013; Krumholz & McKee, 2005), as well as

observations of local molecular clouds, support the ability of gas to form stars from density

variations (e.g., Lada et al., 2010, 2012). However, the quantitative link between gas density and

star formation is not established yet in galaxies, as compared to in local molecular clouds in the

Milky Way. Dense, star-forming structures are too small to directly image in other galaxies, and

molecular tracers in these dense regions, such as HCN and HCO+, are too faint to observe. For
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Figure 1.5: The global LIR − LHCN correlation in 65 galaxies (adapted from Figure 2a, Gao &
Solomon, 2004b). This tight linear correlation in the log-log space is valid over 3 orders of mag-
nitude, has a correlation coefficient R=0.94, and an almost constant average ratio LIR/LHCN =
900L⊙ (K km s−1pc2)−1. The direct consequence of the linear IR-HCN correlation is that the
global star formation rate is linearly proportional to the mass of dense molecular gas in normal
spiral galaxies, LIRGs, and ULIRGs.

external galaxies, past work was limited to single-point observations on the external galactic

centers with a large beam (e.g., Gao & Solomon, 2004a,b; Jiménez-Donaire et al., 2017, 2019).

From the unresolved measurements of the dense gas tracer HCN, it was concluded by Gao &

Solomon (2004a,b) that the global star formation rate is linearly proportional to the mass of

dense molecular gas in normal spiral galaxies, LIRGs, and ULIRGs, and the global star forma-

tion efficiency depends on the fraction of the molecular gas in a dense phase (Figure 1.5).

Spatially resolved maps of dense molecular rotational lines are necessary for testing the

conclusions above. First, the interpretation of the observed molecular lines results in the degen-
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eracy of some basic physical properties, including even the volume density (see § 1.2.3). Second,

on a galactic scale, a scale-dependent scatter has been observed for CO, which is a proxy for less

dense molecular gas, in the relation between the molecular gas surface density and the SFR on a

galactic scale (e.g., Kruijssen & Longmore, 2014; Schruba et al., 2010). Such a relationship breaks

down at some scale due to incomplete sampling of star-forming regions, and such a scenario is

naturally suspected for the HCN-IR relationship. With the new multi-pixel receiver Argus on

the GBT (§ 1.3.1), it is now feasible to study dense molecular gas in external galaxies with spa-

tially resolved molecular line maps of a set of density tracers. This thesis (Chapter 2) studies the

properties of dense molecular gas in detail, and inspects the scale-scatter breakdown between

HCN-IR in one of the closet HCN-bright galaxies, IC 342.

1.1.3.2 Decomposing Substructures in a Massive Protostellar System

The other question arises from the embedded nature of massive protostellar systems at the

hot core stage. As hot cores are among the richest molecular environments in space, it requires

taking an “infrared shot” (not an X-ray one!) with a high spectral resolution to unravel and char-

acterize the complex physical and chemical substructures. Decomposing physical substructures

and establishing their links with chemical evolution will contribute to a clearer understanding of

the massive star formation process in this obscured phase, in contrast to the better-understood

low-mass protostellar phase. This question in particular drives the work in Chapters 3 and 4 of

this thesis.

A specific question of interest to the massive protostellar system is whether there exists

an accretion disk similar to those in low-mass star formation systems. In recent years, a disk-
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mediated accretion scenario has been gradually established both theoretically (e.g., Bonnell &

Bate, 2006; McKee & Tan, 2003) and observationally with sub-mm/mm observations (e.g., Ilee

et al., 2016; Johnston et al., 2015, 2020), although the role and properties of an accretion disk

remain uncertain. Although disk structures have not yet been imaged directly in W3 IRS 5, the

massive protostellar (more specifically, a proto-binary) system studied in this thesis, the disk(s)

is one of the possible origins of the mid-IR dust continuum against which the absorption lines

lay. This would be an interesting scenario if disks do exist: In contrast to the scenario that

emission lines originating from the disks associated with the lower mass systems, T-Tauri or

Herbig AeBe stars, which are considered to be externally illuminated and have a hotter surface

layer, the absorption lines in hot cores of massive stars indicate disks with an inversion of the

temperature structure on height. If disks in massive protostellar systems are hotter in the mid-

plane than on the surface, what mechanisms regulate such an energy balance? And what is the

implication of the different evolutionary scenarios of low-mass and massive systems? How do

such disks influence the follow-up organic chemical inventory? Although this thesis does not

answer all of the questions above, we present in Chapters 3 and 4 how a disk model is feasible

in interpreting the observational data. The outlook part in Chapter 5 briefly describes how the

questions above may be further addressed.

1.2 Molecular Spectroscopy

Molecules in space interact with the electromagnetic radiation field through absorption,

emission, and scattering. The absorption or emission of a molecular species as a function of the

wavelength leaves unique spectroscopic signatures whose strength depends on the local phys-
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Figure 1.6: Schematic energy level diagram cartoon illustrating rotational and rovibrational
absorption observations toward an embedded protostar or a background star. Figure adapted
from van Dishoeck et al. (2013).

ical conditions. Hence, molecular spectroscopy is a powerful tool for identifying a species and

determining the physical conditions of the absorbing/emitting gas. § 1.2.1 introduces spectro-

scopic features of gaseous CO and H2O at mm- and MIR-wavelengths used in this thesis. The

exact line profile set the spectra, including the line intensity and the line shape, reflect the actual

interaction between the photons and the molecular gas. Molecular spectroscopy therefore can

also be used to quantify the amount of the molecules, the temperature of the environment, the

density of the gas, etc, (see Figure 1.6). § 1.2.2 summarizes, in a crude way, how such information

can be decrypted.
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1.2.1 Molecular Spectra in the Regime of Infrared/Radio

Molecules can rotate and vibrate. Because the nuclei are much more massive than the

electron by ∼ 104–105, electrons move fast while the inter-nuclear distance slowly varies. The

rotation and vibration of the nuclei can therefore be treated separately from the electronic mo-

tion.

1.2.1.1 Pure Rotational Spectra of CO

For the rotation of the nuclei, a diatomic molecule like CO that can be approximated

as a linear rigid rotor. Transitions among the rotational states give rise to the pure rotational

spectrum. The energy levels are

EJ = hcBeJ(J + 1) (1.2)

with Be the rotational constant and J the rotational quantum number. The rotation constant is

equal to

Be =
h

8π2cI
, (1.3)

with I the moment of inertia.

Because direct radiative rotational transitions are allowed for ∆J = ±1,

[(E(J + 2)− E(J + 1)]− [E(J + 1)− E(J)] = 2hcBe. (1.4)

This equation implies that the lines are evenly spaced in frequency space (to first order). Cen-

trifugal distraction term −DeJ
2(J+1)2 that can be added to equation 1.4, increases the moment
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of inertia, and leads to a non-constant separation. Taking CO as an example, the frequency of

transitions of J+1 to J is 115.3, 230.8, 346.0, 461.5 GHz for J from 0 to 3. The actual separations

of the lines are corrected by a small number.

1.2.1.2 Vibration-Rotation Spectra of CO

We picture the molecular bond as a harmonic oscillator and a rigid rotor for vibration

in a diatomic molecule. In the gas phase, a rovibrational spectrum is generated when both the

vibrational and the rotational state change together (∆J is still ±1). The energy of different

levels is approximately the sum of the vibrational and rotational energy, which is given by

Eν,J = hcωe(ν +
1

2
) + hcBeJ(J + 1), (1.5)

in which ν and J are the vibrational and rotational quantum number, ωe the harmonic wavenum-

ber, and Be the rotational constant (eqn 1.3).

Again, for a diatomic molecule like CO, the selection rule for the rovibrational spectrum

is ∆ν = ±1,∆J = ±1. Figure 1.7 shows the ν=1–0 rovibrational transitions of a diatomic

molecule, and Figure 1.8 shows an example of CO transitions observed toward the protostar

Reipurth 50 at 4.7 µm. It is easily recognized that there are two branches, rather than one for

pure rotational transitions. The branch on the higher frequency side is called the “R-branch”

(∆J = +1), and the one on the lower side is the “P-branch” (∆J = −1). In principle, the

constant separation is 2hcBe, as is derived in equation 1.4, and the centrifugal stretching brings

in small offsets in the frequency. The larger spacing in the P-branch shown in Figure 1.7 is due

to the increment of the moment of inertia in a higher vibrational state.
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Figure 1.7: Rovibrational transitions of a diatomic molecule (left) and a simulated rovibrational
line spectrum of CO. The P-branch is to the left of the gap near 2140 cm−1, and the R-branch is
on the right. Figures adapted from Herzberg (1950) and Banwell & McCash (1994).

1.2.1.3 Vibration-Rotation Spectra of H2O

A nonlinear molecule containing N atoms will have 3N − 6 normal vibrational modes.

Water has three vibrational modes: the ν1 symmetric stretch centered at 2.7 µm, the ν2 bend-

ing mode at 6.2 µm, and the ν3 asymmetric stretch at 2.65 µm (van Dishoeck et al., 2013). For

an asymmetric top molecule like H2O, the energy levels are characterized by quantum num-

bers JKa,Kc , where J is the total rotational quantum number, and Ka and Kc refer to the cor-

responding prolate and oblate symmetric tops2. From the symmetry, the selection rules are
2The moments of inertia are defined by convention with Ic ≥ Ib ≥ Ia. For the prolate case, Ib ≃ Ic ̸= Ia. For

the oblate case, Ib ≃ Ia ̸= Ic
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Figure 1.8: Example of rovibrational transitions of CO and its isotopologues observed with the
Cryogenic Infrared Echelle Spectrograph (CRIRES) at the Very Large Telescope (VLT) toward
the protostar Reipurth 50. The broad absorption feature of CO in the solid phase is shown at
∼4.674 µm. Figure adapted from Smith et al. (2009).

∆J = 0,±1,∆Ka = ±1,±3, ... and ∆Kb = ±1,±3, ... Therefore, transitions between K-

ladders are not allowed. H2O energy levels are grouped into ortho and para states, characterized

by parallel and antiparallel nuclear spins. In the ortho states, Ka +Kc=odd; in the para states,

Ka +Kc=even.

1.2.2 Interpreting Molecular Lines

1.2.2.1 Radiative Transfer and the Source Function

To interpret the observed molecular spectra, either emission or absorption, requires un-

derstanding the interaction of molecules with the radiation field. Such a process involves the

redistribution of energy, and is therefore named radiative transfer. The radiation field can have

an external origin (e.g. the CMB or emission from a background source), or can be generated
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from local materials (e.g. thermal continuum emitted by the dust). A simple model for a homo-

geneous slab describing the radiative transfer results in

Iν = Iν(0)e
−τν + Sν(1− e−τν ), (1.6)

where Iν(0) is the injected specific intensity, τν the optical depth contributed by the slab, and

Sν the source function. All the variables are frequency-dependent. The definition of the source

function takes a few more words.

The source function Sν reflects the interaction between the gas and the radiation. If only

absorption and emission are involved, the photon energy is coupled to the gas via collision.

Both the gas and the radiation field are quickly pushed toward thermodynamic equilibrium.

In this case, the source function is solely defined by the emissivity jν , the (absorption) opacity

coefficient κν , and the density ρ. In contrast, if only scattering is involved, the resulting emission

intensity depends on the local radiation field rather than on the thermal properties of the gas.

In general, when absorption and scattering coexist, an absorption fraction ϵ is defined as

ϵν ≡ κabs

κabs + κsc

, (1.7)

where κabs and κsc are the opacity coefficients for absorption and scattering. With the absorp-

tion fraction defined as above, the general form of the source function is

Sν = ϵνBν + (1− ϵν)Jν , (1.8)

with Bν the local Planck function and Jν the angle-average of Iν at frequency ν.
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Equation 1.6 therefore describes an ideal case, as it is almost impossible to have a con-

stant source function along the path where light travels. Decrypting the physical conditions we

care about, such as the amount of the molecules or the temperature of the gas from the emer-

gent flux Iν , or essentially Sν , is, therefore, a tricky problem. Luckily, to some degree, specific

assumptions and methods help to simplify the problem.

1.2.2.2 Level Population and the Excitation Temperature

Consider equations 1.7 and 1.8 from a microscopic view. All involved items are dependent

on the level population, i.e. the distribution of molecules over different energy levels. For the

bound–bound transitions that produce different molecular lines, the associated line processes

are characterized by the Einstein coefficients (Aij, Bij) and the collisional coefficients (Cij). The

Cij’s are given by the collisional rate coefficients times the density of collisional partners. Take

a two-level system as an example, the equations of statistical equilibrium that determines the

level populations are:

dnl

dt
= −nl(BluJ̄ + Clu) + nu(Aul +BulJ̄ + Cul)

dnu

dt
= nl(BluJ̄ + Clu)− nu(Aul +BulJ̄ + Cul)

(1.9)

where “l” and “u” denote the lower and the higher level. Equation 1.9 reflects how absorption,

emission, and scattering are connected: molecules at the lower level are excited to the higher

level by radiative (nlBluJ̄ ) and collisional (nlClu) processes; From the high to the low level, there

is spontaneous emission (nuAul), stimulated emission (nuBulJ̄ ), and collisional de-excitation

(nuCul). J̄ is Jν integrated over the line profile ϕ(ν), and ni is the (volume) number density.

In thermodynamic equilibrium, the level populations are given by the Boltzmann equa-
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tion, which for a two-level system reads,

n2

n1

=
g2
g1
e
− E21

kBT , (1.10)

with T the kinetic temperature of the gas and E21 the energy separation of the two levels.

However, the thermodynamic equilibrium is not always satisfied in astronomical conditions,

and an arbitrarily defined parameter, which is called the excitation temperature, replaces the

kinetic temperature T in equation 1.10 to quantify the level population. The parameter Tex has

no physical meaning from the perspective of the concept of “temperature”. Except in dense

regions that the gas is fully thermalized, so that Sν = Bν(Tex) = Bν(Tkin), Tex may deviate from

the kinetic temperature significantly.

If all level populations are known, populations can be plotted in a rotation diagram with

ln(Nl/gl) versus El/kB via the equation

Nl

gl
=

Ntot

Q(Tex)
exp

(
− El

kBTex

)
, (1.11)

in whichQ is the partition function. This formula, of course, is similar to equation 1.10, although

column densities are used here. The inverse of the slope represents the excitation temperature.

I present below how the level population may be solved in different cases.

1.2.2.3 Optically Thin Case

In the optically thin case, J̄ν coupled in equation 1.8 is unimportant because photons

escape easily, and therefore Sν = Bν(Tex). The optical depth is easily solved from equation 1.6,
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and is associated with the level population directly via the definition,

τν =

∫
ανds =

1

4π

∫
(nlBlu − nuBul)ϕ(ν)hνds, (1.12)

whereαν = κνρ, andϕ(ν) is the line profile in frequency space. Note that no opacity contributed

by scattering is included in this equation.

All data points on the rotation diagram will fall on a straight line with the inverse of the

slope being Tex. It is notable that the equation is valid purely due to the arbitrary definition of

Tex, and Bν(Tex) ̸= Bν(Tkin) unless the gas is thermalized.

1.2.2.4 Optically Thick Case

Compared to the optically thin case, in which photons escape freely, the optically thick

case allows the photons to leak or escape as a function of the (peak) optical depth of the line. At

great optical depth, the high-density regions are driven toward LTE with Sν = Bν(Tkin), and

no scattering seems to function here. But photons escape from absorption at the surface of the

gas. It is worthwhile to note that although the word “escape” seems to apply to an emission line,

this concept should also work for an absorption line, because the concept essentially describes

the deviation of the radiation field intensity Jν(τν) from the Planck function Bν(τν).

Equation 1.6 shows that for either the attenuated incident intensity Iν or the source func-

tion Sν that contributes to the emission, the modification by e−τ or (1−e−τ ) ends up with sat-

uration as τ increases. Such saturation results in a flat-topped line shape. A more precise way

to describe the change of line profiles as a function of the optical depth is called the curve of

growth.
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Figure 1.9: Development of absorption lines with an increasing number of atoms along the line
center in (a) a slab model where a cold cloud is in front of the warmer background continuum,
and the parameter fc is the partial coverage that dilutes the relative line depth. Panels in (b)
illustrate a disk scenario that is hotter in the mid-plane than on the surface. In the disk model,
the opacities from both the lines and the continuum should be considered. In the middle panels,
the y-axis presents the residual line flux and the x-axis is converted from the frequency space
to the velocity space. According to the development of the lines, the equivalent width versus
the optical depth in log-log space consists of the curve of growth which illustrates the linear
growth region (black) and the logarithmic part (blue).

Take absorption lines as an example (see upper panels in Figure 1.9), and assume that

there is no continuum opacity. In the curve-of-growth analysis, the line profile is quantified

via its equivalent width W . When the line center is still optically thin, the equivalent width

scales linearly with the number of absorbers, and the line is dominated by the Doppler core. As

the optical depth grows, the Doppler core becomes saturated. Adding more absorbers hardly

increases the line depth but increases the width, and leads to a slow increment of the equivalent

width with W ∼
√

logτp. This is the logarithmic part of the curve of growth. Continuing to
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increase the number of absorbers will lead to optically thick Lorentzian wings in the end, with

W ∼ √
τp. This is the square root part of the curve of growth.

Returning to the “escape” word used above, the escape probability method is commonly

seen in the analysis of emission lines. The escape probability β describes the chance that a newly

created photon escapes the gas/cloud and removes the coupling of J̄ to the population level in

equation 1.9 by J̄ = S(1− β). The computer program RADEX3 (applied in Chapter 2) uses this

method to iteratively solve the level populations and the radiation until a consistent solution is

found.

Because absorption and emission are interchangeable, the escape probability is essentially

related to the curve of growth (Ch 4.1.6 Tielens, 2021). For τϕ(x) of an emission line as a

function of the scaled frequency x, mathematically, β equals the wing area,
∫∞
x1

ϕ(x)dx, where

x1 denotes a line-edge frequency with τ(x1) = 1. This form of β represents that photons not

only escape spatially but also follow a redistribution of the frequency. Similar to the curve of

growth in absorption lines, x1 ∝ N,
√

logN,
√
N as the peak optical line increases: the linear,

logarithmic, and the square root parts reappear.

1.2.3 Analysis Specialized for This Thesis

Chapter 2 aims to map the distribution of molecular gas in a galactic nucleus with a set of

density-sensitive tracers, to understand the relationship between gas density and star-forming

processes. Two points are worthwhile emphasizing when pursuing the goal.

First, why do different molecular transitions have different sensitivity to different (volume
3A computer program for performing statistical equilibrium calculations: https://home.strw.leidenuniv.nl/ mol-

data/radex.html
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Figure 1.10: Critical densities of (left) the (1–0) transitions of a set of commonly used lines in
probing the molecular gas under different temperatures and (right) water rovibrational tran-
sitions whose upper level is the ground level of the ν2=1 state. The Einstein A coefficients
and the collisional coefficient rates are adopted from LAMBDA (Leiden Atomic and Molecular
Database).

or particle) densities? The critical density is often referred to in discussing this problem, and this

concept is essentially defined based on the comparison between the time scale for collisions

(1/Cij) into a level and that for spontaneous decay (1/Aij) of that level. As shown in Figure 1.10,

different molecular transitions have different critical densities, and those with higher dipole

moments (or higher oscillator strengths) tend to have larger critical densities (Aij ∝ ν3µ2;

ν is the frequency and µ is the dipole moment4). A set of molecular transitions with different

critical densities is therefore thought to serve as a set of “rulers” in probing the highly structured

molecular gas with significantly varying densities.

The second point, is whether the brightness of the density-sensitive lines reflects the den-

sities accordingly. Although it is reasonable and natural to expect that molecular transitions

with different critical densities “dye” regions exclusively based on the gas density, the bright-

ness of the lines depends not only on the volume/particle density of the region, but, more in-
4or Aij ∝ ν3f , with the oscillator strength f ∝ |µ|2.
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trinsically, on the amount (the column density) and the temperature of the gas. One needs to be

careful in interpreting the line brightness: does a bright dense cloud catch our eyeballs on a map

of some dense gas tracers because there are many molecules, or because it is hot? Moreover,

high column density may result in high opacity, which not only lowers the effective critical

density, but also prevents us from knowing the actual conditions inside the clouds. This is the

so-called “radiative trapping” effect. Therefore, one should use proper methods, as introduced

in § 1.2.2, to carefully infer the physical conditions from the molecular lines.

Chapters 3 and 4 aim to use MIR rovibrational absorption lines to characterize the highly

embedded, massive, protostellar hot-core phase. Rotation diagram analysis is usually the most

straightforward, and therefore commonly used, tool in analyzing a set of rovibrational lines,

although line-blending problems or high opacities may result in the ambiguity of the physi-

cal conditions in question. With the high spectral resolution available for investigations in this

thesis, individual physical/chemical substructures with different temperatures and column den-

sities may be decomposed. Optical depth effects are corrected by the curve-of-growth analysis.

A homogeneous foreground slab model, as well as a disk model with a hotter mid-plane than

surface, are considered to conduct the curve-of-growth analysis.

MIR absorption spectroscopy is a unique and specialized tool for studying the embedded

hot-core phase, and is worth a few more words. Infrared rovibrational transitions in this case

only probe pencil-beam regions where a bright background source can be used as a “contin-

uum” source. Although the pencil-beam gives high spatial resolution, it does not allow for full

sampling across large areas. One other advantage of the IR is that many transitions are probed

simultaneously along the same sight line, greatly simplifying excitation analysis, and hence the

derivation of physical conditions. Moreover, the full set of individually resolved rovibrational
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lines can be covered in a narrow bandwidth, and the multiple frequency settings are not required

in contrast with the case for submillimeter observations. Finally, molecules without permanent

dipole moments, such as C2H2 and CH4, which are among the most abundant carbon-bearing

molecules, can not be observed in pure rotational spectroscopy.

1.3 Telescopes

This thesis utilizes pure-rotational and rovibrational transitions to study molecular gases

at different energy regimes, ranging from cold giant molecular clouds, warm foreground clouds

in front of proto-stellar systems, and hot molecular gas that is possibly located in the disks

surrounding the massive protostars. Telescopes used accordingly at radio (§ 1.3.1) and infrared

(§ 1.3.2) wavelengths, together with instruments, are introduced in this section.

1.3.1 Argus/GBT at 3 mm

Argus, at the 100 m Robert C. Byrd Green Bank Radio Telescope (GBT, see Figure 1.11), is

a 16-pixel spectroscopic focal plane array that enables fast imaging (Figure 1.12). Historically,

spectroscopic imaging has generally been implemented either over small areas of the sky at

high angular resolution with interferometers, or over large areas at moderate to low angular

resolution with single dishes. Argus satisfies the requirements of (1) measuring low surface

brightness emission over a large scale on the sky with (2) a high spatial resolution, which is

∼ 7′′ at 100 GHz for the 100 m GBT (thanks to λ/D!).
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Figure 1.11: The 100 m Robert C. Byrd Green Bank Radio Telescope (GBT) has a collecting area
of 9,300 m2 which focuses the radio waves falling on it onto sensitive receivers at the top of the
boom attached to the side. Credits: NRAO/AUI.

The Rayleigh-Jeans sensitivity for a spectral line is:

∆Tmin ∝
Tsys√
∆ντ

, (1.13)

where Tsys is the system noise temperature of a receiver (the atmosphere and telescope losses

also matter), ∆ν is the spectral resolution, and τ is the integration time for the observation. Ar-

gus uses recent advancements in Monolithic Millimeter-wave Integrated Circuit (MMIC) tech-

nology to build such a large-format focal plane array with low system temperatures (< 53 K

per pixel, Sieth et al., 2014). The large numbers of pixel of Argus increases the effective inte-

gration time. Its large (16) number of pixels, npix, and low system temperatures allow for rapid
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Figure 1.12: Left: The 16-pixel spectroscopic focal plane array, Argus, to be deployed on the GBT.
Right: Footprint of the 16 pixels of Argus on the sky.

astronomical imaging.

The distance in between each neighboring Argus beam projected on the sky is 30.4′′. Ar-

gus uses the OTF (On-The-Fly) mapping strategy (Haslam et al., 1970; Mangum et al., 2007) to

produce a complete image. The telescope is driven smoothly and rapidly across a region of the

sky. At the same time, spectroscopic data and antenna position information are recorded con-

tinuously. The entire field is covered quickly. This process reduces the overhead significantly,

and minimizes changes in the atmosphere and the system.

Because the GBT is an altitude-azimuth-mounted telescope, without an optical de-rotator,

the multi-beam pattern of the Argus on the sky rotates while data are collected. The change of

the parallactic angle in a typical 30–45 minute observation session can be large enough to cause

noticeable distortion, and even gaps, in the final map. It is therefore important to consider the
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coordination of the target and the observation time when designing the observational plan.

The deployment of Argus expands the operation range of the GBT to the 3 mm band. Com-

pared to observations at lower frequencies, a lower surface RMS level is required to guarantee

adequate telescope efficiency (Ruze, 1966). GBT can realize a surface RMS of ∼200 µm in good

weather, with a semi-active surface that could be used to remove gravitational and thermal dis-

tortions in real time. Together with the 100 m aperture, the ∼ 10′′ resolution of GBT overlaps

with the angular scales from interferometric arrays such as CARMA, PdBI, and ALMA, which

have superior angular resolution but cannot resolve extended emission. The GBT+Argus combi-

nation is ideal for resolving cold cores within local star-forming regions, tracing the dynamics

of molecular filaments, and for mapping giant molecular clouds in nearby galaxies.

1.3.2 iSHELL/IRTF and EXES/SOFIA at MIR

Strong absorption of greenhouse gases in the Earth’s atmosphere, including water vapor

H2O, CO2, O3, CH4, and N2O, covers a substantial part of the spectrum starting roughly at

5 µm (Figure 1.13). For ground-based telescopes, rovibrational transitions that fall in the NIR to

MIR are observable in the L (3.5 µm), M (4.7 µm), and N (8–13 µm) bands. In this thesis, the

rovibrational transitions of CO and its isotopologues were observed in the M band by iSHELL at

the ground NASA Infrared Telescope Facility (NASA-IRTF). iSHELL is a cross-dispersed echelle

spectrograph and imager working from 1.06–5.3 µm (Rayner et al., 2022), and it uses a silicon

immersion grating to achieve high spectral resolution (up to about R=80,000) in a relatively

compact instrument.

An airborne observatory is needed to get to high altitudes higher so no water stops other
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Figure 1.13: Earth’s atmospheric transmission from 3–15 µm at the altitude of the IRTF on
Maunakea (upper panel) and SOFIA (lower panel) on top of a JWST NIRCAM image of L1527
and Protostar. The altitudes are 4,200 m and 14,000 m and the water vapors are 1.5 mm and
1.2 µm, respectively. The transmission is calculated by the Planetary Spectrum Generator (PSG,
Villanueva et al., 2018). Credits of the JWST image: NASA, ESA, CSA, and STScI.

MIR regimes. SOFIA (Stratospheric Observatory for Infrared Astronomy, Young et al., 2012)

is a 2.5 m telescope deployed on a modified Boeing 747SP widebody aircraft. The aircraft was

modified to include a large door that can be opened in the flight to allow the telescope to view

to the sky (Figure 1.14). During its commission, SOFIA flies above 41,000 ft to rise above almost

all of the water vapor in the Earth’s atmosphere.

The Echelon-cross-Echelle Spectrograph (EXES, Richter et al., 2018) on the SOFIA operates

in the 4.5–28.3 µm wavelength region. In this thesis, the high spectral resolution (R ≈ 50,000-
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Figure 1.14: SOFIA, a modified Boeing 747SP aircraft, soars over the snow-covered Sierra Nevada
mountains with its telescope door open during a test flight. Credits: NASA/Jim Ross.

–100,000) configuration was used to provide a velocity resolution of a few km s−1 to decompose

different kinetic components in the massive proto-stellar systems. In EXES, high resolution is

provided by an echelon grating and an echelle grating to cross-disperse the spectrum (Richter

et al., 2018). Generally, the resolution will be higher at shorter wavelengths.

In EXES science observation, the EXES temperature-controlled blackbody source is ob-

served to construct a flat field. This process corrects response variations and provides flux cal-

ibration. Wavelength calibration with EXES is performed by applying the grating equation to

atmospheric lines observed in the source spectra. The telescope ‘nods’ to a new position to re-
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move the sky background. For all observations conducted under the high-resolution mode used

in this thesis, a nod-off-slit mode is used. The telescope is moved such that the object is not on

the slit.

1.4 Thesis Chapters

This thesis uses high spatial/spectral resolution molecular spectroscopy, which benefits

from recent advances in instrumentation, to study the physical properties of molecular gas over

different spatial and energy scales that are related to star-formation processes. This thesis con-

sists of studies of (1) millimeter spectroscopic imaging of pure rotational transitions of CO and

its isotopologues, HCN, and HCO+ from cold molecular clouds with a resolution of hundreds

of parsec in an external galaxy at 3 Mpc, and (2) high spectral resolution (R ∼ 50, 000) mid-IR

spectroscopy of rovibrational transitions from hot cores with sizes of several hundred to a 1000

AUs that surround the massive proto-binary system at 2.2 kpc.

Chapter 2 presents GBT’s first 12CO (1-0) map of an external galaxy, IC 342, taken at

3 mm. The sky coverage of the multi-beam Argus on a large area was investigated before the

observation was proposed. Pointing errors due to strong wind were accounted for during the

construction of the map. Details of this process are introduced in Appendix A. Other density

tracers, such as HCN and HCO+, were also mapped under the Dense Extragalactic GBT+Argus

Survey (DEGAS). The small beam of Argus provides a unique opportunity to study the break-

down of the HCN-IR correlation at high spatial resolution. The spatially resolved HCN-to-HCO+

intensity ratio was surprisingly a constant value of 1.2±0.2 across the whole 1 kpc galactic bar,

suggesting that HCN and HCO+ are thermalized with intermediate optical depth. The HCN-to-
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HCO+ intensity ratio in IC 342 is concluded to be more sensitive to the abundance ratio of the

two molecules, rather than to the particle density.

Chapter 3 uses high spectral resolution MIR absorption spectroscopy of CO and its iso-

topologues by iSHELL/IRTF at 4.7 µm to study the massive proto-stellar system W3 IRS 5. Dif-

ferent physical components inside this deeply embedded system were decomposed providing

velocity information. Absorption spectroscopy also provides pencil-beam spatial resolution that

is limited by the size of the background MIR continuum emitter. With the narrow slit width of

iSHELL/IRTF, both components in the proto-binary are spatially resolved. Physical structures

are identified, such as the cold envelope, the foreground high-speed “bullets,” and hot gas clumps

that are likely located at the disks. Rotation diagram analysis and curve-of-growth analysis were

used to understand the rovibrational transitions and the structure of source. All physical sub-

structures were characterized by the temperatures and column densities via the cross-validation

of multiple sets of rovibrational lines of different molecular species.

Chapter 4 studies H2O rovibrational absorption spectra toward W3 IRS 5 from 5 to 8 µm

with the EXES/SOFIA. Although EXES has a comparable high spectral resolution to iSHELL,

the beam of SOFIA does not spatially resolve the two protostars. We thus take advantage of

the kinetic structures understood via CO studies to elucidate the H2O components. As different

physical substructures are established via the distance to the protostars, temperature, density,

and molecular abundance, a chemical substructure is also revealed. Interpretations of the in-

ventory of elements may once again call upon the “oxygen and carbon crisis”.
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Chapter 2: Argus/GBT Observations of Molecular Gas in the Inner Regions of

IC 342

2.1 Chapter preface

Chapter 2 is presented with minimal changes and is going to be submitted to the Astro-

physical Journal (ApJ) under the title of this chapter. The authors are Jialu Li, Andrew I. Harris,

Erik Rosolowsky, Amanda A. Kepley, David Frayer, Alberto D. Bolatto, Adam K. Leroy, Jennifer

Donovan Meyer, Sarah Church, Joshua Ott Gundersen, Kieran Cleary, and other DEGAS team

members.

2.2 Introduction

Understanding the distribution, physical conditions, and dynamics of molecular gas is es-

sential to understanding star formation. Studies of individual regions in our galaxy have shown

that stars form in dense molecular clouds (e.g., see Heiderman et al., 2010; Lada & Lada, 2003;

Lada et al., 2010), whereas resolved observations of external galaxies provide global informa-

tion related to star formation efficiencies within nuclei, spiral arms, and other regions (e.g., see

Bigiel et al., 2008; Elmegreen, 2002; Kennicutt, 1998; Silk, 1997). In all cases, probing the com-

plexity and scale of star formation regions requires a large spatial dynamic range to follow core
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formation and collapse to circumstellar scales.

Rotational transitions of molecules such as 12CO, 13CO, C18O, HCN, and HCO+, are com-

mon tools for probing cold molecular clouds in external galaxies because of their relatively

high abundance and the excitation energies from a few to several tens of K. Specifically, the

J=1–0 lines of 12CO, 13CO, and C18O trace gas with densities above ∼ 102–103 cm−2. Al-

though this density range captures the bulk of the molecular gas, it does not capture the denser

gas associated with star formation. HCN and HCO+ have higher dipole moments (2.98 and

3.92 D) than do for 12CO(0.11 D); the ground state transitions of the former species trace denser

gas (∼ 104–105 cm−2) that are more directly correlated with star formation (Gao & Solomon,

2004a,b). Because of the different critical densities, this set of molecular lines can establish the

quantitative link between gas density and star formation across a variety of environments (e.g.

the PHANGS/CO survey, Leroy et al. 2021; the EMPIRE/HCN survey, Jiménez-Donaire et al.

2019; the DEGAS survey, Kepley et al., in prep).

Single transitions cannot be easily used to quantify the exact gas density or tempera-

ture. The interpretation of the line intensity involves a high degree of degeneracy, including

the observational spatial resolution, the optical depth effects, the actual excitation condition,

etc. As spatially resolved observations become more accessible, multi-transition ratios, on the

other hand, may further break such a degeneracy by comparing the observations and theoreti-

cal predictions within specific parameter space due to the different excitation properties among

different species (e.g., Leroy et al., 2017; Meijerink et al., 2007; Viti, 2017).

Among the transition ratios of different species, the intensity ratio of HCN(1–0)-to-HCO+(1–

0), here denoted as R ≡ I(HCN)/I(HCO+), is of specific interest in this Chapter. The critical

density of HCO+(1–0) is lower by 5–20 times than that of HCN(1–0) at temperatures of 20–100
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K, because of their different collisional de-excitation rate coefficients. The intensity ratio R is

a potentially valuable probe of the physical conditions of molecular gases in external galaxies,

because the correlation between the infrared luminosity LIR and R was established by single-

beam observations (Graciá-Carpio et al., 2006). This correlation is further expected to suggest

the importance of AGN in galaxies with higher infrared luminosities (Imanishi et al., 2006, 2007),

although recent studies with the 30-m IRAM survey (Privon et al., 2015, 2020) conclude that

globally enhanced HCN emission relative to HCO+ is not correlated with the presence of an

AGN.

In this Chapter we report observations of the ground-state transitions of 12CO, 13CO,

C18O, HCN, and HCO+ from IC 342 (distance of 3.3 Mpc, Saha et al., 2002). These are part of

the DEGAS (Extragalactic GBT1+ARGUS Gas Density Survey; Kepley et al., in prep). DEGAS

uses the Argus focal plane array spectroscopic imager (Sieth et al., 2014) and the spatial resolu-

tion (6–8′′) provided by the 100-m aperture of the GBT to conduct efficient multi-line spectral

mapping from 86–115 GHz over large areas in 17 external galaxies (Kepley et al., in prep). We

summarize our observations and data reduction in Section 2.3. In Section 2.4, we describe the

distribution of molecular material across the nucleus and inner spiral arms in 12CO, and along

the nuclear bar of IC 342 in all five molecular species. In Section 2.5, we discuss the implication

of the constant HCN to HCO+ intensity ratio observed across the entire 1 kpc bar of IC 342,

and specifically analyze the breakdown of the LIR–LHCN correlation of IC 342 at high spatial

resolution. Section 2.6 is a summary overview, and in the Appendix, we provide some detailed

information connected with our analysis.
1The Green Bank Observatory is a facility of the National Science Foundation operated under cooperative

agreement by Associated Universities, Inc.
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Table 2.1: Summary of Observations

12CO(1–0) 13CO(1–0)/C18O(1–0) HCN(1–0)/HCO+(1–0)

Observation date 17-Sep-29 17-Oct-18/19, 17-Nov-21 17-Oct-25/27, 17-Nov-14
Observation ID GBT17B-412-01/02 GBT17B-151-01/08 GBT17B-151-02/03/05
Mapping area 3.5′ × 5′ 2.5′ × 2.5′ 2.5′ × 2.5′

On-source integration (hrs) 6.17 1.33 11.52
Total integration (hrs) 10.08 2.38 20.67
Frequency Setup (GHz) 115.271 109.982 88.903
Beam Size (′′) 6.33 6.63 8.21
Beam Size (pc beam−1) 101 106 131
Velocity resolution (km s−1) 3.8 4.0 4.9
Main beam efficiency 28.3% 44.5% 52.5%
Scan Rate (′′ s−1) 1.71 1.67 1.67

2.3 Observations and Data Reduction

We used the Argus 16-pixel spectroscopic focal plane array on the 100-m diameter Robert

C. Byrd Telescope of the Green Bank Observatory to conduct observations of IC 342 from 2017

September to 2017 November. A summary of observational parameters is given in Table 2.1

for the five molecular species we imaged. The on-source time for all species in total was 19 h

of about 33 h including overheads (see Table 2.1). The telescope slewed across a region of the

sky in a raster pattern to make OTF (On-The-Fly) maps (Haslam et al., 1970; Mangum et al.,

2007), with the data and the antenna position recorded every 0.5 s. Pointing and focus were

calibrated every 30–40 min with the source 0359+5057. The backend, VEGAS, was configured

in mode 1 with a single spectral window with a bandwidth of 1500 MHz (1250 MHz effective)

and a spectral resolution of 1465 kHz. 13CO(1–0) and C18O(1–0) were observed simultaneously

in a spectral window centered at 109.99176 GHz, and HCN(1–0) and HCO+(1–0) were observed

simultaneously in a spectral window centered at 88.91123 GHz. Observations were mostly con-

ducted under windless conditions (vrms < 1 m s−1). For 12CO, however, for half of the observing
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time, vrms was greater than 5 m s−1, which caused pointing deviations as high as ∼ 1 beam (∼ 6′′

at 115 GHz). We established pointing corrections by cross-correlating each 40 min individual

observing session with 12CO maps observed under low wind speed.

We calibrated and post-processed data with the python packagesgbtpipe2 anddegas3.

Initially, Argus data are on T ∗
a scale after chopper-wheel calibration (Kutner, & Ulich, 1981). We

obtained atmospheric temperature and opacity information from the GBT weather database and

then corrected for atmospheric attenuation, resistive losses, rearward spillover, and scattering.

Our final brightness temperature scales are in TMB, to better represent the intensity in the main

beam. For that, we used conversion factors between T ∗
a and TMB of ηMB of 28.3% for 12CO,

44.5% for 13CO and C18O, and 52.5% for HCN and HCO+ (see GBT Memo #302, Frayer et al.,

2019). Next, problematic spectra were automatically detected and dropped. We then removed

low-order polynomial baselines and interpolated to a regular grid in data cubes. We used the

12CO map as a spatial and velocity space mask to constrain the emission regions for the other

molecules. We integrated data cubes from −100 to 150 km s−1 to make moment maps using

functions from the SpectralCube package.

2.4 Results

2.4.1 Spatial Distribution of the Molecular Gas

We present the moment 0 (integrated intensity) and the moment 1 (intensity-weighted

mean velocity) maps of 12CO(1–0) from the inner disk region of IC 342 over a 3.5′×5′ region in

Figure 2.1. The 12CO moment 0 is overlaid in contours on the Herschel PACS 70 µm map for a
2Publicly available at https://github.com/GBTSpectroscopy/gbtpipe
3Publicly available at https://github.com/GBTSpectroscopy/degas
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comparison with the distribution of dust heated by young stars. We plot the integrated intensity

images of the ∼1.4′ (1.3 kpc) long bar region in Figure 2.2 for all five molecular species. For a

better signal-to-noise ratio, all images other than 12CO are spatially smoothed to an output

resolution 1.3 times lower than the input resolution, following the procedure of the DEGAS

survey (Kepley et al., in prep).

We find spatial distributions of molecular gas that closely match past observations (Downes

et al., 1992; Hirota et al., 2010; Kuno et al., 2007; Meier et al., 2000; Meier & Turner, 2001; Turner

& Hurt, 1992). The large scale 12CO(1–0) image reveals a morphology with two asymmetrical

arms extending from the ends of a nuclear bar, oriented roughly from north to south. 12CO

emission peaks at ∼0.2′ (191 pc) north of the nuclear center, whereas the peak brightness and

the integrated intensities of the other four species all peak at the nuclear center and decrease

towards the bar ends (Figures 2.2 and 2.3). Among these species, the morphology of 13CO most

resembles that of 12CO, with a rather elongated structure and two tentacle-like substructures to

the north. C18O, HCN, and HCO+ have more concentrated structures. The morphology of HCN

and HCO+ emission is essentially identical (see Figure 2.2).
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Figure 2.2: HST (F814W) map (lower left) and the integrated intensity maps of 12CO, 13CO, C18O,
HCN, HCO+(1–0) in the central bar region in beam sizes of 8.2′′, 8.6′′, 8.6′′, 10.7′′, and 10.7′′. For
the panels in order of top left to bottom right, contour levels start from 10σ, 1σ, 1σ, 3σ, 3σ and are
in steps of 20σ, 1σ, 1σ, 3σ, 3σ. The correspondent 1σ levels are 1, 2.5, 2.5, 0.5, and 0.5 K km s−1

for all the five species. The beam resolutions are increased by 1.3 times for consistency with the
DEGAS survey for better SNRs. Spectra from the three cyan crosses within a 10.7′′ beam are
plotted in Figure 2.3 for a comparison of the line properties.

We compare the integrated intensities measured by GBT/Argus to those observed by other

single-dish observations. For 12CO, the peak values of the integrated intensities on the im-

age observed by the GBT/Argus and the 45-m telescope (15′′, Kuno et al., 2007) are 257 and

180 K km s−1. For 13CO, the values are 24 and 22 K km s−1 (20.4′′, Hirota et al., 2010). For HCN

and HCO+, we compare the Argus data with the 30-m telescope (∼26′′, Nguyen-Q-Rieu et al.,

1992). The values for HCN are 21 K km s−1 and 19.1 K km s−1, separately. The values for HCO+
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Figure 2.3: Spectra of 12CO(1–0) (scaled by 1/5), 13CO(1–0), C18O(1–0), HCN(1–0), and HCO+(1–
0) from the three 10.7′′ beams whose centers are marked as cyan crosses in Figure 2.2 (from top
to bottom), representing that the line as well as the velocity-integrated intensity of all species
other than 12CO peak at the nuclear center and decrease towards the bar ends. Shifts of the
centers of the emission lines indicate the kinematic rotation of the molecular bar.

Figure 2.4: A comparison of the integrated intensities of (a) 12CO/13CO, (b) 12CO/C18O, (c)
13CO/C18O, (d) HCO+/HCN, (e) 13CO/HCN, and (f) C18O/HCN from individual image pixels
from a 0.9′×1.7′ region that covers the galactic bar. Maps of all the five molecules are convolved
to the same resolution of 10.7′′.

are 17 and 9.8 K km s−1. Although the peak HCO+ integrated intensity measured by Argus is

about twice that measured by the 30-m telescope, we stress that the results of Argus have good
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coherence and an excellent relative calibration. With Argus, HCN and HCO+ were observed

simultaneously, reduced with the same procedure, and compared at the same spatial resolution.

To compare the distribution of molecular gas to dust-reprocessed UV radiation from young

stars, we overlaid the contours of the integrated intensity of CO on aHerschel 70 µm image (Ken-

nicutt et al., 2011) in Figure 2.1. Overall, within the inner disk region of IC 342, the brightest

12CO emission follows the infrared emission. In the southern and the northern arms, however,

the peaks of the 12CO intensity do not coincide with peaks of the infrared emission. A similar

spatial offset is also shown in the nuclear bar region, as most 12CO emission is located at the

concave side of the “S-shaped” infrared bar.

The spatial offset seen between 12CO (and/or 13CO) and 70 µm emission in the bar region

is consistent with the spatial offset seen between 13CO and Hα emission (5–10′′, Turner &

Hurt, 1992). Whereas Hα emission traces young stars, this line also suffers from extinction. The

consistency between IR and Hα emission, therefore, implies that young stars emitting in Hα

are not entirely hidden in the dust. HST archival images (PID 5446, 6367) also confirm that in

the bar region, young stars emit through mixed filamentary dusty structures (see Figure 2.2).

Therefore, the angular offset between the 12CO/13CO emission region and the star formation

sites appears to be due to physical separation, rather than to variable dust extinction.

2.4.2 Line Intensity Ratios of Different Molecular Species in the Nuclear Bar

We compare the intensities of the lines of the five molecular species to understand their

ability to probe different physical conditions in the nuclear bar region of IC 342. To quantify the

differences shown in molecular emission distributions, we convolved all images to 10.7′′ (the
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resolution of the HCN and HCO+ maps; see § 2.4.1) resolution, and plotted the pixel-by-pixel

integrated intensities between different species in a scatter plot (Figure 2.4).

The interpretation of the physical conditions of the line ratios is considered from two as-

pects, the optical depth, and the excitation condition. As all five species have similar line widths

(see Figure 2.3), the integrated intensity ratio is mainly determined by the peak temperature of

the line spectra, for which

TR = J(Tex)
(
1− e−τ

)
fc, (2.1)

where Tex is the excitation temperature, J(Tex) is the Rayleigh-Jeans-corrected excitation tem-

perature, τ is the line optical depth, and fc is the filling factor. When there is no partial coverage

(fc = 1), J(Tex) approaches Tex if the lines are fully thermally excited, i.e., the volume density is

higher than ncrit and the J=1–0 transition is collisionally de-excited. If both lines are thermal-

ized, the line intensity ratio equals the ratio of (1 − e−τ ). Specifically, if the lines are optically

thin, we can interpret the line intensity ratio as the abundance ratio. Otherwise, if the lines are

optically thick, the line intensity ratio would be closer to the ratio of Tex.

12CO vs. 13CO: Figure 2.4a shows that I(12CO) and I(13CO) have a linear correlation.

I(12CO)/I(13CO) = 10.4 ± 2.2, distinct from the ratio of 4 to 12 measured at ∼ 4.5′′ resolution by

the Owens Valley Radio Observatory Millimeter Interferometer (Meier & Turner, 2001). This re-

sult suggests that the single-dish and interferometer are capturing emission on different scales;

our maps trace the extended molecular gas rather than the smaller-scale molecular features

emphasized by an interferometer. This ratio indicates that both lines have intermediate optical

depths, because the ratio is larger than one and is smaller than a typical abundance ratio in the

Galactic center (24±7, Halfen et al., 2017).
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12CO, 13COvs. C18O: Intensities I(12CO) and/or I(13CO) begin to saturate at high I(C18O)

(Figure 2.4b and 2.4c). I(12CO)/I(C18O) and I(13CO)/I(C18O) range from 26 to 42 and from 2.5

to 4, respectively. I(13CO)/I(C18O) is smaller than a typical Galactic center value of 10 (Dahmen

et al., 1998). This result suggests that either there is a small filling factor of C18O to 13CO, or

that 13CO has an intermediate optical depth (see equation 2.1). If we assume that C18O is opti-

cally thin due to its low abundance, we may derive H2 column densities directly from I(C18O)

following equation 2 in Meier & Turner (2001). For Tex between 10–30 K, we derive N(H2) =

1.2∼3.1×1022 cm−2. We can constrain the column density that corresponds to the measured

I13CO/IC18O better by using LVG models, but the results are comparable.

HCN vs. HCO+: I(HCN) and I(HCO+) have a tighter relation, yielding a line intensity

ratio R, which is defined as I(HCN)/I(HCO+), of 1.2 ± 0.1 (Figure 2.4d). The ratio, which

is larger than one, also suggests that both lines likely have intermediate optical depths. The

small scatter applies across the entire 1 kpc bar region. Because the interstellar medium, and

particularly the interstellar medium of a bar region, is complex and fractal, gas is likely to exist

in a variety of states. Therefore, such a constancy of R indicates that R in the bar region of

IC 342 is insensitive to locally varying physical conditions. We emphasize that the HCN(1–0)

and HCO+(1–0) lines cannot be subthermally excited at the same time, because emissions from

subthermal excitation conditions are easily influenced by the varying environment across the

entire nuclear bar. We discuss the certain set of environmental conditions that the constant R

constrains further in Sec. 2.5.1.

13CO and C18O, vs. HCN and HCO+: We present I(13CO)-I(HCN) and I(C18O)I(HCN)

correlations in Figure 2.4e and 2.4f. Only HCN emission is included in the comparison, because

I(HCO+) has a tight correlation with I(HCN) and nearly identical correlations to the intensi-
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ties of 13CO and C18O. As Figure 2.4e and 2.4f show, although I(13CO) saturates at high I(HCN),

I(C18O) and I(HCN) have a linear correlation. We conclude that the saturation of I(13CO) in

high I(HCN) is due to the optical depth effect on 13CO. As we have shown above, 13CO has an

intermediate optical depth and traces a morphology similar to that of 12CO. Both 12CO and 13CO

suffer from radiative trapping, and are more sensitive to the surface layer (τ ∼ 1) of the molec-

ular gas. As a comparison, C18O, HCN, and HCO+ trace the true distribution of the molecular

gas, rather than the surface. C18O constrains the column density of the dense molecular gas

better than HCN and HCO+, because the C18O emission is optically thin.

2.5 Discussion

2.5.1 I(HCN)/I(HCO+) As a Relative Abundance Tracer

As are summarized in § 2.4.2, our observations have revealed a nearly constant intensity

ratio R of 1.2±0.1 across the ∼1 kpc nuclear bar of IC 342 of a spatial resolution of 8′′ (100 pc).

We investigate three questions in this section to further understand the constraints that R may

have over the physical conditions and discuss the inherent degeneracy. First, what is the relation

between the parameter space of the physical conditions and a specific value R (specifically, R of

1.2 in IC 342, see § 2.5.1.1)? Second, is a permitted parameter space also physically realistic? Here

we search for a parameter space that is “forgiving” to modest changes of physical conditions

over a large region (§ 2.5.1.2). Third, how do we reconcile conclusions from the two questions

above with the R-LIR relation seen in other galaxies, particularly as it relates to AGN versus

starburst (§ 2.5.1.3), when the constant R over a 1 kpc scale in IC 342 provides constraints from a

new perspective? Although R is ∼1.2 in IC342, this value ranges from 0.8 to 2 in other galaxies
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(Krips et al., 2010). We discuss each of the questions in subsections below, and conclude that

R is a good relative abundance tracer of HCN and HCO+in IC342 and that the similar trends

seen in the ratios of HCN/HCO+ of other galaxies suggest that these ratios may also be tracking

abundance patterns there.
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2.5.1.1 Permitted Parameter Space for a Fixed R

We investigate how a fixed value of R of 1.2, the intensity ratio observed in IC 342, is

realized, assuming that HCN and HCO+ coexist and that the (1–0) emission lines originate

from the same regions at the same temperatures and densities. The assumption is based on

the similar morphology and line profiles between HCN and HCO+ (see § 2.4.2). We apply an

escape probability formalism for a uniform sphere geometry, and use a one-component radiative

transfer model with RADEX (Van der Tak et al., 2007) to explore the value of R over a grid of

solutions in the space of the density (nH2) and the column density (N/dv). The optical depths

and the brightness temperatures are calculated under the corresponding parameter space to

determineR (see Appendix B for details). Specifically, nH2 , N/dv, and τ are all taken as constant

properties within a beam. We find that the results are insensitive to temperatures from 10 to

100 K, and show calculations for 30 K, which is close to the temperature of the molecular gas

suggested by Meier & Turner (2001). The range of nH2 is chosen from 102–107 cm−3, and N/dv

is from 1021−25 cm−2/50 km s−1. The abundance of [HCO+/H2] is fixed at 2×10−8 (the Galactic

value adopted by Krips et al., 2008), and the abundance of HCN is scaled relative to HCO+. We

note that changes in the value of the abundance of HCO+ shift the grid of solutions along the

y-axis (see discussions below), but do not influence our conclusions.

We present in the left panel of Figure 2.5 the grid of solutions in the parameter space that

produces R = 1.2. The axes are nH2 and N/dv, with contours in the non-shadowed regions

representing the column density ratios of HCN to HCO+ or, equivalently, the abundance ratios

that give a fixed constantR of 1.2. The shadowed regions represent the parameter space without

a solution.
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Table 2.2: Physical conditions of the four marked regions in Figure 2.5. “sub” and “(∼)therm”
represent subthermalization and (near-)thermalization. See Appendix. B for the detailed pattern
of τ and Tex over the (nH2 , N/dv) grid.

Region Optical depth Excitation condition
HCN HCO+ HCN HCO+

1 τ ≫ 1 sub sub
2 τ ∼ 1 ∼therm therm
3 τ ≫ 1 τ ∼ 1.8 therm therm
4 τ ≫ 1 τ ≳ 1 sub sub

Not all solutions, however, are physically realistic. We investigate the constraints on the

excitation conditions or optical depth for four different regions marked with circled numbers

on the left-hand panel of Figure 2.5. These constraints are summarized in Table 2.2. In region

1, both lines are subthermalized, and the level populations are controlled by collisions. Both

lines are optically thick, and the intensity ratio is determined by the ratio of the excitation tem-

perature Tex. Region 2, in contrast, controls R through the relative optical depth together with

Tex. In region 2, both HCN and HCO+ have intermediate optical depth, and HCO+ emission is

thermalized. Region 3 requires a fixed τ (HCO+), for which 1− eτ = 1/1.2, because HCN emis-

sion is optically thick and Tex of HCN and HCO+ are equal. Such a tight constraint rules out

region 3 as a realistic solution. Finally, contours in region 4 are parallel to the horizontal axis.

Although both HCN and HCO+ are subthermalized in this region due to the low value of nH2 ,

both τ (HCO+) and the Tex ratio are independent of nH2 in this region. Similarly to region 3, we

consider the constant τ in region 4 to be unrealistic.

Because both regions 1 and 2 are the permitted parameter spaces for a fixed R with a

value of 1.2, we further compare the two regions in § 2.5.1.2 to see whether the two regions can

apply to the whole bar region of IC 342.
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Table 2.3: Key criteria for identifying the physically more feasible parameter space in the bar
region of IC 342.

Comparison with … Criteria Better Region

Models Range of [HCO+/H2]dv/dr Region 2
Allowed uncertainties for a specific R Region 2

Observations Column density measured by C18O(1–0) Region 2
τ (HCN) derived through H12CN(1–0)/H13CN(1–0) Region 2
τ (HCN) estimated by comparing … Region 2
aaaa… single-dish/interferometer maps
The abundance ratio of HCN to HCO+ N/A

2.5.1.2 Thermal vs. Subthermal in the Bar of IC 342

Our RADEX modeling results show that for the constant HCN(1–0)-to-HCO+(1–0) ratio

across the IC 342 bar, there is a degeneracy of the parameter space in both region 1 and region 2.

We discuss below whether the degeneracy may be further broken by comparing the theoretical

predictions with the observations, including the column densities, the optical depths, and the

abundance ratios derived from current and/or past studies as direct evidence for comparison.

We show in this subsection that region 2 (thermal excitation) serves this requirement better

than region 1 (subthermal excitation) does, and summarize in Table 2.3 the key criteria.

Theoretical constraints from the RADEX modeling: A constant R in the grid of

(nH2 , N/dv) is produced along the abundance ratio contours (Figure 2.5). As the orientation

of the contours reflects the relationship of nH2 and N/dv, we argue below that the pattern of

the contours is more feasible in region 2. In region 1, this corresponds to nH2 · N ∼ con-

stant. In region 2, the contours resemble more of the condition that dv/dr is constant, because

N/dv·dv/dr ∼ NH2/dr ∼ nH2 . This point is illustrated as a group of parallel straight lines with

a slope of one in the right panel of Figure 2.5, in which the intercept of each line corresponds to
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a different [HCO+/H2]dv/dr. As is shown in Figure 2.5, although [HCO+/H2]dv/dr only spans

one order of magnitude, from 1.6×10−10 to 1.6×10−9 km s−1 pc−1, in region 2, in region 1 the

range is as high as four orders of magnitude. Therefore, the nH2-N/dv relation in region 2 is

more realistic for a fixed R.

The “indirect” evidence of a constant HCN(1–0)-to-HCO+(1–0) ratio across the IC 342 bar

fits the movement of points along the abundance ratio contours of region 2 better. If points

on the (nH2 , N/dv) space move along the constant dv/dr direction in the grid, region 1 has a

smaller tolerance on the uncertainties to the solutions of a specific R. We illustrate this point in

the right panel of Figure 2.5, in which we only keep contour lines in regions 1 and 2, for clarity.

Specifically, the red- and grey-shadowed regions represent R from 1.1 to 1.2, and from 1.2 to 1.3,

a range that represents the uncertainty level we have observed in IC 342. Although the wider

shaded region in region 1 seems to allow for a larger permitted parameter space under R from

1.1 to 1.3, the permitted range along the constant dv/dr is actually much smaller than that of

region 2.

Observational constraints: We also compare with observational constraints on the col-

umn densities, the optical depths, and the abundance ratio to discuss which region on the grid

of (nH2 , N/dv) is the preferred parameter space for the bar of IC 342.

To compare column densities and decide which excitation region better represents the

conditions in IC 342, we make the assumption that C18O and HCN (or HCO+) are tracing the

same gas. As we have shown in § 2.4.2, the corresponding NH2 (or N/dv) is ∼ 1022 cm−2 (or

1020.3 cm−2 km s−1). The column density inferred from region 2 is thus more realistic.

Past observations of isotopologues of HCN in IC 342 show that HCN has an intermediate

optical depth, also suggesting that region 2 is preferable (Downes et al., 1992; Schinnerer et
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al., 2008; Schulz et al., 2001; Wilson, 1999). Schulz et al. (2001) measured the intensity ratio of

H12CN(1–0) to H13CN(1–0) over GMCs in the center of IC 342 and found a value of ∼40. This

value is larger than one but smaller than the local [12C/13C] ratio of ∼ 60 (Wilson, 1999). These

measurements indicate that both H12CN and H13CN have intermediate optical depths, and thus

are neither thick nor thin.

The comparison between the single-dish GBT/Argus image and the interferometric im-

ages (Downes et al., 1992; Schinnerer et al., 2008) also shows that HCN has an intermediate

optical depth. If τ were much larger than one, it would then wash away substructures. The

giant molecular clouds (GMCs) observed by interferometers in scales of ∼80 pc at the center

of IC 342 (Downes et al., 1992; Schinnerer et al., 2008) would be behind an opaque screen, and

would therefore be invisible. One alternative explanation to the extended HCN emission ob-

served by the GBT is that optically thick small clouds form a foreground screen with gaps that

are much smaller than the GBT beam, but such a scenario is not seen in the interferometer

images and is therefore unrealistic.

The abundance ratio of HCN to HCO+ would distinguish regions 1 and 2 if the range of

the value of the ratio could be constrained to order unity (region 2) or order ten (region 1).

However, neither theoretical models nor observations support such a constraint in the bar of

IC 342. In the nucleus of IC 342, the central starburst produces both bar-induced shocks and

PDR regions (Meier & Turner, 2005). Shocked molecular clouds allow possible endothermic re-

actions to occur, and gas-phase ion–molecule reactions to proceed in the compressed layers, so

the abundance of HCO+ could be suppressed by at most two orders of magnitude (see Figure 1

in Iglesias & Silk, 1978). As a comparison, models of PDRs mostly yield [HCN/HCO+]>1 (Pa-

padopoulos, 2007). Therefore, we cannot distinguish region 1 and 2 through the predictions on
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the abundance ratio.

2.5.1.3 Thermal vs. Subthermal in the General Case

As we have discussed in § 2.5.1.1 and Table 2.3, we favor region 2 more than region 1 in

the nuclear bar region of IC 342. However, in either the R-LIR or the R-AGN/SB relation as

described in the introduction, it is the condition in region 1, subthermal excitation and large

optical depth, the common interpretation inferred from unresolved or low spatial resolution

observations (e.g., Jiménez-Donaire et al., 2017; Krips et al., 2008).

We investigate (1) whether region 1 is the unique solution to single-beam observations

on samples of external galaxies, and (2) whether solutions in region 2 apply if external galaxies

are spatially resolved and still keep a constant R (e.g., R=1.4 across the spatially resolved bar

of NGC 253 in Knudsen et al., 2007).

First, we analyze the line intensity ratios of higher-J to J=1–0 transitions of IC 342 with

the LVG model, following the work of Knudsen et al. (2007). In Knudsen et al. (2007), NGC 253

was reported to have spatially resolved and indistinguishable HCN(1–0) and HCO+(1–0) with

R=1.4. By comparing with single beam J=3–2 data, they conclude that both HCN(1–0) and

HCO+(1–0) are optically thick and are subthermally excited (nH2 = 105.2 cm−3 at 50 K).

For IC 342, J=4–3 transitions observed with the James Clerk Maxwell Telescope (JCMT)

(Tan et al., 2018) are available for HCN and HCO+. We convolved the J=1–0 image to the 14′′

beam resolution of HCN(4–3), and found that the line intensity ratio of (1–0)/(4–3) (hereafter

referred as r41) is ∼3–10 and ∼2.5–6 for HCN and HCO+, respectively. Using the same param-

eters in RADEX as § 2.5.1.1 over the one-component model, the range of r41 corresponds to

57



Figure 2.6: Contours represent r10/43 of HCN over the grid (n, T ) for log10N(H2)/dv = 22.3.
The red region shows where r10/43 is from 3 to 10. The orange area shows the solution for r10/43
from 3 to 10 when log10N(H2)/dv = 21.3, which has a 10 times lower column density.

nH2 from 104.5–105.5 cm−3 (Figure 2.6) if HCN(1–0) were optically thick (τ≫1). Although this

result seems to be consistent with the condition that Knudsen et al. (2007) have suggested, and

is located at region 1 (see Figure 2.5), such a combination of the column density and the particle

density is not the unique solution that comes from single-beam observations. For example, a

combination of a column density that is 10 times lower, an intermediate optical depth close to

one, and a high nH2 at which HCN(1–0) is thermalized also produces r41 in range of ∼3 to 10

(see the orange area in Figure 2.6).
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Second, to explore whether the range of plausible solutions above for IC342 would apply

to spatially resolved observations of other galaxies, we present in Figure 2.7 the solutions to

the parameter space when R = 0.8, 1.4, and 2. The range between 0.8 and 2 is typical in a

sample of galaxies when the R-LIR or R-AGN/SB relation is discussed (e.g., Krips et al., 2010).

If R is smaller than one, each (nH2 , N/dv) pair has a solution of the abundance ratio, because

HCO+ has a smaller critical density and is thermalized more easily than HCN. If R is larger

than one, the solution in the (nH2 , N/dv) grid is similar to that of R = 1.2 (see Figure 2.5).

Specifically, as R increases, the upper limit of allowed solution, N/dv at nH2 < 105 cm−3,

decreases, and the corresponding abundance ratio for (nH2 , N/dv) at nH2 < 105 cm−3 increases

(see Figure 2.7). Such a behavior explains why the value of R as large as, for example, 5, is not

seen in external galaxies. For such a high value of R, there is no solution in the (nH2 , N/dv) grid

at nH2 < 105 cm−3. At nH2 > 105 cm−3, the (nH2 , N/dv) solution requires an abundance-ratio

of ∼50 that is too high to achieve.

The discussion above illustrates the implications of Figure 2.7, that region 2 is concluded

as the preferable parameter space for a variety of R, and that R is more sensitive to abundance

ratio than to particle density after the degeneracy of the parameter space is partly broken. We

note that one assumption here is that the abundance ratio does not vary by a factor of few with

position by large factors, so the varying physical conditions tend to move along the constant

abundance ratio contour (§ 2.5.1.2).

The idea that the HCN to HCO+ intensity ratio traces abundance is related to using R

as a potential diagnostic tool to distinguish AGN from starbursts in galactic nuclei. It has been

argued that the abundance ratio of HCN to HCO+ is sensitive to the environment that hosts

an AGN or a starburst (e.g., Graciá-Carpio et al., 2006; Imanishi et al., 2006, 2007). First, HCN
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can be enhanced chemically either by far-ultraviolet radiation from young massive star-forming

regions or through strong X-ray radiation from an AGN. AGNs are therefore likely to have a

higher HCN abundance, because X-ray radiation penetrates more deeply into gas clouds than

does UV radiation. Second, evolved starbursts tend to have a lower HCN to HCO+ abundance

ratio, due to the ionization effects from cosmic rays from SNEs. The ionization effects potentially

increase the HCO+ abundance and decrease the HCN abundance (e.g., Nguyen-Q-Rieu et al.,

1992).

In conclusion, (1) region 1 is an inaccurate solution to the single-beam observations, and

(2) for samples of external galaxies in the R-LIR or R-AGN/SB relation, if the galaxies are

mapped with finer resolution, those galaxies might still have a constant R across HCN/HCO+

emitting region, with region 2 being the preferable parameter space. The ambiguities arising

from the analysis of high-J lines reflect the fact that R and r41, are actually probing different

conditions. Although r41 is tracing more of the bright J=4–3 lines, this ratio probes more of

the fraction of high excitation materials within the beam, or equivalently, the mean particle

density. In contrast, R is insensitive to the exact condition of the two species, and is revealing

more of the relative abundance of the two species, which may relate to the existence of AGNs

or starbursts.

2.5.2 Breakdown of the HCN-IR Correlation at High Spatial Resolution

On a galactic scale, a scale-dependent scatter was previously observed for CO in the rela-

tionship between the molecular gas surface density and the SFR on a galactic scale (e.g., Kreckel

et al., 2018; Kruijssen & Longmore, 2014; Pan et al., 2022; Schruba et al., 2010). Such a relation-
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ship breaks down at some scale due to incomplete sampling of star-forming regions. Argus on

the GBT provides a unique opportunity to inspect such a scale-scatter breakdown in the clos-

est HCN-bright galaxies. Although the EMPIRE survey (Jiménez-Donaire et al., 2017) reveals

that the ratios of HCN/CO and HCN/IR show various clear correlations with galaxy structure,

we are now able to investigate how a finer spatial resolution influences the scatter in HCN–IR

relations.

We present in Figure 2.8a and 2.8b the LIR–LHCN and the LIR/LHCN-LHCN relation on scales

of 170 pc (∼10′′), 340 pc (∼20′′), and 510 pc (∼30′′) observed by convolving our Argus HCN image

to different beam sizes. The HCN luminosity, LHCN, was derived from the integrated intensities

following Gao & Solomon (2004a), and LIR was calibrated from the brightness of the Herschel

70 µm images (Kennicutt et al., 2011) following Galametz et al. (2013). All of the data points

on scales from 170 to 510 pc fall nicely on the Gao & Solomon (2004a) relation with a slope of

one (see Figure 2.8a and 2.8b). This agreement is unsurprising, because IC 342 was one of the

galaxies in the Gao & Solomon (2004a) sample.

In addition to individually sampled points from IC 342, Figure 2.8a and 2.8b also show the

global LIR–LHCN relation measured on bright centers of external galaxies reported by Gao &

Solomon (2004a). In Gao & Solomon (2004a), IC 342 as a whole galaxy follows the LIR–LHCN

trend on galactic scales. Individual regions within IC342 from our high-resolution observations

follow a similar trend. We confirm that the measurements of the line intensities from the two

studies are consistent by presenting in Figure 2.8c the HCN spectra observed from a 72′′ beam

at the same position, although we note that there is a blue-shifted wing in the Gao & Solomon

(2004a) spectrum that we do not detect. Furthermore, (LHCN, LIR) falls within the uncertainty

level of ±0.23 dex of Gao & Solomon (2004a) relation.
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Table 2.4: The average and the scatter in log10(LIR/LHCN) in different spatial scales.

Regions ⟨log10(LIR/LHCN)⟩ σ(log10(LIR/LHCN))

170 pc 3.02 0.31
340 pc 3.10 0.23
510 pc 3.11 0.10

GS04a 2.92 0.23
a Values adopted from Gao & Solomon (2004a).

Table 2.4 summarizes the variation of the scatter of Argus data to the LIR–LHCN relation

of which the power is one under different sampling sizes. The scatter drops as the spatial scale

increases. The scatter for the smallest (170 pc) scale of the corresponding LIR–LHCN relation is

only 1.3 times greater than the scatter for beam-averaged external galaxies, which is comparable

for a 340 pc scale. As Figure 2.1 shows, Argus has resolved the angular offset between the IR

emission and molecular gas emission at 100 pc resolution. The scatter on a 340 pc scale therefore

intrinsically reflects this angular offset.

The scale-scatter breakdown observed in CO was interpreted as an incomplete sampling of

star-forming regions. Specifically, Schruba et al. (2010) proposed that the breakdown reflects a

temporal evolution process of gas depletion in star formation revealed at different spatial scales.

However, we stress that we are not inferring the information of dense gas depletion efficiency

in the LIR–LHCN relation of IC 342, because the evolution is possibly influenced by the passing

density wave. Therefore, we can only conclude that the HCN(1–0) emission is more strongly

correlated with star formation when averaged over large regions of IC 342. The high-resolution

observations suggest that the relationship begins to break down on smaller 340 pc regions. As

a reference, we note that Murphy et al. (2015) has reported a spatial offset between HCN (and

HCO+) with the continuum tracing star-formation by a physical scale of ∼130 pc in NGC 3627.
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We conclude that HCN(1–0) emission can serve as a useful star formation tracer if a certain

spatial sampling criterion is satisfied. We stress that such a tracer may not fully reflect a dense

gas-to-star formation relation. More samples with spatially resolved HCN emission from the

DEGAS survey should provide a further understanding of the criteria that sustain the tight

global LIR–LHCN relation.

2.6 Summary

We have observed J=1–0 transitions of 12CO, 13CO, C18O, HCN, and HCO+ from the ex-

ternal galaxy IC 342 with the 16-pixel spectroscopic focal plane Argus on the 100-m GBT. The

gaseous nuclear bar was mapped in all five transitions, and 12CO(1–0) observations revealed

the two inner spiral arms. These data are important, because they provide single-dish measure-

ments at high spatial resolution while interferometer maps can miss the extended molecular

emission and previous single-dish maps lack the resolution to resolve the IR and molecular

gas regions. The morphology of molecular gas traced by 12CO(1–0) and 13CO(1–0) differs from

that of HCN(1–0) and HCO+(1–0), indicating different sensitivity of these molecular gas trac-

ers to different physical conditions. 13CO(1–0) traces the surface layer, as 12CO(1–0) does, due

to radiative trapping. HCN emission correlates well with infrared emission tracing recent star

formation as long as a sufficiently large sampling scale (e.g. >340 pc for IC 342) is satisfied.

The intensity of spatially resolved HCN(1–0) and HCO+(1–0) emission have a remarkably

tight correlation with independent measurements over a ∼100 pc scale. This tight correlation

suggests that the line ratio of HCN(1–0) to HCO+(1–0) is insensitive to local varying physical

conditions across the center of IC342. We used RADEX with a one-component model to explore
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the permitted parameter space over this constant line ratio and the preferred region to realize

the insensitivity of the line ratio to the environments. Our investigation also looked for available

parameter space for HCN(1–0)/HCO+(1–0) ratios observed among other external galaxies. For

IC 342, we conclude that the HCN(1–0) and HCO+(1–0) emission from the 1 kpc gaseous bar

of IC 342 likely have intermediate optical depth and nH2 in 104.5–106 cm−3, where HCO+(1–0)

is thermalized and HCN(1–0) is close to thermalization. This result is compatible with results

derived from analyses with higher-J transitions, although it also indicates that the HCN(1–

0) and HCO+(1–0) emission from external galaxies may have physical conditions other than

large optical depth and specific particle densities that cause subthermalization. The insensitivity

of the HCN(1–0)-to-HCO+(1–0) intensity ratio across the center of IC342 indicates that it is

more sensitive to the relative abundance ratio rather than particle densities. We suggest that

a multi-component radiative transfer model would help the analysis with higher-J lines, and

observationally more realized constraints to the physical conditions of HCN(1–0) or HCO+(1–0)

emission can be conducted with more precise measurements of the isotopologues.
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Chapter 3: High-resolution M -band Spectroscopy of CO toward the Massive

Young Stellar Binary W3 IRS 5

3.1 Chapter Preface

Chapter 3 is presented with minimal changes since publication in ApJ as “High-Resolution

M-band Spectroscopy of CO towards the Massive Young Stellar Binary W3 IRS5” (Li et al., 2022).

The authors are Jialu Li, Adwin Boogert, Andrew G. Barr, and Alexander G. G. M. Tielens.

3.2 Introduction

Although massive stars profoundly affect the evolution of the universe, their formation

and evolution processes are not well understood. Massive stars are rare, deeply embedded in

the early stage, and seldom found to form in isolation. Therefore, the large distances to the

observers, the high extinction at optical and near-infrared wavelengths, and the highly clustered

environment impede a clear understanding of their formation and evolution processes.

Theoretical models for massive star formation have remained controversial. Compared

to the well-established formation process of low-mass stars (McKee & Ostriker, 2007), massive

stars do not form through an exact scaled-up mechanism due to the strong radiation pressure,

which dramatically influences the accretion rate and the final stellar mass (Wolfire & Cassinelli,
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1987). Several approaches have been followed to overcome this problem: the generation of

radiatively driven bubbles and the disk-mediated accretion (Krumholz et al., 2009; Rosen &

Krumholz, 2020) in monolithic collapse models (Krumholz et al., 2005; McKee & Tan, 2003) have

been developed as a way to overcome the radiation pressure barrier; the coalescence scenario

(Bally & Zinnecker, 2005; Bonnell et al., 1998) in high stellar density environments avoids the

radiation pressure issues; and the competitive accretion model (Bonnell et al., 2004; Bonnell &

Bate, 2006) suggests that the forming stars accrete material that is not gravitationally bound

to the stellar seed. Each of these different scenarios has implications for cluster formation and

binary formation involving disks.

For high-mass star-forming cores, the current proposed theoretical evolutionary sequence

is: high-mass starless cores (HMSCs)→ high-mass cores harboring accreting low-/intermediate-

mass protostar(s) destined to become a high-mass star(s) → high-mass protostellar objects (HM-

POs) → final stars (Beuther et al., 2007). Observationally, the embedded phases of massive pro-

tostellar objects are subdivided into infrared dark clouds (IRDC), hot molecular cores (HMCs),

hypercompact- and ultracompact-HII regions (HCHIIs and UCHIIs), and compact and classical

HII regions (Beuther et al., 2007). As the formation and evolution proceed, the central object

warms and ionizes the environment and drives a rich chemistry. Complex physical activities

are involved in the evolution as well, such as accretion disks, outflows, shocks, and disk winds

(Cesaroni et al., 2007; Zinnecker & Yorke, 2007).

In the proposed evolutionary sequence of massive star formation, each stage has its own

characteristic physical conditions. Mid-infrared (MIR) spectroscopy is sensitive to the presence

of warm gas (several hundreds of degrees) that is very close to the protostar, often at a distance

between 100 and 1000 au. Observing at MIR wavelengths, therefore, fills the gap in between
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the cooler and more extended regions (> 1000 au) emitting in the submillimeter/millimeter

and the innermost ionized HII regions traced by observations at radio wavelengths. The MIR

spectroscopy also traces important characteristic chemistry during massive star formation. At

these high temperatures, grain mantles have sublimated, and neutral-neutral reaction channels

have opened up, resulting in a rich inventory of organic molecules (Agúndez et al., 2008; Bast

et al., 2013; Herbst & van Dishoeck, 2009; van der Tak et al., 2003).

Molecular rovibrational transitions in the MIR provide a unique opportunity to study the

physical conditions and chemical inventory of embedded phases in massive star formation. The

size of the MIR continuum emission region provides the effective spatial resolution of such spec-

troscopic observations because the observed absorption components are exactly located in front

of the infrared source and are along the line of sight. The full set of rovibrational lines can be

covered in a short bandwidth without the multiple frequency settings that submillimeter obser-

vations require. Molecules without dipole moments such as C2H2 and CH4, which are among

the most abundant carbon-bearing molecules, can only be observed through their rovibrational

spectra in infrared. Therefore, MIR spectroscopy at high resolution allows us to study the prop-

erties of physical components close to massive protostars and understand the interactions of

the massive protostars with their environment in a better way.

The active star-forming region W3 IRS 5 is in the Perseus arm at a distance of 2.3+0.19
−0.16 kpc

(Gaia DR2; Navarete et al., 2019). The high IR luminosity and the presence of radio sources re-

veal the presence of high-mass protostars. Object W3 IRS 5 is a binary (Megeath et al., 1996),

and we refer to the northeastern component as MIR1 and the southwestern one as MIR2, follow-

ing the nomenclature in van der Tak et al. (2005). Near-IR images reveal that MIR1 and MIR2

are separated by ∼1.2′′ and coincident with the bright submillimeter sources MM1 and MM2
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(Megeath et al., 2005; van der Tak et al., 2005). In this chapter, we present a rich high-resolution

spectrum of W3 IRS 5 in the 4.7 µm M band covering the rovibrational transitions of 12CO

and its isotopologs 13CO, C18O, C17O. In contrast to early observations by Mitchell et al. (1991)

at the same wavelength, MIR1 and MIR2 are now spatially resolved, and we are therefore able

to separate the different kinematic components in the complex absorption line profiles, tracing

the immediate environment of each source in the W3 IRS 5 binary. We describe our observa-

tions and data reduction in Section 3.3, and our analysis method includes a simple optically

thin foreground, as well as a photospheric disk model slab model in Section 3.4. We present the

identification process and the derived physical conditions of different kinematic components in

Section 3.5 and discuss the implications of our observations for our understanding of high-mass

star formation in W3 IRS 5 in Section 3.6.

3.3 Observations and Data Reduction

We observed W3 IRS 5 with the iSHELL spectrograph (Rayner et al., 2022) at the NASA

InfraRed Telescope Facility (IRTF) 3.2 m telescope as part of program 2018B095 on UT 09:00 2018

October 5. The instrument was used in its spectral mode M1 (see Table 1 in Rayner et al., 2022)

with a slit width of 0.375′′. This provides a resolving power of R = λ/∆λ = 88, 100 ± 2, 000

(Rayner et al., 2022) over a wavelength range of 4.52–5.25 µm, excluding small gaps between

the echelle orders. The total on-source integration time was 30 minutes, and the airmass was in

the range of 1.535–1.443. The 15′′ long slit was oriented along a position angle of 37 degrees, so

that the binary components of W3 IRS 5 were observed simultaneously. The seeing conditions

allowed for the 1.2′′ binary to be well separated in the M band. The targets were nodded along
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the slit, allowing for the subtraction of the sky and hardware background emission. The Spex-

tool package (version 5.0.2, Cushing et al., 2004) was used to reduce the spectra. This includes

wavelength calibration using the sky emission lines and custom extraction apertures to sepa-

rate the binary components. The binary components are of similar brightness in the M band.

In the extracted spectra, the contamination by the flux from the other binary component is no

more than ∼ 5–7%. This is estimated from the spectral features at velocities vLSR < −70 km/s

(Figure 3.1), where we assume MIR1 only has continuum, and the absorption lines occur exclu-

sively in MIR2. Telluric absorption lines were divided out using the program Xtellcor model1,

which makes use of atmospheric models calculated by the Planetary Spectrum Generator (Vil-

lanueva et al., 2018). The echelle orders of iSHELL are strongly curved (blaze shape; cf., Figure 8

in iSHELL’s observing manual2). This was corrected for by dividing by flat-field images taken

with iSHELL’s internal lamp. The Doppler shift due to the combined motion of the Earth on the

date of the observations and the systemic velocity of W3 IRS 5 (vLSR =−38 km s−1; van der Tak

et al., 2000) is −56 km s−1. This is sufficient to separate the deep telluric CO lines from those

in W3 IRS 5. Residual baseline curvature was divided out using a median filter. We shifted the

wavelength scale by −18 km s−1 to remove the motion of the Earth in the direction of W3 IRS 5,

converting it to an LSR scale. Finally, we used the HITRAN database (Kochanov et al., 2016) to

identify the rovibrational transitions of 12CO and its isotopologs.

Object W3 IRS5 was also observed with the SpeX spectrometer (Rayner et al., 2003) at the

IRTF in order to obtain a wider-wavelength view of this binary system. The observations were

done on UT 14:00 2020 August 14. The 15′′ long SpeX slit was oriented along the binary position
1http://irtfweb.ifa.hawaii.edu/research/drresources/
2http://irtfweb.ifa.hawaii.edu/ishell/iSHELLobservingmanual20210827.

pdf
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angle of 37 degrees, and guiding was done in the K band on the slit spillover flux. Spectra were

taken with the SpeX LXD Long mode using the 0.5′′ wide slit. This yields a resolving power of

R = 1, 500. The instantaneous spectral coverage is 1.95–5.36µm. The standard star was HR 1641

(B3V). The IRTF/SpeX spectra were reduced using Spextool version 4.1 (Cushing et al., 2004).

Flat-fielding was done using the images obtained with SpeX’s calibration unit. The wavelength

calibration procedure uses lamp lines at the shortest wavelengths and sky emission lines in

much of the L and M bands. At the good seeing of ∼0.5′′, the binary was well separated and

could be extracted without significant contamination. The telluric correction was done using

the Xtellcor program (Vacca et al., 2003). This uses a model of Vega to divide out the stellar

photosphere. Vega’s spectral type, A0V, differs from that of the standard star; thus, care must

be taken with interpreting features near hydrogen lines.

3.4 Methods

For both MIR1 and MIR2, we have detected several hundred lines in the ν=0–1 band of

12CO, 13CO, C18O, and C17Oand the ν=1–2 band of 12CO3 at 4.7 µm in absorption. Figure 3.1

shows a selected group of lines that illustrate that each MIR source has a number of distinctive

kinematic components that are characterized by different excitation conditions. For example,

MIR2 shows highly blue-shifted gas, up to -90 km s−1, but MIR1 does not. The 13CO, C17O, and

C18O lines of MIR2 are centered on the systemic velocity of vLSR = −38 km s−1. In contrast, for

MIR1 lines of the lowest J-levels center on vLSR = −38 km s−1, while the high-J lines center on

−46 km s−1. To explore the properties of these components, we analyze the rovibrational lines

of each species simultaneously. We regard the optically thin slab model in LTE as an appropriate
3In the rest of the chapter we consider ν=0–1 as the default band of 12CO unless ‘ν=1–2’ is specified.
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start for optically thin analysis (Section 3.4.1). In Section 3.4.2, we apply corrections when the

effects of optical depth, covering factor, and radiative transfer are important.

3.4.1 Preliminary Analysis: Optically Thin Slab Model under LTE

Recovering the column density information from an absorption line is straightforward

if emission from the molecular gas is negligible, and the relative intensity of the line to the

continuum can be described by an attenuation factor, e−τ , in which τ is defined as the optical

depth. This is the commonly considered slab model, where a cold, isothermal absorbing cloud

is in front of a hot continuum source. In the context of the direct environment of a massive

protostar, the foreground cloud can absorb the MIR emission from a disk or Hot Core. In the

context of this chapter, we note that the Planck function peaks at 4.7 µm for a temperature

of 600 K. Hence, the background continuum source will have to have a temperature of that

order or higher. Moreover, in order to see absorption lines, the continuum source has to have

an emission optical depth at least of order 1, while the foreground cloud has to be considerably

cooler than 500 K (Barr et al., 2022b).

In a slab model, when the lines are optically thin, we can get the column density Nl in the

lower state of a transition directly from the integrated line profile by

Nl = 8π/(Aulλ
3)gl/gu

∫
τ(v)dv, (3.1)

in which Aul is the Einstein coefficient, gl and gu are the statistical weight of the lower and

upper level, and

τ(v) = −ln(Iobs/Ic), (3.2)
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where Iobs and Ic are the intensity of the absorption and the continuum.

If the absorbing gas is in LTE at an excitation temperature, Tex, the population in the

rotational level J is thermalized according to

Nl

g(J)
=

Ntot

Q(Tex)
exp

(
− El

kBTex

)
, (3.3)

whereNtot is the total column density, El is the excitation energy, g(J) is the statistical weight of

the level (g(J) = 2J+1 for a linear molecule), and Q(T ) is the partition function. For a uniform

excitation temperature, the rotation diagram, ln(Nl/(2J + 1)) versus El/kB , follows a straight

line, with the inverse of the slope representing the temperature and the intercept representing

the total column density over the partition function. We can therefore derive the temperature

and the total column density of the molecular gas. If the slope on the rotation diagram is not a

constant but has a gradient, we regard the component as a compound of multiple temperatures

and fit ln(Nl/(2J + 1)) versus El/kB with

Nl

2J + 1
=

∑
i

Ntot, i

Q(Tex, i)
exp

(
− El

kBTex, i

)
, (3.4)

where i represents the ith temperature component.
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3.4.2 Curve-of-growth Analysis

3.4.2.1 Slab Model of a Foreground Cloud

For an absorbing foreground slab, corrections for the line saturation are necessary for

optically thick lines. We can use the measured equivalent width,

Wλ =

∫
(1− Iobs/Ic)dλ =

∫
(1− e−τ )dλ, (3.5)

to obtain the column density of each state from the curve-of-growth (Rodgers & Williams, 1974):

Wλ

λ
≈


√
πb
c

τp
1+τp/(2

√
2)

for τ < 1.254

2b
c

√
ln(τp/ln2) + γλ

4b
√
π
(τp − 1.254) for τ > 1.254

. (3.6)

where the peak optical depth is given by

τp =

√
πe2

mebc
Nlfluλ. (3.7)

In the equations above, flu is the oscillator strength, and γ is the damping constant of the

Lorentzian profile. For CO rovibrational lines, γ due to radiative damping is of order ∼10 s−1.

The Doppler parameter in velocity space, b, is related to the FWHM of an optically thin line by

∆vFWHM = 2
√

ln2b. We stress that the Lorentzian line width that γ corresponds to (10−9 km s−1)

is negligible compared to the observed Doppler width (a few km s−1).

As observations revealed that strong absorption lines did not go to zero intensity, Lacy

(2013) recognized several issues that require cautions when applying an absorbing slab model.
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One is that if emission from the foreground molecular cloud is not negligible, the line intensity

tends to approach the source function and does approach the source function at a sufficient opti-

cal depth. The source function equals the Planck function at the line wavelength if the molecular

gas is at LTE, which requires sufficient density if no other scattering opacity is considered inside

the molecular cloud. As a reference, for a representative background temperature above 600 K,

the foreground emission contributes an ∼ 4% residual intensity at τ ∼ 5 in a 400 K cloud. The

emission is therefore negligible in cooler clouds with smaller columns.

Another problem that may occur is that the foreground cloud does not cover the entire

observing beam. The absorption feature saturates at a nonzero intensity as well because of the

dilution, even if the emission from the gas is not important. Should a covering factor fc be

considered, equation 3.2 is modified to

Iobs = Ic(1− fc(1− e−τ(v))). (3.8)

Similarly, the left-hand side of equation 3.6 is modified to Wλ/(λfc).

3.4.2.2 Stellar Atmosphere Model of a Circumstellar Disk

The absorption may also occur if the dust thermal continuum is mixed with the molecular

gas, and there is an outward-decreasing temperature gradient. This scenario is similar to the

stellar atmosphere model when the continuum and the line are coupled, in which the residual

flux,

Rν ≡ Iν/Ic, (3.9)
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can then be approximated by the Milne-Eddington model (Mihalas, 1978, Ch 10), which assumes

a gray atmosphere. In the system of a forming massive star, such a model can be realized in a

circumstellar disk that has a heating source in the midplane. In this scenario, saturated absorp-

tion lines approach a constant depth, and there is no need to consider a covering factor. We refer

to Appendix A in Barr et al. (2020) for details of the expected line residual flux in this model.

Following Mihalas (1978), for the stellar atmosphere model, when there is pure absorption

in the lines, the curve-of-growth is constructed by considering the equivalent width versus β0,

the ratio of the line opacity at line center, κL(ν = ν0), to the continuum opacity κc:

Wν

2∆νD
=

∫ +∞

0

(1−Rv)dv

= A0

∫ +∞

0

β0H(a, v)[1 + β0H(a, v)]−1dv,

(3.10)

in which

Wν

2∆νD
=

Wv

2b
=

c

2b

Wλ

λ
, (3.11)

and

β0 =
κL(ν = ν0)

κc

=
Aulλ

3

8π
√
2πσv

gu
gl

Nl

σcNH

(
1− gl

gu

Nu

Nl

)
.

(3.12)

In the equations above, v is the frequency shift with respect to the line center in units of

the Doppler width, and H(a, v) is the Voigt function that gives the line profile, in which the

damping factor a = γλ/b is of the order of 10−8 for CO rovibrational lines. The parameter A0 is

the central depth of an opaque line, and its exact value is determined by the radiative transfer

model of the surface of the disk. The value of A0 is related to the gradient of the Planck function,

dB/dτc/B(To), where B is the Planck function, τc is the continuum optical depth, and To is the
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surface temperature of the disk. For a gray atmosphere, A0 is ∼ 0.5–0.9 from 900 to 100 K (see

Appendix A in Barr et al., 2020). The dispersion in velocity space, σv, is transformed from the

Doppler parameter, b/
√
2. The continuum opacity, κc, is given by the dust cross section per H

atom σc. We adopt a value of 7×10−23 cm2/H-nucleus for σc following Barr et al. (2020), as it is

appropriate for coagulated interstellar dust (Ormel et al., 2011). We can eliminate the bracketed

item in equation 3.12 if the stimulated emission is negligible.

Similarly, for molecular gas under LTE, we may express β0 as

β0 =

(
Aulλ

3

8π
√
2πσvσc

gu
gl

)
glNtot

Q(T )NH

e−El/(kT ), (3.13)

where Q(T ) is the partition function, and Ntot/NH is the relative abundance of the molecules to

hydrogen. If LTE sustains, we can thereby retrieve (Ntot/NH , T ) through a grid search method

by comparing the observable Wν/2∆νD (or transform into Wλ/λ) with the theoretical curve-

of-growth and looking for the smallest χ2
r . We note that our choice of σc influences the derived

absolute abundance, although we may still use the derived abundance to calculate the relative

abundance of different species in the same kinematic component.

3.4.2.3 Comparing the Two Curve-of-growth Analyses

Although the two curve-of-growth analyses assume intrinsically different radiative trans-

fer models, the absorption profiles evolve in a similar way as the optical depth increases. The

line profile firstly grows like a Gaussian (the linear part) and then saturates the intensity at the

line center and thus slowly increases the equivalent width through absorption in the (Gaus-

sian) wings (the logarithmic part). Finally, the equivalent width grows quickly again when the
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Lorentzian wing takes over (the square root part). The latter case does not apply to the physi-

cal conditions in this chapter because the Lorentzian parameters γ and a (see § 3.4.2.2) are too

small.

The main difference between the two models exists in the lower limit of the center depth

of a line. In the stellar atmosphere model, A0 does not approach zero; in a slab model with a

100% covering factor, the line depth does saturate at zero intensity. This is due to a mixture of

the origin of the absorption line and the continuum and results in a difference in the equivalent

width. However, for a slab model with a partial covering factor, its curve-of-growth may be

alike to that of the stellar atmosphere model under certain conditions.

To illustrate this point, we first examine both models in the optically thin limit. In the

foreground slab model, Wλ/λ goes to fcτp (see eqn 3.6), and in the atmosphere model, it goes

to A0β0 (see eqn 3.10). If we scale β0 and τp by β0 = τp/τc = τp/(σcNH), and choose fc equal to

A0, the two curves of growth can be shifted on top of each other.

We construct the curves of growth from the two models above (eqn 3.6 and 3.10) in Wλ/λ

versus Nlfluλ in Figure 3.2. As an example, the curve-of-growth in Figure 3.2 adopts T = 660 K

and σv = 4.3 km s−1 (b = 6.1 km s−1), which are relevant for the 13CO component of MIR2-H1

at −38 km s−1(see § 3.5.1). Figure 3.2 also presents the slab model with and without a covering

factor (fc = A0). We can formulate β0 analogous to eqn 3.7 by assuming that σcNH is 1 as for

weak lines, which essentially indicates that we see down to a continuum optical depth of unity:

β0 =
1

8π
√
2π

Aulλ
2

fluσv

gu
gl
(Nlfluλ). (3.14)

Figure 3.2 illustrates how the two approaches are shifted on top of each other. The curves
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Figure 3.2: Upper panel: Curves of growth representing a slab model with and without a covering
factor (fc = A0), and a stellar atmosphere model on a circumstellar disk adopting σcNH=1.
Both models were constructed with σv = 4.3 km s−1, and T = 660 K adopted from the rotation
diagram analysis of 13CO is applied to the disk model. The central depth of an opaque line, A0

under 660 K is 0.5. Lower panel: the ratio of each curve relative to that of the slab model without
a covering factor.

shift along the X-axis because of the difference between β0 and τp and the curves shift along the

Y-axis because of the fc versus A0 factor. Specifically, when the two curves of growth overlap in

the optically thin limit, τc = σcNH = 1. For a large optical depth, the lines in the slab model will

saturate at fc, while for the atmosphere, they go to A0. However, even if we choose fc = A0,

the approach to these limits is slightly different (Figure 3.2).

In summary, for highly optically thick lines, the rotation diagram will severely underesti-

mate the column density/abundance of the absorbing species, and a curve-of-growth approach

is required. In a foreground cloud scenario, high optical depth transitions can be recognized
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by saturated line profiles with zero intensity. However, if the cloud only partially covers the

continuum source, the line profile will not go to zero intensity, even for highly optically thick

lines. For absorption originating in the disk surface, a temperature gradient will naturally lead

to nonzero intensity in the depth of the line. Introduction of an appropriate covering factor can

make the two curve-of-growth approaches overlap, and the two approaches show only subtle

differences for modestly optically thick lines (Figure 3.2).

3.5 Results

As we have summarized the analysis methods in Section 3.4, we present in this section

the identification processes and the derived physical conditions of different components. We

conduct the preliminary identification by iterating the decomposition of the line profiles and the

rotation diagrams in Section 3.5.1, and present in Section 3.5.2 the procedures of modifications

with the two curve-of-growth analyses. We discuss the properties of each identified component

in Section 3.5.3.

3.5.1 Optically Thin Slab Modeling

Because most velocity components in our data are blended, we first attempt to use multi-

ple Gaussians to fit and decompose the nonsaturated absorption profiles, assuming that the line

is optically thin and its profile only consists of a Doppler core. We derive the physical condi-

tions of each identified kinematic component via rotation diagrams in Figure 3.3 (and in Fig. C.1

for supplementary plots). Assuming a slab model in LTE, we get the τ and Nl of each absorp-

tion line (see Table C.1 in the Appendix) with equation 3.3 and 3.4, depending on whether the
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Figure 3.3: Rotation diagrams of 13CO (red), C18O (blue), C17O (cyan), and 12CO ν=1–2 (black)
of a selected group of kinematic components. The colors of each component are consistent
with those designated in Figure 3.4 (see supplementary rotation diagrams of other identified
components in Figure C.1). Nl are derived from equation 3.2 with Gaussian fitting. Solid lines
represent fitting results of equation 3.3 and dotted lines are of equation 3.4. The derived Tex and
Ntot are listed in Table 3.1.

ln(Nl/(2J + 1))-El/kB relation on the rotation diagram has a constant gradient or not. Ideally,

the identified kinematic components seen in the different isotopes with the same velocity cen-

ter should originate from the same physical component and have consistent properties, such as

line width and temperature.

We present the identified kinematic components in Figure 3.4 and list the line properties

and derived physical conditions in Table 3.1. We grouped and named kinematic components
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from different species at consistent velocities with similar velocity widths based on their tem-

peratures. In those names, “C”, “W”, and “H” stand for “cold”, “warm”, and “hot”. “B” represents

the high-velocity components that appear exclusively in the 12CO ν=0–1 transition in MIR2

(“B” stands for bullets; see § 3.5.3.5). For components of MIR1 at −38 km s−1 (MIR1-C1/C1′)

and −46 km s−1 (MIR1-W1/W1′), and of MIR2 at −38 km s−1 (MIR2-C1/H2), we see slope vari-

ation on the rotation diagrams. We address below in Section 3.5.3 whether this is due to an

optical depth effect or a real temperature variation between different physical components.

Properties of distinctive components among different species in Table 3.1 cannot be easily

reconciled. First, for all components with measurable ν=0–1 and ν=1–2 lines (MIR1-W1′, MIR2-

H1, and MIR2-H2), the temperatures derived from 12CO are much higher than those derived

from isotopes. Second, the measured relative abundance ratios of isotopes are usually much

smaller than the value found in the local ISM (see Table 3.2). Third, the velocity widths in

different species do not always match. All of these issues reflect that optical depth effects are

important. We justify below in Section 3.5.3 that for some components, those inconsistencies

can be reconciled by introducing a curve-of-growth analysis, covering factors, and absorption

in a disk photosphere.
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3.5.2 Two Curve-of-growth Analyses

We discuss in this section the detailed analysis procedure for all identified components

in Table 3.1. MIR2-W2 is not included, because its N (13CO)/N (C18O) is even greater than the

galactic [13CO/C18O] value. It is likely that there is an unresolved 13CO component of which

the C18O component is buried in the noise, as indicated by the much broader 13CO width in

Table 3.1.

3.5.2.1 Slab Model of a Foreground Cloud

Assuming a foreground slab model, we use the curve-of-growth analysis to account for

optical depth effects and determine the column density, temperature, and covering factor of a

kinematic component of bands from all relevant CO isotopes. When a component is observed

in multiple species, the smallest line width observed in 12CO, 13CO, or C18O is used to estimate

the Doppler parameter. We do not use the line widths observed in C17O lines because rather

large uncertainties would be introduced given the too few data points and poor baseline fitting.

When a partial covering factor is necessary, it is bounded by the upper limit of the absorption

intensity in the data sets. We obtain (Tex, Ntot) by looking for the smallest reduced χ2 in fitting

the observable Wλ/λ to the curve-of-growth (equation 3.6), and estimate the 1σ uncertainty by

looking for the χ2
r,min+∆/dof contour in the (Tex, Ntot) grid, where ∆ is the χ2 critical value

for a significance level of 68.3%, and dof is degree of freedom, n− 2 (n is the sample size). We

summarize the results in Figure 3.5 and Table 3.3.
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Table 3.1: Physical Conditions of Components in Fig. 3.3 Derived Directly from Gaussian Fitted
Profiles and Rotation Diagrams.

Component Transitions El J vLSR σv Tex Ntot
(K) ( km s−1) ( km s−1) (K) (×1016 cm−2)

(1) (2) (3) (4) (5) (6) (7) (8)

MIR1

MIR1-C1 13CO ν=0–1 0–53 0–4 -38.5 2.0 35.7+16.8
−16.9 2.5+1.5

−1.0

C18O ν=0–1 0–79 0–5 -39.0 1.8 49.1+33.2
−15.9 1.3+0.6

−0.3

C17O ν=0–1 5–113 1–6 -39.0 1.5 45.8+24.7
−13.3 0.31+0.11

−0.07

MIR1-C1′ 13CO ν=0–1 148–481 7–13 -38.8 2.0 120.2+18.5
−17.0 5.5+1.6

−1.5

MIR1-W1 13CO ν=0–1 0–481 0–13 -46.0 5.0 103.2+43.7
−43.4 9.0+4.6

−4.0

C18O ν=0–1 0–553 0–14 -46.0 4.0 163.6±4.1 2.1±0.1
C17O ν=0–1 81–243 5–9 -46.0 2.5 188.3±36.4 0.6±0.1

MIR1-W1′ 13CO ν=0–1 719–1994 16–27 -46.0 6.5 448.5+86.5
−70.0 12.1+4.1

−3.2
12CO ν=0–1 1937–5201 26–43 -49.0 7.5 956.3±56.7 74.2±15.4
12CO ν=1–2 3100–4347 2–21 -40.0 5.5 860.2±159.7 1.2±0.2

3100–4347 2–21 -54.0 6.0 827.3±245.4 1.4±0.4

MIR2

MIR2-C1 13CO ν=0–1 0–148 0–7 -38.5 2.8 31.4± 5.2 5.4± 0.7
C18O ν=0–1 0–79 0–5 -38.5 2.0 45.0± 3.2 1.7± 0.2
C17O ν=0–1 5-113 1–6 -38.5 1.6 79.2+13.8

−15.4 0.44+0.07
−0.06

MIR2-W2 13CO ν=0–1 0–481 0–13 -45.5 3.0 116.1±6.9 8.8±0.5
C18O ν=0–1 0–79 0–5 -45.5 1.7 97+33.4

−32.9 0.7+0.2
−0.2

C17O ν=0–1 31–243 1–9 -45.5 1.6 168.0±19.0 0.24± 0.02

MIR2-H1 13CO ν=0–1 634–2956 13–33 -37.5 4.3 659.5+35.2
−40.8 13.8+0.9

−0.8

C18O ν=0–1 237–1578 9–24 -37.5 3.4 695.9+115.4
−89.3 2.3+0.2

−0.2
12CO ν=0–1 1937–5687 26–45 -38.0 6.0 1162.1±55.1 65.3±8.6
12CO ν=1–2 3088–6331 1–33 -37.5 4.3 790.9±45.7 6.0±0.5

MIR2-H2 13CO ν=0–1 808–1336 17–22 -52.0 4.0 484.9±98.3 2.4±1.2
12CO ν=0–1 1937–4293 26–45 -53.0 3.9 979.7±115.6 17.0±5.6

MIR2-B1 12CO ν=0–1 0–1275 0–21 -89.0 3.5 265.2±11.5 24.9±1.6
MIR2-B2 12CO ν=0–1 0–2085 0–27 -79.0 3.0 245.6±7.8 22.8±1.1
MIR2-B3 12CO ν=0–1 0–2085 0–27 -70.0 3.0 229.8±6.2 13.6±0.6
MIR2-B4 12CO ν=0–1 0–2564 0–30 -63.0 4.5 351.7±12.9 18.2±1.0

Column (1): Identified components. ‘C1′’ and ‘W1′’ represent the temperature gradient seen in compo-
nent ‘C1’ and ‘W1’. (5) Velocity of the line center. (6) σv: the standard deviation of the Gaussian core,
and equals to b/

√
2. (7) & (8): Derived temperatures and total column densities. Values with asymmet-

rical uncertainties were the 16th and 84th percentiles derived from MCMC when there is a temperature
gradient seen in the rotation diagram (dashed lines in Fig. 3.3).
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Table 3.2: Column Density Ratios Derived from Rotation Diagram Analysis

Component N12CO/N13CO N13CO/NC18O NC18O/NC17O

Galactic Ratios 66±4a 9.1+3.7
−3.3

b 4.16±0.09c

MIR1-C1 – 1.9+2.1
−1.1 4.2+3.7

−1.8

MIR1-W1 – 4.3+2.5
−2.0 3.5+0.9

−0.6

MIR1-W1′ 6.1+3.9
−2.3 – –

MIR2-C1 – 3.2+0.9
−0.7 3.9+1.1

−0.9

MIR2-W2 – 12.6+6.0
−3.3 2.9+1.2

−1.0

MIR2-H1 4.7+1.0
−0.9 6.0+1.0

−0.8 –
MIR2-H2 7.1+11.8

−3.9 – –
a [12C/13C] of W3(OH) measured in (Milam et al., 2005).
b [16O/18O] = (58.8 ± 11.8) ×DGD + (37.1 ± 82.6) (Wil-
son & Rood, 1994), which is 601.6±195.9 for W3 IRS 5.
We adopt N (13CO)/N (C18O) = [12CO/C18O]/[12CO/13CO] =
[16O/18O]/[12C/13C] in the table.
c Wouterloot et al. (2008).
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Figure 3.6: Best-fitting results of log10(Wλ/(λA0))-log10(β0) and the theoretical curve-of-growth
of a stellar atmosphere model on MIR1-W1′, MIR2-H1, and MIR2-H2. The equivalent width in
velocity space, Wλ (= λWv/c) of each molecular dataset is observable, and the Doppler width, b,
is adopted from the smallest line width observed in 13CO or C18O (see texts in Section 3.5.2.2).
The theoretical curve-of-growth, the values of β0 and A0 are calculated based on the best-fit
Ntot/NH and temperature.

3.5.2.2 Stellar Atmosphere Model of a Disk

Section 3.5.1 reveals three hot components (MIR1-W1′, MIR2-H1, and MIR2-H2) with tem-

peratures between 500 and 700 K. This range is close to the dust temperature required to produce

the observed continuum emission of the MIR disks. We therefore consider the possibility that

three components are present in the photosphere of the disk and are absorbing against the con-

tinuum there. Similar to the curve-of-growth analysis on a foreground slab model, we apply

the grid search method by fitting the observable Wv/c that equals Wλ/λ to the curve-of-growth

(eqn 3.10) assuming pure absorption (see § 3.4.2.2). In the fitting procedure, we also reconcile

the properties of different species by fitting with a Doppler width that is the smallest width

measured among different species, i.e. 13CO for MIR1-W1′ and MIR2-H2 and C18O for MIR2-

H1. We present the fitting results in Figure 3.6 and Table 3.4. We note that since the exact value

of σc influences the derived absolute abundance ratio, we only present the relative abundance
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of different species in the same component in Table 3.4. If we assume that 12CO has a constant

relative abundance of 1.6 × 10−4 (Cardelli et al., 1996; Sofia et al., 1997), we may derive σc as

listed in Table 3.5. The variation of σc for about an order of magnitude may convey informa-

tion on the dust aggregation characteristics, for example, the dominant size in the aggregation

distribution (Ormel et al., 2011).

3.5.3 Properties of Individual Components

3.5.3.1 MIR1-C1 and MIR2-C1

The two narrow low-J components (< 3 km s−1) detected in 13CO, C18O, C17O at -38 km s−1

sharing similar physical conditions are MIR1-C1 and MIR2-C1. Considering the results from the

rotation diagram analysis (Table 3.1), for MIR1-C1, the 13CO/C18O column density ratio, 1.9+2.1
−1.1

is much less than the expected value of 9.1 (Table 3.2). Besides, the lines are not fit with a sin-

gle temperature; the high-J levels reveal the presence of CO gas with a much higher excitation

temperature. Hence, optical depth effects are indicated. The curve-of-growth analysis reconciles

the temperatures of 13CO and C18O. As we present in Table 3.3, for MIR1-C1/C1′, a temperature

of 90 K resolves the temperature difference for the C1/C1′ components in the 13CO data. How-

ever, the C18O excitation temperature is still discrepant (49 K; Table 3.1). For MIR1-C1/C1′, the

isotopic column density ratios agree within the uncertainty level.
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Table 3.5: Values of σc Derived from the Curve-of-growth Analysis in the Disk Model

Component σc (cm2/H-nucleus) N (12CO) (cm−2)
(1) (2) (3)

MIR1-W1′ 2.7+1.0
−0.8 × 10−23 5.9+2.5

−1.6 × 1018

MIR2-H1 6.6+1.3
−1.2 × 10−24 2.4+0.5

−0.5 × 1019

MIR2-H2 1.2+0.8
−0.5 × 10−22 1.4+1.2

−0.6 × 1018

Column (2): assuming a constant X[12CO] of 1.6 ×
10−4, we derive values of σc via (Nmol/NH)(σc/σc0) =
1.6× 10−4, in which σc0 = 7×10−23 cm2/H-nucleus fol-
lowing Barr et al. (2020).
Column (3): assuming that we are looking at the col-
umn density depth where the dust opacity approaches
1 (and, equivalently, σcNH = 1), Nmol = 1.6× 10−4/σc.

Table 3.6: Parameters of the Toy Model for MIR1-W1′

Component fc b ( km s−1) T (K) N (12CO) (cm−2)

MIR1-W1′-B 0.2 5.5 449 3.3×1019

MIR1-W1′-N 0.5 4.0 449 2.7×1018

Assuming N (12CO)/N (13CO)=66 (Milam et al., 2005).

For MIR2-C1, although the column density ratio is sufficiently uncertain that they could

be in agreement, the excitation temperatures of these two isotopologs differ. Hence, here too,

optical depth effects might be important. Taking these into account, the temperature becomes

43 K but the isotopolog abundance ratio, 4.4+3.1
−1.3, remains low compared to the expected ratio in

the ISM (Table 3.3).

3.5.3.2 MIR1-W1 and MIR1-W1′

The two components at ∼ −60 to −40 km s−1 are MIR1-W1 and MIR1-W1′. Their differ-

ence in temperature is indicated by the slope variation seen in the rotation diagram. MIR1-W1

is the cooler component. Although the rotation diagram analysis results in a much lower tem-
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perature of 13CO (103 K) than that of C18O (164 K) and an N (13CO)/N (C18O) of only 4.3+2.5
−2.0

(Table 3.2), we can reconcile the properties of the two species by adopting the Doppler width of

C18O to 13CO with the curve-of-growth analysis. The modified temperature of 13CO is 180+11
−14,

and the modified relative column density is 10.9+1.8
−1.0 (Table 3.3).

The properties of the warmer component MIR1-W1′ are more complicated. Firstly, the

line profiles in different transition bands are not consistent. As Table 3.1 shows, both low- and

high-J lines in 13CO center at −46 km s−1, while the centers of unsaturated high-J 12CO ν=0–1

lines are at −49 km s−1. The 12CO ν=1–2 lines have double peaks, with one at −40 km s−1 and

one at −54 km s−1. The comparison is more clearly illustrated in the final plot in the first row

of Figure 3.4, where the average spectra of all bands are overlaid. The 12CO and 13CO seem to

share the red wing for high-J lines.

The complexity seen in the line profiles indicates that they arise in somewhat different

kinematic components; hence, we do not expect them to fall on a single rotation diagram or

have an abundance ratio consistent with the isotope ratio. We present below the analysis over

MIR1-W1 and MIR1-W1′ for completeness.

With the rotation diagram analysis, the temperature of 13CO (449 K) is much less than

that of 12CO (956 K), and the relative column density ratio is only 6.1+3.9
−2.3 (Table 3.2). Adopting

a Doppler width of 7.1 km s−1 and a fractional covering factor of ∼0.6, the saturated intensity,

does not help to solve this problem. As we illustrate in Figure 3.5, after the modification with b

and fc, the 12CO and 13CO are still located on the linear part of the curve-of-growth. Therefore,

we cannot reconcile the properties of 12CO and 13CO with a slab model assuming that the 12CO

and 13CO lines each contain a single component. Considering substructures can work. For

example, fixing the temperature of 12CO to that of 13CO derived from the rotation diagram and
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adopting an N (12CO)/N (13CO) ratio of 66 (Milam et al., 2005), we may artificially fit the line

profiles with a narrow component (MIR1-W1′-N, fc=0.2) dominating the line peak and a broad

component (MIR1-W1′-B, fc=0.5) dominating the wing (see Table 3.6).

Applying a stellar atmosphere model can unify the temperatures of 12CO and 13CO. As

we present in Figure 3.6 and Table 3.4, the dataset of 12CO moves to the logarithmic part of the

curve-of-growth. The 1σ temperature ranges of 12CO and 13CO are also comparable. However,

we were only able to increase X[12CO]/X[13CO] to 17.1+9.3
−5.9. Adopting a smaller σv increases

the ratio further by at most up to twice; therefore, it reinforces that 12CO and 13CO do not

originate from exactly the same component.

3.5.3.3 MIR2-H1

Component MIR2-H1 is close to vsys at −38 km s−1 the same velocity as MIR1-C1/MIR2-

C1, but it is intrinsically different. It appears in high-J lines and has a much broader line width

(σv = 4.3 km s−1) than MIR1-C1 and MIR2-C1 do. This component is hot enough to excite the

vibrational band 12CO ν=1–2. If we assume that the total N0, the column density in the ν=0

level, for 12CO is 66 times that of 13CO, and compare it with N1, the total column derived from

12CO ν=1–2 in Table 3.1, we can derive a vibrational excitation temperature, Tvib of 613 K via

the Boltzmann equation,

N1/N0 = exp(−3083.11/Tvib). (3.15)

This vibrational excitation temperature is consistent with the rotational excitation temperature

and firmly links the absorption in the 0–1 and 1–2 transitions.

While the temperatures of MIR2-H1 derived from the rotation diagram analysis of the
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13CO, C18O, and 12CO ν=1–2 of the MIR2-H1 components are consistent with each other, they

do not agree with the derived properties of the 12CO ν=0–1 component. The temperature of

12CO ν=0–1 derived from the rotation diagram is ∼ 1000 K compared to 650–750 K for the

isotopologs and vibrationally excited transitions. In addition, the derived N (12CO)/N (13CO) is

only 4.7+1.0
−0.9 (Table 3.2). Similar to the MIR1-W1′ component, a slab model with fc = 1 is not

correct. Otherwise, we would expect the absorption intensity of this component to approach

zero in low-J lines, which is also not seen in our observed spectra.

We present in Figure 3.5 and 3.6 the curve-of-growth analysis of MIR2-H1 on a modified

slab model (fc=0.4, σv=4.8 km s−1) and a stellar atmosphere model. As the 12CO ν=0–1 dataset

moves to the logarithmic part with both analyses, we confirm that the 12CO ν=0–1 absorption

profiles saturate in the Doppler core. We consider that, when the temperatures agree within 1σ,

the different isotopologs probe the same gas (Table 3.3 and 3.4). TheN (12CO)/N (13CO) increases

to 16.8+7.8
−4.8 and 41.1+11.8

−9.8 , and N (13CO)/N (C18O) increases to 9.6+0.9
−1.1 and 11.4+3.4

−3.3 (Table 3.3 and

3.4). For the slab model, the increased new column densities result in a lower Tvib of 12CO ν=1–2

of 513 K, suggesting that the particle density in the foreground cloud does not reach the critical

density of the vibrational band. The vibrational level is likely subthermalized.

Although the equivalent widths fit nicely with the curve-of-growth, we found a mismatch

between the profiles of the modeled spectra and the observed spectra for both models. This is

illustrated in Figure 3.7 which takes the modified slab model as an example. For the J <30

lines, the saturated modeled (green) spectra do not match the red wing of the observed spectra

at vsys > −38 km s−1. We interpret this mismatch with an extra emission component in the red

wing region, which is in emission. This component was also evident in the data of Mitchell et

al. (1991, component E).
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We plot the average modeled spectra of MIR2-H1, the observed spectra of MIR2, and the

average spectra of W3 IRS 5 from Mitchell et al. (1991) in Figure 3.8. All of the spectra were of

12CO and were averaged over P3, P6, P7, P8, P9, P12, R1, R3, and R7 following Mitchell et al.

(1991), in which MIR1 and MIR2 were not distinguished, and a potential emission component

“E” at ∼ −30 km s−1 was reported. Although the modeled MIR2-H1 in both models does not

match the observed spectra at> −38 km s−1, the residual between the models and the observed

spectra indicates an emission component. Compared to the observed spectra in Mitchell et al.

(1991), this emission component may correspond to the “E” component there. This emission

component is visible up to J=22, suggesting that it is rather warm. If this component is real,

the comparable intensity indicates a comparable ratio between the emission area relative to the

observation fields, which is a 2.5′′ aperture covering the whole binary in Mitchell et al. (1991)

and a 0.375′′ wide slit in front of MIR2 in this study. Further spatially resolved spectroscopy is

required to confirm the reality of this emission component and its physical characteristics.

3.5.3.4 MIR2-H2

The other component observed in 12CO and 13CO simultaneously is MIR2-H2. The value

of N (12CO)/N (13CO) of 7.1+11.8
−3.9 derived from the rotation diagram analysis (Table 3.2) also indi-

cates an underestimation of the 12CO column density. We reconcile the properties of 12CO and

13CO by adopting fc = 0.4 and b = 3.7 km s−1 (Figure 3.5 and 3.7) in the slab model. We adopt

b = 3.7 km s−1 for the atmosphere model. For both models, the modified temperatures of 12CO

and 13CO are comparable. The corrected N (12CO)/N (13CO) increases to 22.0+36.6
−11.5 and 24.6+36.1

−16.4

(Table 3.3 and 3.4), and the large uncertainties are due to the very few measurements of 13CO
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lines on this component.

3.5.3.5 MIR2-B1 to B4

As iSHELL observations distinguish spectra that originated from the binary separately,

the absorption features of 12CO ν=0–1 between ∼ −60 and −90 km s−1 were found to be ex-

clusively associated with MIR2. No absorption lines of isotopologs were detected in this velocity

range, indicating that these “B” components have much lower column densities than those be-

tween −38 to −60 km s−1. We decompose the blended profile by four Gaussians (MIR2-B1 to

B4) and derive similar temperatures (∼230–350 K) and total column densities (∼ 2×1017 cm−2)

from rotation diagram analysis.

For low-J lines of MIR2-B1 to B4, the steep slopes in the rotation diagrams, together with

the flap-top line profiles, suggest line saturation in the Gaussian cores. We apply a covering

factor of 0.8, 0.75, 0.65, and 0.7 based on the upper limit of the absorption intensities in the

curve-of-growth analysis. We stress that there is a ∼5–7% uncertainty due to contamination

of the binaries in the spectral extraction process (Section 3.3). As shown in Figure 3.5, all the

four components are on the logarithmic part. The corrected temperatures (180–325 K) have a

minor decrease, and the column densities of each component are increased by less than a factor

of 2. We stress that our decomposition on the blended line profiles introduces a quite large

uncertainty in these estimates and therefore do not report them in Table 3.3.
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3.6 Discussion

The picture that emerges from the M -band spectroscopic study is of a shared foreground

envelope, several high-velocity clumps, and a few warm and/or hot components in the im-

mediate environment of the binary (Table 3.7). Identification of the origin of the absorption

components requires more extensive analysis. In the subsequent subsections, we will place the

observed CO absorption components in the framework of the known structures in the W3 IRS 5

star-forming region.

3.6.1 Known Structures of W3 IRS 5

Object W3 IRS 5 is a very active region of massive star formation, and the binary is ori-

ented along the northeast-to-southwest direction. The binary is enclosed by a 104 au hot core

detected in CS (van der Tak et al., 2000) and a rotating toroid or envelope of a similar size de-

tected in SO2 (Rodón et al., 2008; Wang et al., 2012, 2013). Outflows were observed at different

scales; a bipolar outflow in CO(2–1) along the northeast-to-southwest direction was observed

by the James Clerk Maxwell Telescope (JCMT) (>105 au; Mitchell et al., 1991) ranging from a

vLSR of −20 to −60 km s−1, and two outflows along the line of sight were detected in SiO(5–4)

(0.39′′×0.34′′ beam at 1.4 mm, Rodón et al., 2008) by the Plateau de Bure Interferometer (PdBI)

from a vLSR of −30 to −50 km s−1. A cavity in front of the binary cleared by the outflows was

suggested to exist due to the low estimated foreground extinction (van der Tak et al., 2005).

Along the northeast-to-southwest direction, a few fast-moving, compact, non-thermal radio

continuum sources were found. As these jet lobes indicate jet-disk systems (∼103 au), MIR1

and MIR2 with thermal radio emission are disk candidates (Purser et al., 2021; Wilson et al.,
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2003). Moreover, hundreds of water maser spots are widely distributed in the same region (Imai

et al., 2000; Menten et al., 1990), suggesting active clumps-surrounding gas interactions in the

nearby region to the binary.

We present in Figure 3.9 the envelope, the conical region cleared by the outflows, the non-

thermal continuum sources, and water masers to illustrate the important structures of W3 IRS 5.

It is against this backdrop that we have to identify the origin of the different absorption com-

ponents observed at MIR wavelengths in MIR1 and MIR2.

3.6.2 The Foreground Envelope: Gas and Ice

Because MIR1-C1 and MIR2-C1 have almost the same column density (N13CO ≃ 7.2 ×

1016 cm−2; Table 3.3) and are at the same velocity, it is reasonable to designate them in the

envelope surrounding the binary. The derived temperatures are cool (∼40–90 K), suggesting

that the envelope layer is rather far away from the protostars.

The total H column density of the envelope can be derived to beNH = 2×1023 cm−2 (AV =

108) from the observed 9.7 µm silicate optical depth (τ9.7 µm ≃ 5.8; Gibb et al., 2004), the AV /τsil

= 18.6, and NH/AV = 1.9 × 1021 cm−2 (Bohlin et al., 1978; Roche & Aitken, 1984). Therefore,

adopting a 12C/13C elemental abundance ratio of 65 (Milam et al., 2005), this H column density

(AV = 108) implies an abundance of gaseous CO in the envelope of 2× 10−5. With a gas phase

C abundance of 1.6× 10−4 (Cardelli et al., 1996; Sofia et al., 1997), gaseous CO is not the main

reservoir of carbon along these sight lines.
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An independent view of the gas and dust columns toward W3 IRS5 is given by the IRTF/SpeX

2–5 µm micron spectra. We find that the foreground column density is consistent with the

9.7 µm optical depth if we consider that the near-IR and MIR continuum originates from the

blackbody emission of the disks. Figure 3.11 shows that the magnitude difference ∆m between

the K and M bands is 3.82. Adopting the extinction curve from Indebetouw et al. (2005) and

AK = 11.8 (AV = 108) derived from the 9.7 µm silicate band, the spectrum is consistent with a

disk in a radius of 460 au emitting at 650 K, a typical temperature we have derived for the hot CO

components (see Table 3.7 and § 3.6.4.2). On the contrary, if we use the foreground extinction

that we measured from gaseous CO (AK = 1.7, or, equivalently, ∼ 3 × 1022 cm−2; Table 3.7)

adopting the canonical 12CO abundance of 1.6×10−4 (e.g., all the gas phase C in CO), this leads

to a blackbody temperature of 350 K with a radius of 410 au. However, we consider that the

latter disk model is less likely because hot components above 600 K (e.g. MIR2-H1) will have

emission rather than absorption lines against the 350 K disk (see Appendix A in Barr et al. 2022,

submitted). Hence, this analysis of the near-infrared spectral energy distribution also implies

that the measured CO column density of the cool foreground gas is only a good measure of the

total hydrogen column density if we adopt a low (2 × 10−5) abundance for 12CO. We suggest

that MIR interferometry observations may be able to distinguish between the different models

at much lower temperature and much smaller foreground extinction.

The iSHELL/IRTF provides a direct handle on the solid CO ice along the same sight lines

(see Figure 3.10). The CO-ice absorption profiles toward MIR1 and MIR2 are almost identical,

supporting our conclusion that there is a shared cool envelope in front of the binary. Adopting a

band strength A = 1.1× 10−17 (Pontoppidan et al., 2003), NCO, ice = 2.1×1017 cm−2. Specifically,

nonpolar (centered at 2136.5 cm−1) and polar (centered at 2139.9 cm−1) CO have comparable
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column densities, suggesting that half of the solid CO ice is in H2O- or CH3OH-rich ice. More-

over, taking the column of CO2 ice, 7.1×1017 cm−2 (Gibb et al., 2004), into account of the carbon

inventory, carbon in solid phase is 19.6% of H2O ice and 19.8% of gaseous CO. The column of

H2O ice is measured through the 3 µm absorption feature and is 5.1 × 1018 cm−2 (Gibb et al.,

2004). Hence, the identified carbon-containing ice species cannot account for the missing C in

the envelope. We may speculate that prolonged UV photolysis has converted the carbon con-

taining ice compounds into an organic residue (Bernstein et al., 1995, 1997; Vinogradoff et al.,

2013).

Taking into account that dust and gas will be well coupled thermally, we note that the

derived temperature of the cold gaseous component (40–90 K) is well above the sublimation

temperature of pure CO. Likewise, much of the CO trapped as a trace species in H2O ice will

sublimate at a temperature of Td ≃ 50 K. We surmise that the polar CO-ice component coexists

with the gaseous CO MIR1- and MIR2-C1 components in the warmer parts of the envelope,

while the nonpolar component likely resides further away in a region where dust temperatures

are below 20 K (see Figure 7.9 in Tielens, 2021).

3.6.3 The Foreground Bullets of MIR2

Although submillimeter observations have seen multiple molecular outflows in W3 IRS5,

none of them are direct counterparts of MIR2-B1 to B4, which are at ∼20–50 km s−1 relative to

a vsys of −38.5 km s−1 (see Section 3.6.1). The range of the radial expansion velocity of water

masers observed at 22 GHz (up to 60 km s−1; Imai et al., 2000), on the other hand, is comparable

with that of the MIR2 “bullets”. As maser action is limited to regions of long velocity coherence,
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the bullets could be related to the water masers if they are directed more toward us and their

maser action is directed away from us. In the remainder of this section, we will examine this

possibility. As maser emission originates from either J- or C-type shocks driven by protostellar

outflow (Hollenbach et al., 2013), we will consider the implications of each of these possibilities

separately.

3.6.3.1 A J-Shock Origin

In fast J-shocks, the gas is instantaneously heated to an extremely high temperature, up

to 105 K, that completely dissociates molecules and partially destroys dust behind the shock. As

the material cools down, H2 reforms on the surviving dust and is collisionally de-excited. The

H2 reforming stage provides a heating source and maintains the gas on a temperature plateau of

∼300–400 K (Hollenbach et al., 2013). This warm gas is very conducive to molecule formation,

and the H2O maser emission and CO absorption could originate in this temperature plateau

region.

We can compare the physical properties of the absorbing bullets with what the J-shock

model would predict. First, in the J-shock model for the H2O maser emission, the CO column

density of the heated plateau is as large as 3×1017 to 3×1018 cm−2 (Neufeld & Hollenbach, 1994),

and is consistent with the derived column densities of MIR2-B1 to B4 in Table 3.7. Second, the

postshock plateau density can be as high as 108–109 cm−3 (Hollenbach et al., 2013), and is also

compatible with that of the bullets. As we have observed energy levels in LTE up to J = 30, the

corresponding critical density is ∼ 3× 103 J3 ∼ 8.1× 107 cm−3. This is a lower limit. In short,

the temperature, the column density, and the particle density are in the favored parameter space
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for the masing regions produced by J-shocks.

3.6.3.2 A C-Shock Origin

In contrast to J-shocks, H2 is not dissociated in C-shocks, and its relatively constant tem-

perature plateau is kept by the frictional heating between ions and neutrals. The temperature of

the shocked gas is typically much higher (>1000 K; Kaufman & Neufeld, 1996a) than observed

for the MIR2-B1 to B4 CO absorption components. In the masing plateau, the warm hydrogen

column is ∼1021 cm−2 (1.6×1017 cm−2 for CO; Kaufman & Neufeld, 1996a). Similar to J-shocks,

densities of 108 − 109 cm−3 are required for H2O maser action in C-shocks (Hollenbach et al.,

2013).

Therefore, interpreting the warm gas in the B components in MIR2 as C-shocks faces

some issues. First, the observed temperature under 400 K is rather low and would restrict the

shocks to a velocity less than 10 km/s (Kaufman & Neufeld, 1996a). Second, the observed column

densities are a factor of 1–3 larger than C-shocks can produce. This is irrespective of whether

these bullets are truly water maser counterparts.

3.6.3.3 Linking the Bullets to Water Masers

If MIR2-B1 to B4 indeed originate from the post-J-shock gas, the physical properties we

obtain along the line-of-sight direction are complementing what water masers convey on the

sky plane. The CO absorption lines and the water masers are depicting different perspectives

of the geometry of the postshock gas. Water masers are beamed emissions that require enough

coherence path length in our direction. While masers formed in a compressed shell of postshock
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gas swept up by outflows, observable masers are typically viewed from an “edge-on” direction

that is perpendicular to the motion of the shock. Therefore, while the brightest masers have the

lowest line-of-sight velocities, CO components detected in our absorption spectra complement

information along the line of sight, and the maser emissions are the weakest.

The water masers have a smaller velocity width and size than the B components; in Ta-

ble 3.7, the velocity widths (2.6–4.3 km s−1) and the thickness (2–10 au) of the absorbing bullets

are larger than but not incompatible with the average velocity width, from 0.8 to 1.6 km s−1 in

1997 and 1998, and the average size of 1 au of 22 GHz water masers observed in the region sur-

rounding MIR1 and MIR2 in W3 IRS5 (Imai et al., 2002). We may expect that the water masers

have a smaller velocity width because of the required velocity coherence. We are observing

them perpendicular to the propagation direction, while the bullets are coming more toward

the observer. Besides, the estimated thickness of the bullet is an upper limit derived simply by

NH2/ncrit. As a reference, the thickness of the masing region predicted by the shock model (Hol-

lenbach et al., 2013) is ∼ 1014 cm (6.7 au). Hollenbach et al. (2013) has proved that, although the

value of the maser thickness predicted by the J-shock model depends on exact shock properties,

strong water maser emission is a robust phenomenon that can be generated from a wide range

of physical conditions without a fine-tuning of parameters.

We have to consider the likelihood that the four bullets are intercepting the narrow pencil

beam set up by the background IR source. For the hundreds of water masers, Imai et al. (2002)

found that the two-point spatial correlation function among 905 maser spots can be fitted by a

power law. With an index of −2 in a linear-scale range of 1.1–540 au, this indicates that in this

scale range, the features are clustered and have a “fractal” distribution. Considering that adding

four more radially identified data points (MIR2-B1 to B4) over the 0.375′′×1.2
′′ continuum from
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our observations does not have a significant influence over the correlation function, the corre-

spondent ∼10 spots per square arcsecond corresponds to a spatial separation of ∼0.2′′(∼450 au),

which fits with the maser geometry (Imai et al., 2000). However, we note that those seemingly

nice fits do not answer why the spatial distribution of the masers is clustered. As for the direc-

tion along the line of sight, Imai et al. (2002) also found a power-law on the velocity correlation

function. The measured difference in Doppler velocity and the spatial separation was fit with

an index of 0.29±0.03 and was putatively linked to Kolmogorov-type turbulence in the interiors

of the masers. It was suggested that small-scale turbulence was left in the subsonic part of the

postshock region (Gwinn, 1994). Consistent with a postshock origin, MIR2-B1 to B4 fit into this

power-law correlation.

3.6.4 The Immediate Regions of MIR1 and MIR2

All absorbing components in our MIR spectra other than MIR2-B1 to B4 are located in the

range ∼ −38 to −60 km s−1. Although our analyses of the isotope lines have shown that the

components within this range are different, saturated 12CO low-J lines still share a fortuitous

similar line profile, with its red edge contributed by MIR1-C1 and MIR2-C1, the surrounding

envelope at vsys, and its blue edge contributed by MIR1-W1/W1′ and MIR2-H2. Such a profile

shared by MIR1 and MIR2 indicates the underlying correlation of the two sources, and we in-

vestigate how components within ∼ −38 to −60 km s−1 constitute the immediate regions of

MIR1 and MIR2. As the observations are consistent with absorption arising either in foreground

clumps or in the disk, we will consider these in turn.
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3.6.4.1 Radiative Heating

Assuming the gas and dust are thermally coupled, we use equation 5.44 and equation 5.43

in Tielens (2005) to estimate the distance of the gas to the protostars if the gas is radiatively

heated,

Td ≃ 53

(
0.1 µm

a

)0.2(
G0

104

)0.2

, (3.16)

and

G0 = 2.1× 104
(

L∗

104L⊙

)(
0.1 pc
d

)2

, (3.17)

in which G0 is the radiation field in terms of the Habing field, a is the grain size, L∗ is the stellar

luminosity, and d is the distance. Taking 0.1 µm as a typical size for interstellar grains,4, and

that MIR1 and MIR2 have a similar L∗ of 4×104L⊙ (van der Tak et al., 2005), we arrive at a d of

280, 140 au for the 450 K (MIR1-W1′) and ∼600 K (MIR2-H1, MIR2-H2) components and d of at

least 2000 au for the cooler components (MIR1-W1, MIR2-W2, < 200 K).

However, locating the hot components at such a small distance to the protostars is in

conflict with the similarity of the 1991 and 2018 CO absorption line profiles (see § 3.5.3.3). Con-

sidering that MIR1-W1′ and MIR2-H2 have a constant relative velocity of 10 and 15 km s−1, the

two components moved outward along the line of sight for 60 and 100 au in the past 30 yr. As

the moving distances are quite large, radiative heating cannot keep MIR1-W1′ and MIR2-H2 at

the observed high temperature. As for MIR2-H1, which is at vsys, it would have to stay static at

a distance of only 140 au for 30 yrs and yet be close to a massive forming protostar. It could be
4We recognize that grains may have grown to ∼0.3–0.5 µm in dense clouds due to coagulation (Ormel et al.,

2011), but that will have a very little effect on the MIR absorption compared to the far-IR emission. We estimated
it will change the temperature by 20–30%.
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Table 3.8: Keplerian Parameters of Hot Blobs on the Disk

Component vlsr(MIR1) vlsr(MIR2) v − vlsr d P Note
( km s−1) ( km s−1) ( km s−1) (au) (yrs)

MIR1-W1′ -38 – >10 <180 <540 Blob on an inclined disk
MIR1-W1′ -46 – 0 – – Annular structure
MIR2-H1 – -38 0 – – Blob on a face-on disk
MIR2-H2 -38 -38 >15 <80 <180 Blob on an inclined disk

part of a disk associated with the protostar.

3.6.4.2 A J-shock/C-shock Origin

Alternatively, a shock origin for the hot components is attractive, as the vibrationally ex-

cited lines observed toward MIR1-W1′ and MIR2-H1 indicate a very high density, ∼ 1010 cm−3

for thermalization at the ν=1 level. However, because J-shocks cannot heat the masing gas to

temperatures greater than about 400 K (Hollenbach et al., 2013), and the column density is far

too large to be consistent with C-shocks (see § 3.6.3.2), neither a J-shock nor a C-shock model

fits.

3.6.4.3 A Disk Origin

In Section 3.5.3, we illustrate that the curve-of-growth analysis on a disk model can rec-

oncile the temperatures measured from the observed CO isotope spectra of MIR1-W′, MIR2-H1,

and MIR2-H2 at a 1σ level. Other than being a feasible model, such a disk origin of hot gas has

been proposed in other massive protostellar systems. Take AFGL 2591 and AFGL 2136 as exam-

ples. In Barr et al. (2020), absorption features against the MIR continuum were detected in CO,

CS, HCN, C2H2, and NH3, and all have a temperature of ∼600 K. The disk origin was motivated
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by the abundance difference on both HCN and C2H2 at 7 and 13 µm; e.g., the abundance de-

rived from HCN as well as C2H2 lines at 13 µm is about an order of magnitude smaller than that

derived from lines at 7 µm, even though the lines originate from the same ground state. This

was attributed to a dilution effect at 13 µm, as the outer parts of the disk radiate predominantly

at 13 µm, and these outer layers have lower abundances of these species (Barr et al., 2020).

MIR interferometry has shown that the IR emission originates from a structure with a size of

∼100–200 au for both AFGL 2136 (de Wit et al., 2011; Frost et al., 2021a; Monnier et al., 2009)

and AFGL 2591 (Monnier et al., 2009; Olguin et al., 2020) and this is likely a disk. This scenario

is also supported by Atacama Large Millimeter/submillimeter Array (ALMA) (AFGL2136; Maud

et al., 2019) and NOEMA (AFGL2591; Suri et al., 2021) observations in which Keplerian disks are

revealed. Clumpy substructures that may be associated with the absorbing components were

resolved on the disk of AFGL 2136 in the 1.3 mm continuum (Maud et al., 2019), supporting the

model that a cooler component is absorbing against the continuum from the disk.

We hereby attribute the absorption to blobs in a disk in accordance with studies of other

massive protostars. However, given the unknown inclination and systematic velocity of the

disk, the location of the blobs on the disk is difficult to pinpoint. We present the Keplerian

parameters of the three hot components in Table 3.8 to illustrate the difficulty in interpreting

the kinematics, and specifically note that we measure a radial velocity and the blobs could be

much further away if the disks are not in the plane of the sky and radial velocities contain

little information on Keplerian motion. We emphasize that the velocity difference between the

blobs in MIR1 and MIR2 is the interplay of the orbital motion of the blobs in these disks and the

difference in space motion between the two protostars where we note that the orbital motion

of a double star system (each has 20 M⊙) at 1000 au is ∼ 3 km/s. Therefore, disks in MIR1 and
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MIR2 need to be spatially and spectrally resolved to a fully understand of the structures in this

region.

We stress in the end that, while such a model is feasible to interpret the observed ab-

sorption profiles, we still lack definite evidence to link the absorbing gas in the MIR with the

disks in W3 IRS 5. We recall that in Section 3.6.2, for both MIR1 and MIR2, we fit the 2–5 µm

spectrum with a 650 K disk in a radius of 360 au. We acknowledge that this is an oversimplified

model, and the dust composition, the extinction correction, or the actual disk geometry may

influence the fitting result. This radius is compatible with the disk radii (500–2000 au) that Frost

et al. (2021b) found for some massive young stellar objects using multiscale and multiwave-

length analysis. However, we recognize that the derived radius is slightly larger than the size

of MIR1 and/or MIR2 of 350-–500 au at 4–10 µm (van der Tak et al., 2005). This value is also

quite large compared to the ∼100 au size measured by MIR interferometry for other massive

protostellar systems (Beltrán & de Wit, 2016; Monnier et al., 2009), although Frost et al. (2021b)

discussed that the MIR emission is mostly dominated by emission from the inner rim of the disk

and therefore may not constitute the size of the whole disk. We suggest that complementary

observations in MIR and millimeter interferometry will help to disentangle the issues above.

3.6.5 Comparison with Hot Core Tracers

The hot core at vsys of −38 km s−1 in the W3 IRS 5 system revealed by submillimeter

molecular lines is a spatially (103–104 au) and spectrally (σv ∼5 km s−1) extended structure

(van der Tak et al., 2000; Wang et al., 2013). As a comparison, the absorbing components in

the MIR are observed in “pencil” beams (subarcsecond scale, or a few hundred au). Since we
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have decomposed the different CO absorbing components by their velocities and temperatures

(Table 3.7), it is of interest to compare the molecular components in emission and in absorption.

We note that the postshock bullets do not leave any signatures on the hot core tracers, possibly

because their beam-averaged column densities in the large submillimeter beams are very small.

The submillimeter CO observations reveal emission at −38 km s−1 with a 12CO column

density derived from C17O observations of 3.7×1019 cm−2. This column density is much higher

than that of the cold envelope, −38 km s−1 components (MIR1-C1/MIR2-C1 and MIR2-H1)

probed in the MIR (N12CO = 4.7 × 1018 cm−2, Table 3.3, 12C/13C = 65). This may well be be-

cause the submillimeter includes emission from the core (Figure 3.9) which is not traversed by

the MIR pencil beam.

Other submillimeter molecular tracers, such as SO, HCN, and CS rotational transitions,

also reveal the hot core at a rather extended scale of ∼3000–5000 au (beam size of 1.1′′×0.8′′,

Wang et al., 2013). While the exact measurements of the column densities are lacking, as

the lines are heavily filtered out at vsys, these tracers are all in the velocity range (−30 to

−50 km s−1) characteristic of the molecular core. The submillimeter continuum dust emission

provides a beam-averaged H2 column density of the core of 1.5× 1023 cm−2 (Wang et al., 2013).

Coincidentally, this is similar to the H2 column density derived from the envelope derived from

the pencil beam observations of the strength of the 9.7 µm silicate feature (2× 1023 cm−2, Sec-

tion 3.6.2). Therefore, similar to the discussion of CO emission lines above, neither the SO, HCN,

and CS rotational lines nor the dust continuum trace the envelope components MIR1-C1/MIR2-

C1 and MIR2-H1 probed in the MIR but rather entire core region.

The SOFIA HyGal survey (Jacob et al., 2022) provides constraints on hydride molecules

(such as CH) and atomic constituents (C+ and O) against the far-IR/submillimeter continuum,
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as well with beam sizes of from 6–14′′. The CH, C+, and O are all in the velocity range of

the envelope. Adopting a CH abundance of 3.5×10−8, appropriate for diffuse clouds (Sheffer

et al., 2008), Jacob et al. (2022) inferred an H2 column density of 2.7 × 1021 cm−2. Even if we

adopt an abundance of 10−8, typical for dark cloud cores (Loison et al., 2014), the inferred H2

column density is only 1022 cm−2. This is small compared to either the pencil beam column

density derived for the envelope from the 9.7 µm silicate feature or the average column density

of the core derived from the submillimeter dust. Perhaps much of the carbon has frozen out

in the envelope and/or core in the ice mantles. The CH observed by HyGal may then mainly

trace the surface layers of the cloud. It is reasonable to assume that the [CII] 1.9 THz fine-

structure line traces the photodissociated surfaces of the molecular cloud. Taking a fractional

gas phase carbon abundance of 1.6×10−4 (Sofia et al., 1997), this corresponds to a column of

hydrogen of 3.7×1021 cm−2, a typical value for a photodissociation region (PDR) surface (Tielens

& Hollenbach, 1985). The column density of O measured at 63 µm (2.2×1018 cm−2) is rather

comparable to the amount of oxygen in water ice (5×1018 cm−2) measured at 3 µm, and a large

fraction of the elemental oxygen is locked up in water ice in the envelope.

3.7 Summary

In this chapter, we report the results of a high-resolution (R=88,100) MIR spectroscopy

study of W3 IRS 5 at 4.7 µm, in which hundreds of absorption lines of 12CO and its isotopologs,

including 13CO, C18O, C17O were resolved. The main results are summarized as follows.

1. Different spectroscopic properties of MIR1 and MIR2 are spatially resolved for the first

time, and the high-velocity components between -60 and -90 km s−1 are attributed exclu-
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sively to MIR2.

2. In low-J lines, MIR1 and MIR2 share very similar saturated 12CO line profiles between -38

and -60 km s−1, but we decomposed and identified components from the blended profiles

with very different physical properties.

3. For components identified with Gaussian fittings, their physical conditions derived from

the rotation diagram analyses show that optical thin assumptions fail. The derived column

density ratios are much lower than the expected CO isotope ratios, indicating that optical

depth effects have affected the rotation diagram analyses.

4. To reconcile the physical properties derived from different isotopes from the same veloc-

ity component, we have analyzed the data using a curve-of-growth approach. In this, we

consider two scenarios: (1) absorption by foreground blobs that partially cover the back-

ground continuum source and (2) absorption in the photosphere of a circumstellar disk

that has a decreasing temperature gradient in the vertical direction.

5. We applied the slab model to all of the components and constrained the corresponding

covering factor and Doppler width. We found that this slab model fits nicely to most of

the components other than two very hot ones with large column densities (MIR1-W1′ and

MIR-H2).

6. We applied the stellar atmosphere model to all of the hot components (>400 K) and were

able to reconcile all of the related molecular lines to a single curve. This procedure pro-

vides abundance ratios relative to the MIR continuum opacity of the dust.

7. We assign the identified components to the immediate environment of W3 IRS 5, including
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the shared envelope, the foreground clumps produced by either J- or C-shocks, and the

disk. Direct radiation can be a heating mechanism for some components.

8. Components MIR1-C1 and MIR2-C1 originate from a shared cool envelope in front of the

binary. However, the rather low abundance of gaseous CO suggests that gaseous CO is

not the main reservoir of carbon in the envelope. The identified carbon-bearing ice species

cannot account for the missing C in the envelope.

9. Components MIR2-B1 to B4 (“bullets”) are possibly J-shock-compressed regions akin to

the regions that produce the water maser emission. Our observations in CO lines likely

complement the constraints on the physical conditions of water masers from a different

geometry perspective. As bright water maser spots are usually beaming in a direction

that is perpendicular to their motions, CO absorption lines reveal their properties along

the line of sight when water masers have the weakest brightness.

10. The modeled spectra of MIR2-H1 from both modifications do not match the observed

spectra of MIR2 in its red wing at vsys > −38 km s−1. However, we found that the resid-

ual between the model and the measurement matches the potential emission component

reported by Mitchell et al. (1991) at −35 km s−1 in velocity position and intensity. If the

residual represents a real emission component, this is a P Cygni profile indicative of an

outflow on a scale of ∼1000 au.

11. Our curve of analyses favor the hot components (400–700 K) located at the two circumstel-

lar disks. However, given the unknown inclination and the unknown systematic velocity

of the disk, the location of the blobs on the disk is difficult to pinpoint. Spatially and spec-
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trally resolving the disks in MIR1 and MIR2 will help fully understand the structures in

this region.
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Chapter 4: High-resolution SOFIA/EXES Spectroscopy of Water Absorption

in the Massive Young Binary W3 IRS 5

4.1 Chapter Preface

Chapter 4 is presented with minimal changes and has been submited to ApJ as “High-

resolution SOFIA/EXES Spectroscopy of Water Absorption Lines in the Massive Young Binary

W3 IRS 5”. At the stage of the submission of this thesis, the author is working on the referee re-

port. The authors are Jialu Li, Adwin Boogert, Andrew G. Barr, Curtis DeWitt, Maisie Rashman,

David Neufeld, Nick Indriolo, Yvonne Pendleton, Edward Montiel, Matt Richter, J. E. Chiar, and

Alexander G. G. M. Tielens.

4.2 Introduction

Massive stars reach the main sequence while they are deeply embedded and are still ac-

creting. While rich chemistry is driven as the central object warms and ionizes the environment,

complicated physical activities such as accretion disks, outflows, shocks, and disk winds are in-

volved (Beuther et al., 2007; Cesaroni et al., 2007; Zinnecker & Yorke, 2007). However, the large

distances to the observers, the high extinction at optical and near-infrared wavelengths, and the

highly clustered environment impede a clear understanding of their formation and evolution
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processes.

High spectral resolution, pencil beam absorption line studies at mid-infrared (MIR) wave-

lengths provide a unique opportunity to probe the embedded phases in massive star formation

(Lacy, 2013). On the one hand, the MIR continuum originates from the photosphere of the disk

at a distance of tens to a few hundreds of au (Beltrán & de Wit, 2016; Frost et al., 2021a). The ef-

fective pencil beam, therefore, avoids beam dilution issues that submillimeter observations are

subject to. On the other hand, molecules without dipole moments such as C2H2 and CH4, which

are among the most abundant carbon-bearing molecules, can only be observed through their

rovibrational spectra in the infrared. MIR spectroscopy at high resolution, therefore, is a critical

tracer of the physical conditions, the chemical inventory, and the kinematics of structures close

to the massive protostars.

Among the rich chemical inventory in the regions associated with the protostars, water

is of fundamental importance because it is one of the most abundant molecules in both the gas

and ice phase. As its abundance varies largely between warm and cold gas (e.g., Bergin et al.,

2002; Draine et al., 1983; Kaufman & Neufeld, 1996b), water has a powerful diagnostic capability

in probing physical conditions (van Dishoeck et al., 2021). However, due to its prevalence in the

Earth’s atmosphere, water is very difficult to observe from the ground. We present in this work

the power of combining the Stratospheric Observatory for Infrared Astronomy (SOFIA, Young

et al., 2012) that flies observes between 39,000 and 45,000 feet and the Echelon Cross Echelle

Spectrograph (EXES, Richter et al., 2018) spectrometer which resolves lines to several km/s to

make the most of the diagnostic capability of water.

Previous studies of the MIR water absorption spectrum toward massive protostars (Boon-

man & van Dishoeck, 2003; Boonman et al., 2003a) have revealed a rich spectral content. High
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spectral resolution observations can provide much insight into the characteristics of these re-

gions. (e.g., Barr et al., 2022a; Indriolo et al., 2020). Water has also been studied at high spectral

resolution via pure rotational transitions, using the heterodyne instruments on board SWAS,

Odin, and Herschel Space Observatory (e.g., Chavarrı́a et al., 2010; Karska et al., 2014; Snell et

al., 2000; Wilson et al., 2003). Because of their limited spatial resolution, these observations

mainly probed the large-scale environment of these sources.

We conducted high spectral resolution (R=50,000) spectroscopy from 5–8 µm with EXES

on board SOFIA toward the hot core region close to the massive binary protostar W3 IRS 5.

W3 IRS 5 is a luminous, massive protostellar binary with a separation of 1.2′′ (∼2800 au at

2.3+0.19
−0.16 kpc, Navarete et al., 2019) that is in transition from the embedded to the exposed phase

of star formation (van der Tak et al., 2000, 2005). Millimeter studies reveal complex structures, in-

cluding a hot molecular core with large-scale outflows, shocks, and a circumbinary toroid (Imai

et al., 2000; Rodón et al., 2008; Wang et al., 2012, 2013). High spectral (R=88,100) and spatial

resolution observations in the M -band (4.7 µm) also show a complex structure, and Li et al.

(2022) use this to determine the physical conditions.

In this chapter, we present the rich spectrum of rovibrational (the ν2 band) water lines

observed in absorption toward W3 IRS 5. The high spectral resolution spectroscopy allows

us to separate and identify individual velocity components that are linked to different stars

in the W3 IRS 5 binary and to derive the temperatures, the level-specific column densities as

well as the total column densities (and/or the abundances). We describe our observations and

data reduction in Section 4.3 and our analysis methods with both the rotation diagram and the

curve-of-growth in Section 4.4. We present the properties of multiple dynamical components

in Section 4.5 and discuss the implications of the results in Section 4.6.
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4.3 Observations and Data Reduction

Object W3 IRS 5 was observed with the EXES spectrometer (Richter et al., 2018) on board

SOFIA observatory from 2021 June to 2022 February as part of programs 08 0136, 09 0072.

Archival data observed in programs 07 0063 and 76 0004 were included in this study as well.

The full spectral survey covers a wavelength range of 5.3–7.9 µm in 18 observational settings

and was observed under the HIGH-LOW cross-dispersed mode. The observational parameters

of all 18 settings are listed in Table 4.1. For all settings, the slit width is fixed to 3.2′′ to limit

slit losses perpendicular to the slit (at a SOFIA PSF FWHM of ∼3.0–3.5′′), which provides a

spectral resolution of R ∼ 50, 000, or equivalently, a velocity resolution of 6 km s−1. The slit

length is dependent on the wavelength and the angle of the echelle grating and is in the range

of 1.36–3.43′′ after accounting for the anamorphic magnification (Figure 4.1). Off-slit nodding

was applied to remove the background night sky emission and the telescope thermal emission.

The EXES data were reduced with the SOFIA Redux pipeline (Clarke et al., 2015), which

has incorporated routines originally developed for the Texas Echelon Cross Echelle Spectro-

graph (Lacy et al., 2003). The science frames were despiked and sequential nod positions sub-

tracted, to remove telluric emission lines and telescope/system thermal emission. An internal

blackbody source was observed for flat fielding and flux calibration and then the data were rec-

tified, aligning the spatial and spectral dimensions. The wavenumber solution was calibrated

using sky emission spectra produced for each setting by omitting the nod-subtraction step. We

used wavenumber values from HITRAN (Rothman et al., 2013) to set the wavelength scale. The

resulting wavelength solutions have 1σ errors of 0.5 km s−1.
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Before measuring intrinsic lines in the source, the spectra had to be corrected for telluric

absorption. Ideally, this is done by taking a spectrum of a featureless hot star immediately before

or after the target observation, so that the atmospheric characteristics are as close as possible

between the target and calibrator. This method also has the advantage of removing instrumental

baseline effects present in both spectra. Unfortunately, it was impractical to schedule calibrators

for every part of the W3 IRS 5 survey due to limitations of airborne observation scheduling, and

thus only one survey setting was observed with the adjacent calibrator star Sirius (7.28–7.46 µm,

Table D.1). For the rest of the survey, we relied on carefully tuned atmospheric transmittance

models created with PSG (Planetary Spectrum Generator, Villanueva et al., 2018). Compared

to a standard star spectrum, an atmospheric model only predicts the telluric features by as-

suming certain parameters including the molecular species, the pressure, the altitude, etc (see

Appendix D.1). After a PSG model is considered, further data reduction such as removing the

local baseline is still required. We utilized the 7.28–7.46 µm calibrator comparison to establish

the reliability of the procedure (see Appendix D.2), and apply the PSG models to all the observed

settings.

Since the distance between the binary (1.2′′) is smaller than the SOFIA PSF (∼3–3.5′′),

W3 IRS 5 is not spatially resolved in the observed spectra. As both sources contribute to the

observed flux in our slit, the derived equivalent width of an absorption associated with one IR

source will be diminished by the continuum emission from the other source. The two sources

have very comparable MIR brightness (see the SpeX observations in Li et al., 2022) and we

include a factor 2 in our analysis to account for this effect throughout this study unless otherwise

stated. It should be mentioned that the actual contribution of the non-absorbing source will

depend on the slit orientation over the source and this changes slightly between the different
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Figure 4.2: Selected H2O ν2=0–1, 13CO ν=0–1, and 12CO ν=0–1 (adopted from Li et al., 2022)
absorption lines observed toward W3 IRS 5, which is spatially resolved to MIR1 and MIR2 by
IRTF but not by SOFIA. The dashed vertical lines at −38 km s−1 are the systematic velocities.
Transitions with similar energy levels are represented by the same color. Distinct kinematic
components in H2O transitions are present under different excitation conditions. Gaussian fit-
ting profiles on top of H2O lines are centered at −55,−46, and −40 ∼ −38 km s−1. We note
that H2O line profiles originate from states with comparable energies and may differ signifi-
cantly due to the opacity effect (see § 4.4.1).

grating settings (see Figure 4.1). We have decided to accept this additional source of uncertainty

to the results in view of the uncertain brightness distribution of the two sources on the sky.

4.4 Data Analysis

By comparing with the spectra constructed via the existing laboratory line information (HI-

TRAN, Rothman et al., 2013) and LTE models, we identified over 180 H2O ν2=1–0 and about 90

H2O ν2=2–1 absorption lines in this survey. As shown in Figure 4.2, the velocity ranges of the

absorbing components are very similar to those present in 13CO or in high-J 12CO lines (Li
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et al., 2022). All components are blueshifted compared to or are located at the cloud velocity

vLSR= −38 km s−1 (van der Tak et al., 2000). Each kinematic component is characterized by

different excitation conditions.

We fit the ν2=1–0 absorption line profiles with a sum of multiple Gaussians using the

curve fit function in scipy. The fitting results are determined by restricting the range of

the free parameters. Specifically, two components centered at∼ −39.5 km s−1 and−54.5 km s−1

are present across all energy levels, while the component centered at −45 km s−1 only appears

in transitions originating from relatively low energy states (<800 K). We name the three com-

ponents provisionally as the “red, “blue”, and “middle” ones based on their velocities. For very

low energy states (<200 K), an extra component at −39.5 km s−1 is possibly needed for a better

fitting result (see Appendix D.3), and we discuss its existence and the implications in § 4.6.1.

Therefore, we fit two and three Gaussians above and below 800 K, separately. Above

800 K, we constrain the velocity center to −43 to −36 km s−1 for the red component, and the

blue component with a relative velocity of −17 to −14 km s−1 guided by an initial guess. The

line widths, σv, were constrained to 4–6 and 7–9 km s−1. We apply the same constraints to the

ν2=2–1 absorption line profiles. In the low energy transitions (<800 K), the middle and the blue

component is fixed with the central velocity, vcen, of −45 km s−1 and −54.5, and the velocity

dispersion parameter, σv from 4–5 km s−1. We note that the blue (−54.5 km s−1) component

disappears in some of the low-energy transitions (see the second panel in Figure 4.2) as a result

of the opacity effect (see § 4.4.1). In this case, we only fit the line profile with one Gaussian.

The parameters of each individual component such as the central velocity, velocity width, and

equivalent widths are listed in detail in Appendix D.5.
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4.4.1 Rotation Diagram Analysis and the Opacity Problem

After the distinct velocity components are determined, we use a rotation diagram to pro-

vide a first view of their characteristics. If the absorption lines are optically thin, we can get the

column density Nl in the lower state of a transition directly from the integrated line profile by

Nl = 8π/(Aulλ
3)gl/gu

∫
τ(v)dv, (4.1)

in which Aul is the Einstein A coefficient, gl and gu are the statistical weight of the lower and

upper levels, and

τ(v) = −ln(Iobs/Ic), (4.2)

where Iobs and Ic are the intensity of the absorption and the continuum. All spectral line pa-

rameters used in this study are adopted from HITRAN (Rothman et al., 2013).

If the foreground absorbing gas is in LTE, the population of one rotational level can be

described with the Boltzmann equation,

Nl

gl
=

Ntot

Q(Tex)
exp

(
− El

kBTex

)
, (4.3)

in which Tex is the excitation temperature, Ntot is the total column density, El is the excitation

energy, and Q(T ) is the partition function. Specifically, ln(Nl/gl) and El/kB of all absorption

lines constructs the so-called rotation diagram. For a uniform excitation temperature, ln(Nl/gl)

and El/kB fall on a straight line. The inverse of the slope represents the temperature and the

intercept represents the total column density over the partition function.
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We present the rotation diagrams of the rovibrational H2O lines from W3 IRS 5 in Fig-

ure 4.3. For the three velocity components centered at −39.5,−45, and −54.5 km s−1, the de-

rived temperatures are 807±58, 200±18, and 669±57 K. The total column densities are (1.2±0.6)×1018,

(3.3±2.0)×1017, and (6.2±3.4)×1017 cm−2, respectively. However, it is noticeable that the large

scatter in the rotation diagram exceeds what the error bars can account for in the two hot com-

ponents at −39.5 and −54.5 km s−1. Specifically, as shown in Figure 4.3, for transitions that

share the same lower state (and the same gl), the difference in the derived Nl is up to an order

of magnitude.

We can further illustrate this problem by directly comparing the line profiles of the tran-

sitions that have a common lower energy level. As presented in Figure 4.2 and 4.4, lines that

share the same lower level do not necessarily have the same absorption intensity and/or the

equivalent width, which is defined as

Wν =

∫
(1− Iobs/Ic)dν (4.4)

in the frequency space. This behavior where transitions with high Einstein A’s fall systemati-

cally below the relation provided by transitions with low Einstein A’s in the rotation diagram

(Figure 4.3) is characteristic for opacity effects. Specifically, when transitions are optically thick,

an increase in absorption strength (due to an increase in Einstein A) results in only a small in-

crease in line width (not in depth) and hence marginally increase the equivalent width. This

effect was noted earlier in Indriolo et al. (2020) and Barr et al. (2022a) in studies of MIR H2O

rovibrational lines toward massive protostars AFGL 2136 and AFGL 2591.
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4.4.2 Curve-of-growth Analysis

Considering that τ(v) in equation 4.1 does not represent an optically thin Gaussian core,

the definition of the equivalent width in equation 4.4 can be written as

Wν =

∫
(1− Iobs/Ic)dν =

∫
(1− e−τ(ν))dν

=

∫
(1− e−τpH(a,ν))dν.

(4.5)

The ν in H , the Voigt profile, represents the shift from the line center in Doppler units while

the ν in the integral is the frequency. The parameter a is the damping factor. The peak optical

depth τp is

τp =

√
πe2

mebc
Nlfluλ. (4.6)

In equation 4.6, e is the electron charge, me is the electron mass, and flu is the oscillator strength.

The Doppler parameter in velocity space, b, is related to the full width at half maximum of an

optically thin line by ∆vFWHM = 2
√

ln2b.

Equation 4.6 clearly shows that for lines that share the same lower level and have the

same Nl, a difference in fluλ will lead to different τp. Defining log10(fluλ) as the representative

for the line strength, lines with a larger line strength have larger equivalent widths (as shown

in Figure 4.4), and as a result, the Nl derived via equation 4.1 will be underestimated (as shown

in Figure 4.3).
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4.4.2.1 Slab Model of a Foreground Cloud

A curve-of-growth analysis (Rodgers & Williams, 1974) is required to reconcile the opacity

problem and to correctly derive Nl and Ntot:

Wλ

λ
≈


√
πb
c

τp
1+τp/(2

√
2)

for τ < 1.254

2b
c

√
ln(τp/ln2) + γλ

4b
√
π
(τp − 1.254) for τ > 1.254

. (4.7)

We specifically note that this correction applies to an absorbing foreground slab model. In the

equations above, the definitions of all parameters follow equation 4.6. The parameter γ is the

damping constant of the Lorentzian profile and is of order 10 for radiative damping. We stress

that for H2O lines discussed in this paper, the Lorentzian line width that γ corresponds to is

10−9 km s−1, and is negligible compared to the observed Doppler width (a few km s−1).

For such an absorbing slab model, the emission from the foreground is negligible against

the representative background temperature of ∼600 K in this study (see Section 3.2.1 in Li et

al., 2022). Furthermore, if the foreground cloud does not cover the entire observing beam, a

covering factor fc (0 ≤ fc ≤ 1) has to be accounted for and equation 4.2 is modified to:

Iobs = Ic(1− fc(1− e−τ(v))), (4.8)

and the left-hand side of the equation 4.7 is modified to Wλ/(λfc).
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4.4.2.2 Stellar Atmosphere Model of a Circumstellar Disk

The absorption can also occur in an accretion disk scenario in the system of a forming

massive star (Barr et al., 2020, 2022a; Li et al., 2022). Specifically, the disk has an outward-

decreasing temperature gradient from the mid-plane to the surface. Such disks show absorption

lines because the thermal continuum from the dust is mixed with the molecular gas. For such a

scenario, we adopt the curve-of-growth of the stellar atmosphere model in which the continuum

and the line opacities are coupled. The residual flux,

Rν ≡ Iν/Ic, (4.9)

can then be approximated by the Milne-Eddington model (Mihalas, 1978, Ch 10) which assumes

a grey atmosphere. The absorption line profile may originate in pure absorption or scattering.

The parameter ϵ characterizes the line formation, and can take the form of 1 (pure absorption),

0 (pure scattering) or between 0 and 1 (a combination of scattering and absorption). We refer to

Appendix A in Barr et al. (2020) for details of the line residual flux expected from this model.

The curve of growth in the stellar atmosphere model is constructed via the equivalent

width versus β0, the ratio of the line opacity at the line center, κL(ν = ν0), to the continuum

opacity κc:
Wν

2∆νD
=

∫ +∞

0

(1−Rv)dv

= A0

∫ +∞

0

β0H(a, v)[1 + β0H(a, v)]−1dv,

(4.10)
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in which

β0 =
κL(ν = ν0)

κc

=
Aulλ

3

8π
√
2πσv

gu
gl

Nl

σcNH

(
1− gl

gu

Nu

Nl

)
.

(4.11)

In the equations above, v is the frequency shift with respect to the line center in units of the

Doppler width, and H(a, v) is the Voigt function that gives the line profile. The damping factor

a = γλ/b is of the order of 10−8 for H2O ro-vibrational lines. The parameter A0 is the central

depth of an opaque line. Its exact value is determined by the radiative transfer model of the

surface of the disk and is related to the gradient of the Planck function. For a grey atmosphere

and lines in pure absorption, A0 is ∼ 0.5–0.9 from 900 to 100 K (see Appendix A in Barr et

al., 2020). The continuum opacity, κc, is given by the dust cross-section per H-atom σc. The

dispersion in velocity space, σv, is transformed from the Doppler parameter, b/
√
2, with which

we convert Wν to the velocity space:

Wν

2∆νD
=

Wv

2b
. (4.12)

We can disregard the bracketed item in equation 4.11 if stimulated emission is negligible.

We adopt a value of 7×10−23 cm2/H-nucleus for σc following Barr et al. (2020), as it is

appropriate for coagulated interstellar dust (Ormel et al., 2011). Theoretical fits to these curves

of growth will provide abundances relative to the dust opacity. As this value of σc is adopted

in the CO analysis (Li et al., 2022) as well, we are able to derive an absolute water-to-CO ratio

once the CO correspondent component to water is identified via the kinematic information (see

§ 4.5.2).
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4.5 Results

As shown in § 4.4, the H2O ν2=1–0 lines are decomposed into three velocity components

at −45,−39.5, and −54.5 km s−1, while the ν2=2–1 absorption lines are decomposed into two

components at −39.5 and −54.5 km s−1. Since the rotation diagram analysis under the opti-

cally thin assumption provides a preliminary estimation of their temperatures (see § 4.4.1 and

Table 4.2), we name these components accordingly as ‘W’, ‘H1’, and ‘H2’, in which ‘W’ and ‘H’

stands for “warm” and “hot” following the nomenclature in Li et al. (2022).

We hereafter apply the curve-of-growth analyses to the ν2=1–0 transitions from ‘H1 and

‘H2’ and ν2=2–1 from ‘H1’. Their rotation diagrams illustrate a large scatter thus the opacity

problem in § 4.5.1. In § 4.5.2, all the water components are compared to and connected with

warm and/or hot CO components. The implications of the vibrationally excited water lines are

presented in § 4.6.1.2.

4.5.1 Two Hot Components: H1 and H2

We conduct the grid search method (Li et al., 2022) on the (Tex, Ntot) and (Tex, abun-

dance) grid in the curve-of-growth analyses for the slab model and the disk model, respectively.

While (Tex, Ntot) determines τp, or Nfulλ, and (Tex, abundance) determines β0, we search for the

smallest reduced χ2 in the two grids to look for the best fitting between the observable Wλ/λ,

or equivalently, Wν/c to the theoretical curves-of-growth.
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When fitting the observed Wλ/λ to the theoretical curve-of-growth of a slab model, we fix

the partial coverage, fc, to 0.4 and 0.3 for ‘H1’ and ‘H2’, separately. Values of fc are constrained

by twice the lower limit of the line intensities considering a dilution factor of two (see § 4.3). We

set the Doppler width b (=
√
2σv) to 2.8 and 3.5 km s−1, as the upper limit of σv is constrained by

the observed line width, and the chosen value of b provides the smallest χ2
r . As a reference, for

gas of 500 K, σth =
√
(kBT )/(µmH) = 9.12×10−2 km s−1 (T /K)0.5µ−0.5 ≈ 0.5 km s−1. This value

corresponds to 2.6 km s−1 after convolving with the instrument resolution σres = c/(2
√
2ln2R)

= 2.5 km s−1.

For the ν2=1–0 transition, we illustrate the best-fitting results of the ‘H1’ component for

both the foreground and disk model in Figure 4.5 (results of ‘H2’ are presented in Figure D.6 in

Appendix D.4) and summarize the derived properties in Table 4.2, assuming that the lines are

formed in pure absorption (ϵ = 0). In either the slab or the disk model, about half of the data

points are located on the logarithmic part of the curve-of-growth, confirming that the corre-

sponding absorption lines are optically thick. In the slab model, the curve-of-growth analysis

“corrects” the underestimated total column densities in the rotation diagram by a factor of 21

and 9 for ‘H1’ and ‘H2’, respectively. The derived temperatures are lowered to 471 K and 542 K,

respectively (Table 4.2). In the disk model, as relative abundances are derived, the correction

in column densities is quantified once the connection between CO and water components is

established (see § 4.5.2). The derived temperatures from the disk model are comparable to those

derived from the slab model (Table 4.2). As for the ν2=2–1 transition on ‘H1’, the correction after

the curve-of-growth analysis on the temperature and column density is insignificant (Table 4.2),

indicating that the optical depth effect is not severe.

We note that in the disk model, the 1σ uncertainty for given ϵ and given σv is very small
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Figure 4.5: Curve-of-growth analysis for the slab (top) and disk (bottom) models. Left panels:
Grid-search results for both the slab and the disk model illustrating the best-fitting results. The
contours represent the 1σ, 2σ, and 3σ uncertainty levels. Right panels: the curves of growth
for the slab and the disk model. The color scale of the data points is the same as those in the
rotation diagram.

(Figure 4.5). However, if take the ‘H1’ component as an example, as presented in Table 4.3,

the results do depend on the adopted σv and ϵ. While there is a degeneracy between σv and ϵ,

combinations of different σv and ϵ may provide comparable χ2
r,min. While we may have some

control over σv, the value of ϵ is unconstrained. We, therefore, provide Table 4.3 as a reference

for conditions when the lines are not due to pure absorption.
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Figure 4.6: Comparison between averaged H2O and CO components in low (<400K) and high
(>400K) energy levels. The dashed vertical line represents vsys = −38 km s−1, and the decom-
posed components are colored following Li et al. (2022).

4.5.2 Connecting the Absorbing Components in H2O and CO

High spectral resolution M -band absorption spectroscopy (R=88,100) toward W3 IRS 5

at 4.7 µm revealed multiple kinematic components in 12CO and its isotopologues (Li et al.,

2022). Specifically, IRTF/iSHELL spatially resolved the two protostars in W3 IRS 5. As CO lines

also trace ambient gaseous components that absorb against the MIR background, building a

connection between the components identified in H2O and CO will help us to understand the

origins of the gaseous H2O components.

The velocity resolution of EXES (6 km s−1) and iSHELL (3.4 km s−1) enables the compar-
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Table 4.4: Comparing Water and CO Components

Comp. Species vLSR Tex

( km s−1) (K)

‘W’ H2O −46 200 ± 18
MIR1-W1 CO −43 180+11

−14

MIR1-W2 CO −45.5 116±7

‘H1’ H2O (Slab) −39.5 471+14
−15

H2O (Disk) −39.5 491+13
−14

MIR2-H1 CO −37.5 662+23
−28

‘H2’ H2O (Slab) −54.5 542+33
−35

H2O (Disk) −54.5 612+27
−30

MIR2-H2 CO −52 482+97
−70

MIR1-W1′ CO −40,∼ −54 709+136
−101

ison between H2O and CO components through their kinematic information. We, therefore,

present in Figure 4.6 the comparison between the absorption profiles. As the different velocity

components are characterized by different excitation temperatures, both the profiles of the H2O

and CO spectra are averaged in low-energy (<400 K) and high-energy (>400 K) transitions.

As we have described in § 4.4, we identified three components centered at −39.5,−45, and

−54.5 km s−1 in low-energy transitions, and two centered at −39.5 and −54.5 km s−1 in high-

energy transitions. We note that half of the transitions (6 of 12) with a −45 km/s component

are at energies between 400 and 800 K.

In low-energy levels, two components are revealed in CO, with one centered at the vsys =

−38 km s−1, and the other centered at −46 km s−1. No low-energy CO components were

found at −55 km s−1. Since both the −38 and −46 km s−1 components are detected toward

MIR1 and MIR2 and are revealed to have similar physical properties (Li et al., 2022), they are

regarded to cover MIR1 and MIR2 simultaneously. Specifically, as marked in Figure 4.6, the

“cold” component at −38 km s−1 is ∼50 K, while the “warm” component at −46 km s−1 is
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∼180 K. Therefore, we consider that the ‘W’ component, which is centered at −45 km s−1 and

whose Tex is 200 K (Table 4.2), is the H2O correspondent to the “warm” CO component. Because

this warm CO component was found to be in front of both binary stars in Li et al. (2022), for

this component in H2O, we do not consider dilution in the relative intensity when doing the

rotation diagram analysis in § 4.4.

We note that for the ‘H1’ H2O component which is centered at −39.5 km s−1 and is close

to vsys, the existence of ν2=2–1 transitions and its derived high temperature exclude a connection

between it and the cold CO component (‘MIR1-C/MIR2-C’). It is possible that in the low energy

CO transitions, the CO counter part of this hot H2O component at −38 km s−1 may be hidden

underneath a lower temperature component at that velocity. We will discuss this possibility in

§ 4.6.2.1.

At high-energy levels, MIR1 and MIR2 contribute differently toward the absorbing com-

ponents. The component MIR2-H1 in CO is centered at −37.5 km s−1 and is characterized by

600–700 K. We link this to the ‘H1’ water component. It is more difficult to determine the origin

of the−54.5 km s−1 ‘H2’ H2O component. The CO component MIR1-W′ has a more complicated

origin, as is indicated by the varying average line profiles in 13CO, 12CO, and 12CO ν=2–1. In

view of the similarity in excitation temperature, it might be tempting to link the −54.5 km s−1

H2O ‘H2’ component (∼500 K) to the CO MIR1-W′ component (400–700 K, Li et al., 2022). How-

ever, the CO MIR1-W′ component is a complex amalgam of several components as indicated by

the two peaks in 12CO ν=2–1. Specifically, one of the two peaks in the 12CO ν=2–1 profile (at

−54 km s−1) of the MIR1-W′ component coincides more or less with the −54.5 km s−1 H2O

‘H2’ component but the other one (at −39.5 km s−1) has no counterpart in the H2O spectrum.

Likewise the 12CO and 13CO MIR1-W′ components are centered at−46 and−49 km s−1, respec-
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Table 4.5: Comparison of H2O Characteristics Derived From ISO-SWS and SOFIA/EXES Obser-
vations

Properties ISO-SWS SOFIA-EXES

H1 (Slab) H1 (Disk) H2 (Slab) H2 (Disk)

Tex(H2O) (K) 400+200
−150 471+14

−15 491+13
−14 542+35

−33 612+27
−30

N (H2O) ( cm−2) 3+1
−1 × 1019 2.5+0.3

−0.2 × 1019 3.6±1.2× 1019 5.7±0.7× 1018 8.9±0.3× 1018

X[H2O]/X[CO] 0.05 1.1+0.4
−0.4 1.5±0.5 4.1+3.9

−2.1 or 1.0+0.5
−0.4 0.9±0.3

tively. Hence, we consider that the H2O ‘H2’ component is related to one of the CO MIR1-W′

components.

In conclusion, the water component ‘H1’ is much stronger and it better matches MIR2-H1

in CO. The water component ‘H2’ is weaker and its origin is less clear. We present the derived

relative abundance of H2O and CO in Table 4.2 by connecting ‘W’ to the warm component at

−45 km s−1 in CO, ‘H1’ to MIR2-H1, and ‘H2’ to either MIR2-H2 or MIR1-W′. Once the hot

components in H2O are linked to those in CO, we can derive the H2O/CO abundance ratio

(Table 4.5). Adopting a CO abundance of 1.6×10−4 (Cardelli et al., 1996; Sofia et al., 1997), we

derive H2O column densities under the disk model of 3.6×1019 and 8.9×1018 cm−2 for ‘H1’ and

‘H2’, respectively (Table 4.5).

4.6 Discussion

Under the framework of the known structures in W3 IRS 5, the M -band spectroscopic

study on CO pictures the kinematic and physical properties of the gaseous environment. Specif-

ically, it includes a shared foreground envelope at −38 km s−1, several high-velocity clumps

(referred to as “bullets”) from −60 to −100 km s−1, and a few warm and/or hot components

in the immediate environment of the binary from −38 to −60 km s−1 (Li et al., 2022). While
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we have connected ‘W’, ‘H1’, and ‘H2’ in water to MIR1-W1/MIR2-W1, MIR2-H1, and MIR2-H2

(or MIR1-W′) in CO (§ 4.5.2), gaseous water is not detected in the shared cold envelope or the

bullets. We refer to past water studies for a more complete view toward W3 IRS 5 (see Table 4.5)

in this section and discuss the implications of these “detections” and “non-detections” from the

perspective of both the kinematics and the chemical abundances.

4.6.1 Hot Gaseous Water in W3 IRS 5

4.6.1.1 Physical Origins of the Hot Components

As we have built the connections of H2O ‘H1’ and ‘H2’ components to the hot CO com-

ponents via the kinematic information, it is natural to consider that, as for the corresponding

CO components, the two H2O components have a disk rather than a foreground cloud origin.

Although the observed Wλ/λ can be successfully fitted to the theoretical curve-of-growth of

either model (see § 4.4 and § 4.5.1), and the two models derive comparable column densities (see

§ 4.5.2) and temperatures, we nevertheless consider the disk model as the more preferred one

for the following reasons.

If the hot components have a foreground origin, the heating mechanisms are either due to

the radiative heating or due to shocks. On the one hand, if the water components are radiatively

heated, the temperature range from 450–600 K corresponds to a distance of 280–140 au in the

W3 IRS 5 system (Li et al., 2022). As ‘H1’ is at the systemic velocity, this would imply that this

component is static in radial velocity in the highly dynamic environment close to a high mass

protostar. The ‘H2’ component has the opposite issue as it is moving at a radial velocity of

−15 km s−1 relative to the system, and would move outward by some 100 au in 30 years. As the
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physical conditions derived from CO observations in 2020 are very similar to those derived in

1991 (Mitchell et al., 1991), this distance range does not work for H2, either, because of its relative

velocity of 15 km s−1, and it shall move outward along the line of sight for a large distance

(∼100 au). On the other hand, interpreting the warm temperature of these two components

as the results of shocks has issues too. For J-shocks, the derived temperatures are quite high.

J-shocks initially heat the gas to very high temperatures larger than 104 K. The gas then cools

to ∼400 K before molecules reform in the so-called “plateau region” (Hollenbach et al., 2013).

C-type shocks can yield temperatures of 450–600 K for shock velocity of ∼10 km s−1 (Kaufman

& Neufeld, 1996b). However, a C-shock produces warm hydrogen of ∼ 1021 cm−2, which is far

too small to be consistent with the column density we derived for the hot components.

If ‘H1’ and ‘H2’ are in the disks, the H2O (and CO) excitation temperatures are similar (but

slightly lower than) the dust continuum temperature. Hence, heating is not an issue. However,

the problem now resides in the exact positions of the two components on the disk based on

their projected velocity information along the line of sight. As pointed out in Li et al. (2022),

it is difficult to pinpoint the locations of the blobs on the disk because the inclination angles

of both MIR1 and MIR2 and the systematic velocity of MIR1 are unknown. For ‘H1’, while it

was connected with ‘MIR2-H1’ because of the similar velocity and temperature, we note that

there is a ∼2 km s−1 velocity difference between them. Such a velocity difference is significant

compared with the uncertainty level of vcen of ‘H1’. Since MIR2-H1 is at vsys and CO observations

reveal that it has had very similar conditions for at least 30 yr, MIR2 is rather a face-on disk. A

small velocity discrepancy of 2 km s−1 may therefore reflect a significant spatial offset of one

blob where both CO and water reside in. For ‘H2’, it is not even clear whether it is associated

with MIR1 or MIR2, as the binary protostars are not spatially resolved by SOFIA, and both binary
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stars show hot components at the same velocity close to −55 km s−1. As shown in Figure 4.6,

in MIR1, the hot component shows up in 12CO ν=2–1 vibrationally excited transitions which

indicate a high-density region, ∼ 1010 cm−3. In MIR2, the component is possibly a blob on an

inclined disk at a distance smaller than 80 au to the central protostar, but such a scenario poses

questions on the inclination of the disk MIR2 again. We, therefore, emphasize that disks in MIR1

and MIR2 need to be both spatially and spectrally resolved to fully understand the structures in

this region. Observations of vibrationally excited lines via submillimeter interferometers may

be very instrumental in settling these issues.

Analysis of AFGL 2136 and AFGL 2591 observations have faced the same issues in deter-

mining whether the hot 600 K absorbing components reside in the foreground slab or in the

disk (Barr et al., 2022a). A foreground slab model places very strong constraints on the geom-

etry. In AFGL 2136, if the slab has a water maser origin, the spatial coverage is even larger

than the MIR disk, inconsistent with the required covering factor in order to explain the sat-

uration of absorption lines at non-zero flux. In AFGL 2591, wavelength-dependent covering

factors are needed to interpret the difference of the spatial coverage derived from the 7 and

13 µm spectroscopy, while the component does not cover the source at all at 3 µm (Barr et

al., 2022b). Continuum emission size and chemistry need to be radius dependent, possibly due

to the temperature gradient, to interpret the different covering factors. Moreover, similar to

W3 IRS 5, too high a density, and too high an abundance argue against a shock origin. In con-

trast, Keplerian disks as well as clumpy substructures were spatially resolved by Atacama Large

Millimeter/submillimeter Array (AFGL 2136; Maud et al., 2019) and NOEMA (AFGL 2591; Suri

et al., 2021), supporting the scenario that the absorption arises in blobs in the disk.

In summary, from a broad view, it is a prevalent scenario that hot absorption gas is de-
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tected against the MIR continuum backgrounds in massive protostars (e.g. Boonman & van

Dishoeck, 2003; Cernicharo et al., 1997; Lahuis & van Dishoeck, 2000; van Dishoeck & Helmich,

1996). Locating a blob on a disk that has a vertical outward-decreasing temperature gradient

requires fewer constraints on the geometry than a foreground slab model does. However, disk

models face challenges in realizing such an internal heating mechanism. As discussed in Barr

et al. (2022a), the flashlight effect may ensure the disk is not externally heated (Kuiper et al.,

2010; Nakano, 1989; Yorke & Bodenheimer, 1999). However, if one proposes the dissipation of

gravitational energy, the accretion rate would be orders of magnitude higher than the expected

accretion rate (Caratti o Garatti et al., 2017; Hosokawa et al., 2010; Kuiper et al., 2011; McKee &

Tan, 2003). Hence dissipation of turbulent and/or magnetic energy inherited from the prestellar

core would be required, implying a very early and active stage in the formation of these massive

protostars.

4.6.1.2 Vibrationally Excited H2O

We presented in Figure 4.3 the rotational temperatures of ‘H1’ and ‘H2’ in the first excited

vibrational state (ν2 = 1), which are 703±60 K and 946±170 K, respectively. Applying curve-

of-growth analyses to ‘H1’, the corrected rotational excitation temperatures are 654+135
−191 K in

the slab model and 691+122
−212 K in the disk model (Table 4.2) and are not far away from the result

derived from the rotation diagram. The increment of the total column density of ‘H1’ after

correction is ∼3–4 times, much less than that of ∼20 times on the ν2 = 0 state, indicating a less

severe optical depth effect.

One can derive the vibrational excitation temperature, Tvib via the Boltzmann equation by
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Table 4.6: Vibrational Excitation Temperatures

H1 H2

Tvib(thin) (K) a 843+553
−233 1127+2083

−498

Tvib(slab) (K) b 511+30
−42 539+99

−127

Tvib(disk) (K) c 581+52
−139 488+66

−100

a Values of N1 and N0 in equation 4.13 are derived from ro-
tation diagram analysis (see Table 4.2; same for the columns
below).
b N1 and N0 are corrected under the slab model. Since no
curve-of-growth analysis is applied for the ν2=1 state of
‘H2’, we adopt N1 from the rotation diagram analysis. Same
for the ‘H2’ result under the disk model.
c N1 and N0 are corrected under the disk model.

comparing the column density in the ν2 = 0 level, N0, with N1 in the ν2 = 1 level:

N1/N0 = exp(−2294.7/Tvib). (4.13)

We list in Table 4.6 multiple vibrational excitation temperatures for ‘H1’ and ‘H2’, using N0

and N1 before and after corrections on the optical depth effects. Results in Table 4.6 indicate

that such a correction also decreases the derived vibrational excitation temperatures by a few

hundred Kelvin. Comparing the corrected Tvib with the corrected rotational excitation temper-

ature for the population in the ν2 = 0 state (Table 4.2) or in the ν2 = 1 state, we conclude that

those temperatures are in relatively good agreement within the error and that the vibrational

equilibrium is reached.

The existence of vibrationally excited H2O implies that the physical conditions of the hot

absorbing gas are extreme as the ν2 = 1 state lies 2295 K above the ground vibrational state. The

two main excitation mechanisms are collisional excitation due to warm, dense gas and radiative

excitation by infrared radiation due to warm dust. If the ν2 = 1 state is collisionally populated,
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a density exceeding 1010 cm−3 is required for thermalization. This order takes account of a

critical density1 of 1011 cm−3 and a radiative trapping effect with β of ∼ 0.1 for an optically

thick line (τ ∼ 10). Since the vibrational equilibrium is reached, the density must be higher

than 1010 cm−3. As a comparison, Barr et al. (2020) estimated a blob density of 109 cm−3 in the

disk systems of AFGL 2136 and AFGL 2591.

Other than the collisional excitation, one can estimate the relative importance of the exci-

tation due to the strong radiation field. As is described in Tielens (Ch 2.3.3, 2005), with a dilution

factor W (W <1) on the radiation,

Tex

TR

= 1 +
kTex

hν
lnW, (4.14)

in which TR is the radiation temperature and can be characterized by a dust temperature Td

inside a blackbody. Taking that the hot components are on the surface of the disk and are

receiving radiation with W = 0.5 (half of the disk), that Tex is from 400–500 K (equation 4.13),

and that hν are larger than 2295 K, we derive Tex/TR > 0.85. This result indicates that the

radiation field does drive the gas to the radiative temperature. We note that at the high implied

densities (∼ 1010 cm−3), collisions between gas and dust will lead to gas kinetic temperatures

that are coupled to but slightly lower than the dust temperature (Takahashi et al., 1983).

Li et al. (2022) detected vibrationally excited CO transitions and derived a rotational ex-

citation temperature, 791 K, of CO ν = 1 state for the MIR2-H1 component. The similarity

excitation temperatures of the vibrational band of water (703 K) and CO support that the exci-

tation temperature is more representative of the color temperature of the radiation field than
1Take the transition ν2 = 1, JKa,Kc

= 10,1 as an example, the critical densities from 200 to 1000 K are∼ 6×1010

to 1011 cm−3. Values of the Einstein A and the collisional rate of relevant energy states are adopted from Tennyson
et al. (2001) and Faure & Josselin (2008).
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the kinetic temperature because water has a much larger dipole moment than CO and there-

fore much more rapid spontaneous radiation. Finally, we emphasize that the scenario that the

kinetic temperature is less than the dust temperature is inherent to our results as otherwise one

would observe emission rather than absorption lines against the MIR continuum of the observed

sources (see Appendix A in Barr et al., 2022a).

4.6.1.3 Comparison with Past Observations

The temperature range of ‘H1’ and ‘H2’ at −39.5 and −54.5 km s−1 from 400–500 K is

comparable with that derived from the ISO-SWS observations in Boonman & van Dishoeck

(2003). In the ISO-SWS study, the individual velocity components were not spectrally resolved,

separate transitions were blended (R = 1400, 214 km s−1), and a Doppler width b of 5 km s−1

was assumed in modeling the absorption features. As presented in Table 4.5, the column density

of hot gaseous components derived from our SOFIA/EXES study is about two orders of magni-

tude larger than the ISO-SWS results. This is a significant increment and much more that the 2.4

and 4.3 times increments derived for AFGL 2136 and AFGL 2591 (Barr et al., 2022a). We interpret

this from two aspects: firstly, the absorption intensities of W3 IRS 5 measured by ISO-SWS are

much lower than those for AFGL 2136 and AFGL 2591 (Boonman & van Dishoeck, 2003). This

indicates a more significant opacity effect than in AFGL 2136 and AFGL 2591. As a result, the

column densities in W3 IRS 5 corrected by the curve-of-growth analysis are much higher than

those corrected values in AFGL 2136 and AFGL 2591 (Barr et al., 2022a). Secondly, saturated

lines do not go to 0 but rather reach a non-zero intensity because of either the temperature

gradient in a disk atmosphere or a covering factor less than 1 for a foreground cloud.
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4.6.2 Other Foreground Gaseous Components

4.6.2.1 The Radiatively Heated Foreground Clouds

Comparison between the average low-energy CO and H2O lines (Figure 4.6) reveals a

warm component ‘W’ at −45.5 km s−1 which has a H2O-to-CO relative abundance of 4.4%.

While ‘W’ is considered as a shared component in front of MIR1 and MIR2, according to Li

et al. (2022), this component is radiatively heated and is located at least as close as 2000 au

to the protostars. In contrast, the cold CO component at −38 km s−1, which is regarded as a

shared foreground envelope of ∼50 K, is not present in H2O. If the water in the cold envelope

has a comparable column density to that of CO, saturated absorption lines will be detected (see

Appendix D.3). We conclude that the non-detection of water is due to a too-low column density

(< 4.7 × 1015 cm−2). Therefore, both the warm and the cold components have a low H2O/CO

relative abundance.

Past observations of water lines, however, reveal the rather cool (∼50 K) component but

did not observe the warm component (∼200 K). Observations in the pure rotational ortho-lines

of water by SWAS (Snell et al., 2000) and Odin (Wilson et al., 2003) derive very comparable

results. Adopting a temperature of 40 K, both studies reveal a relative ortho-H2O abundance

of order 1–2×10−9, or column densities of ∼ 1013 cm−2. These results are also comparable

with the column density of 1013 cm−2 derived by Herschel-HIFI observations (Chavarrı́a et al.,

2010), albeit that the latter result is rather model dependent. Therefore, we are reporting an

EXES upper limit that is much higher than the column density observed by SWAS, Odin, and

Herschel. We suggest that both the SWAS and Odin beams are very large and they may be
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measuring the large-scale core, which has a low average column density. If there is a density

gradient rising toward the central source, then the submillimeter observations would measure

column density that could be much less than along a pencil beam. With a pencil beam, it is

difficult to come up with a clear picture of the structural relationship of these three components

and with the larger scale structure of the source.

4.6.2.2 The Foreground Bullets

The four high-velocity “bullets” from −100 to −60 km s−1 in CO (200–300 K) were not

detected in the water observations. Those bullets have been attributed to shocked gas inter-

cepted by the pencil beam (Li et al., 2022). Specifically, Li et al. (2022) quantified the column

density, the density, the velocity, and the thickness of these bullets and concluded that they

are possibly correlated with the maser clumps moving toward us. As a comparison, assuming

that water has a comparable column density to CO, one would expect to see water absorption

lines with a depth of ∼80% relative to the continuum. However, among all the identified water

lines, the only transition that has a potential absorption feature with an intensity depth of 5% at

∼ −80 km s−1 is 22,1 − 31,2, which has an expected line depth of ∼ 30%. Therefore, CO bullets

are indeed not detected in water lines.

J and C shocks are expected to lead to high abundances of H2O, comparable to CO (Hol-

lenbach et al., 2009, 2013). Hence, the absence of water absorption lines associated with this

high-velocity gas sheds some doubt in their interpretation as shocked bullets and a potential

link to water masers. We emphasize that we do recognize other factors that are related to non-

detections of the bullets, although those factors are insignificant. For example, we may define
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the baseline beyond ∼ −75 km s−1 poorly where the bullets are expected. In addition, those

foreground bullets were exclusively found in front of MIR2 in the CO observations and may

suffer from extra dilution in the SOFIA observations. However, these factors are insignificant

for the high abundances of H2O-to-CO, as one would expect to observe prominent saturated

H2O absorption features.

4.6.3 Chemical Abundances along the Line of Sight

The availability of data on column densities of different species such as gaseous CO and

ices along the line of sight toward W3 IRS 5 makes it an appropriate example to address the

oxygen and carbon budget. We discuss below the reservoirs of the two elements in different

environments of the W3 IRS 5 system and other massive protostars including the hot disks as

well as the cold foreground clouds.

As described in § 4.6.1, SOFIA observations derived much higher column densities of hot

gaseous water than that of hot gaseous CO in W3 IRS 5 as well as AFGL 2136 and AFGL 2591

(Barr et al., 2022a). While iSHELL measurements (Barr et al., 2020; Li et al., 2022) provide a

better constrain on the amount of gaseous CO from the same region, we derive high relative

abundances of H2O to CO; e.g., ∼ 1 to 1.5 for W3 IRS 5, 1.6 for AFGL 2136, and 7.4 for AFGL 2591.

Such a high relative H2O to CO abundance is expected for warm, dense gas where gas phase

chemistry rapidly converts the available O not in CO into H2O (Kaufman & Neufeld, 1996b). As a

comparison, these values are much higher than the H2O/CO = 10−4 derived from submillimeter

observations byHerschel-HIFI toward the hot core region of AFGL 2591 (Kaźmierczak-Barthel et

al., 2014), or the value of 4.4% from the warm 200 K component identified in this water study (see
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Table 4.2). On the other hand, a high relative H2O to CO abundance from 1 to 2 was observed

toward T Tauri and Herbig disks (Carr & Najita, 2008; Salyk et al., 2011).

In the cold dense ISM, there is a well-documented problem of the missing oxygen budget

(Whittet, 2010). While Hollenbach et al. (2009) predicted that oxygen not in silicates or oxides

should be eventually converted into gaseous CO and ices, a substantial shortfall of oxygen is

observed. In the study of the Taurus complex dark clouds (Whittet, 2010), the combined con-

tributions of gaseous CO, ice, and silicate/oxide account for less than 300 ppm of the elemental

oxygen compared to the solar value of 490 ppm (Asplund et al., 2009). We observed a similar

missing oxygen reservoir in W3 IRS 5: assuming 284 ppm of the O in diffuse clouds (Cartledge

et al., 2004), we only see a value of 58.1 ppm (20.4%) in cold, dense clouds (see Table 4.7). If

one uses local B stars as the interstellar standard, the total budget of the elemental abundance

of oxygen is even higher (575 ppm rather than 490 ppm, Nieva & Przybilla, 2012). Therefore, a

budget close to the oxygen abundance in silicate (∼ 200 ppm, Tielens & Allamandola, 1987) is

missing or is locked up in an unidentified form, which is referred to as “the unidentified depleted

oxygen (UDO)” in Whittet (2010).

The intrinsic properties of the reservoir of the missing oxygen remain mysterious. Re-

fractory dust compounds like carbonates are implausible, as they will survive and appear in

the diffuse medium as well. Neither gas-phase nor solid-phase O2 are possible as well. While

SWAS observations (Goldsmith et al., 2000) towards massive protostars provide an upper limit

of 0.1 ppm on the gaseous O2, solid O2 is too volatile in the line of sight of W3 IRS 5. Oxygen-

bearing organics in solid ice would be a potential carrier, although no significant detection of

the related bonds has yet been detected at infrared wavelengths (Gibb et al., 2004). We suggest

that the MIRI spectrograph on board the JWST is well-suited to study such an organic inven-
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tory. One other possibility of the UDO is a population of very large water ice grains (> 1 µm)

in the cold gas (Jenkins, 2009). These large grains are nearly opaque to infrared radiation and

are hard to detect.

Similar to the “oxygen crisis”, a depletion problem in elemental carbon exists in the enve-

lope of W3 IRS 5 (see Table 4.7). The total amount of carbon (32 ppm) comprises only 19.7% of the

value expected in diffuse clouds (160 ppm, Cardelli et al., 1996; Sofia et al., 1997). As discussed

in Li et al. (2022), one speculation is that the carbon-containing ice compounds were converted

into an organic residue by prolonged UV photolysis (Bernstein et al., 1995, 1997; Vinogradoff et

al., 2013).

Both the “oxygen crisis” and the “carbon crisis” were observed in AFGL 2136 and AFGL 2591

as well. In contrast to previous studies that relied on a comparison of pencil beam IR absorption

line studies with sub-millimeter emission observations, for these massive protostars, the IR pen-

cil beam samples the same material in absorption. As shown in Table 4.7, the depletion problems

are more severe for AFGL 2591, but less severe for AFGL 2136. We suggest that further studies

of the different oxygen reservoirs could help pinpoint the processes involved in the missing

oxygen or carbon reservoirs by studying a large enough sample with diverse characteristics.
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4.7 Summary

We conducted high spectral resolution (R ∼50,000; 6 km s−1) spectroscopy from 5–8 µm

with EXES on board SOFIA toward the hot core region associated with the massive binary pro-

tostar W3 IRS 5. By comparing with the LTE models constructed with the existing laboratory

line information, we identified about 180 ν2 = 1 − 0 and 90 ν2 = 2 − 1 absorption lines. Pre-

liminary Gaussian fittings and rotation diagram analyses reveal two hot components with T >

600 K and one warm component of 190 K. However, the large scatter in the rotation diagrams of

the two hot components reveals 1) opacity effects, 2) that the absorption lines are not optically

thin, and 3) the total column densities derived from the rotation diagrams are underestimated.

We adopted two curve-of-growth analyses to account for the opacity effects of the hot

components. One model considers absorption in a foreground slab that partially covers the

background emission. The other model assumes absorption in the photosphere of a circumstellar

disk with an outward-decreasing temperature in the vertical direction. In both models, about

half of the data points converted from the ν2 = 1− 0 transitions are located on the logarithmic

part of the curve-of-growth, confirming that the corresponding absorption lines are optically

thick. The two curve-of-growth analyses correct the column densities by at least atn order of

magnitude and lower the derived excitation temperatures accordingly. We note that for the disk

model, the results of the curve-of-growth analysis depend on the adopted velocity width σv and

the parameter ϵ that characterizes absorption and scattering of the absorption line. We provide

a reference table for different σv and ϵ as the two parameters are poorly constrained.

Although our SOFIA-EXES observations do not spatially resolve the binary protostars

in W3 IRS 5, using the kinematic and temperature characteristics, we link each H2O compo-
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nent to a spatially separate CO component identified in IRTF/iSHELL observations (R=88,100).

Specifically, the warm H2O component ‘W’ is linked to the shared warm CO component MIR1-

W1/MIR1-W2, the hot H2O component ‘H1’ is linked to the MIR2-H2 in CO, and the hot H2O

component ‘H2’ is considered to be related to one of the CO MIR1-W′ components.

Once the connections of H2O components and CO components were established, we dis-

cussed the physical origins of H2O components in light of the better understood of CO com-

ponents. From our analysis, we conclude that the disk model is the preferred one over the

slab model out of the considerations of the geometry constraints, although disk models face

challenges in realizing such an internal heating mechanism.

We derive the H2O/CO abundance ratio based on the results of the disk model and discuss

the chemical abundances along the line of sight based on the H2O-to-CO connection. For the

hot gas, we derive a high H2O/CO abundance ratio of 0.9. Such a high relative H2O to CO

abundance is expected for warm, dense gas where gas phase chemistry rapidly converts the

available O not in CO into H2O. For the cold gas, we observe a substantial shortfall of oxygen

in agreement with earlier studies of cold dense clouds. We suggest that organics in solid ice are

the potential carrier.
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Chapter 5: Summary and Future Outlook

This thesis presents studies of molecular clouds in systems that are either close and cold,

or far and hot, with instruments advanced in sensitivity and spatial/spectral resolution. This

chapter summarizes some takeaway messages for the reader and presents a future outlook for

projects finished in the thesis.

5.1 The Takeaway

5.1.1 Argus for Resolved Molecular Gas

Half of the thesis (Chapter 2 and Appendix A) introduces the behavior of the first array

receiver functioning at 3 mm Argus on the GBT and the knowledge we learned from molecular

gas in IC 342 in Argus’ initial extragalactic observations. The main results are as follows:

• The multi-beam receiver Argus can map molecular clouds of several arcmins efficiently

with a high spatial resolution of 6′′–9′′ in a fast raster scanning mode.

• For the GBT with a ∼100 m dish, observations under strong winds (>5 m s−1) can result

in pointing errors as large as a beam and should thus be avoided. Cross-correlation with

correct known maps can to some extent help register the positional offset.

• The beam pattern of Argus rotates while the GBT is tracking. Therefore, observations on
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targets whose declination is close to 38◦ (the latitude of the GBT) should not be taken

when the hour angle (HA) is smaller than 0.5 hr. Otherwise, the unevenness of the map

sampling can be severe.

• Argus made the first 12CO(1–0) map of an external galaxy, IC 342, from the GBT over a

4′ × 5′ region in only 11 hours (including the overheads). The sensitivity and the spa-

tial resolution (6.3′′) are sufficient to resolve giant molecular clouds of approximately a

hundred parsecs in the inner spiral arms.

• The resolved maps of HCN and HCO+ on the galactic bar of IC 342 show a constant ratio

of 1.2±0.1 across a 1 kpc region. In the past, single-beam observations toward the bright-

est center of external galaxies found similar HCN-HCO+ ratios averaged over the entire

nucleus. The ratios were commonly interpreted as the lines being subthermally excited.

This interpretation does not work for the result in IC 342. We argue the HCN-HCO+ ratio

therein is more sensitive to the relative abundance of the two species.

• The breakdown of the LIR − LHCN correlation at high spatial resolution due to the effect

of incomplete sampling of star-forming regions in IC 342 is observed. The scatter of the

LIR−LHCN relation decreases as the spatial scale increases from 10′′–30′′ (170–510 pc) and

is comparable to the scatter of the global relation at the scale of 340 pc.

Overall, observations with high spatial resolution on (dense) molecular clouds further

break down the degeneracy problems in understanding the physical conditions. The ability

of Argus to map large samples of galaxies efficiently will solidify the findings in IC 342, and

help establish the quantitative link between gas density and star formation (the DEGAS survey,

Kepley et al., in prep).
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5.1.2 MIR Absorption Spectroscopy and Massive Star Formation

The other half of the thesis (Chapters 3 and 4) uses MIR absorption spectroscopy to study

a massive protobinary, W3 IRS 5, which is at its hot core phase. In Chapter 3, I report the

results of observation at 4.7 µm toward the rovibrational lines of CO and its isotopologues from

iSHELL at IRTF. The narrow and long slit of iSHELL spatially resolves the binary and allows the

characterization of each protostar respectively. Chapter 4 presents observations of EXES/SOFIA

toward W3 IRS 5 from 5–8 µm with a high spectral (therefore, also a high velocity) resolution

comparable to that of iSHELL, and specifically analyzes water rovibrational transitions at this

wavelength range. The main findings are as follows:

• The iSHELL/ITRF study reveals different kinematic components in each protostar, includ-

ing a cool (∼ 50 K) foreground envelope shared by the two, several high-velocity clumps

(200–300 K) exclusively belonging to one protostar, and a few warm and/or hot compo-

nents (400–700 K) in the immediate environment of the binary.

• Analyses of spectrally resolved molecular lines show that many of the lines are optically

thick. Curve-of-growth analyses are used to interpret the line intensities and to derive

correct column densities, which can be two orders of magnitude higher than that derived

by studies with much less spectral resolution.

• Either a foreground slab model or a disk model is used in the curve-of-growth analyses

to interpret the data. For hot components, the disk model is preferred because it requires

fewer assumptions and provides a universal interpretation of hot-absorbing components

ubiquitously found in other hot cores.
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• To interpret the absorption lines, the disk scenario in the massive protostar requires an

vertically-decreasing temperature from mid-plane. This is a significant difference com-

pared to the disk structures observed in a T Tauri star or a Herbig AeBe star because

disks in those systems have a hotter surface due to the illumination from the central star.

• The high-velocity components found in CO in one of the protostars are likely to have a

J-shock origin and are likely related to water maser spots in the same region. In this way,

the physical information of water masers along the direction of their movements can be

complemented. However, those components are not observed in the EXES water studies

and this result sheds doubts on the proposed link above.

• The iSHELL observations toward CO build the framework of substructures in the W3 IRS 5.

We are therefore able to directly compare the kinematically resolved water and CO com-

ponents along the line of sight and address the oxygen and carbon budget under different

physical conditions. We find that in the hot gas, all oxygen that is not locked in CO resides

in water. In the cold gas, we observe a substantial shortfall of oxygen and suggest that

organics in solid ice is the potential carrier.

Overall, MIR absorption spectroscopy provides a critical and unique diagnostic of the

physical conditions and chemical inventory in the hot core phase of the not-well-understood

massive protostellar systems.
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5.2 Future Work

5.2.1 Argus in Its Commission

I have been involved in three large Argus surveys that are still ongoing since its deploy-

ment on the GBT: DiSCo1, GBT EDGE2, and DEGAS3. DiSCo studies the kinematics of all starless

and Class 0 protostellar cores in Perseus down to ∼0.01 pc scales with <0.05 km s−1 velocity

resolution using the widely-used dense gas tracer N2H+. GBT EDGE aims to conduct CO(1–0)

observations toward a sample of 150 galaxies that is representative of the local population to an-

swer fundamental questions regarding galaxy growth and quenching, star formation regulation,

and the structure of the molecular component. The goal of DEGAS is to map four dense molec-

ular gas tracers (HCN(1–0), HCO+(1–0), 13CO(1–0), and C18O(1–0)) over the central 4 arcmin2

of 36 nearby galaxies to set the dense molecular gas-star formation relation. The Green Bank

Observatory and the original Argus team are now collaborating on an Argus1444 project, which

would take advantage of the technical development afforded by Argus to produce a camera of

144 beams with ten times the mapping speed.

IC 342 in Chapter 2 is one of the 36 samples of the DEGAS survey. The scanning coverage

calculator (Appendix A) was used for DiSCo and GBT EDGE for calculating the required inte-

gration time and designing the observation strategy at the stage of proposing. Observations of

these two surveys are still ongoing and I take participate in regular observing processes.
1Dynamics in Star-forming Cores: https://greenbankobservatory.org/science/gbt-surveys/disco-gas/
2Extragalactic Database for Galaxy Evolution: https://greenbankobservatory.org/science/gbt-surveys/edge/
3Dense Extragalactic GBT+Argus Survey: https://greenbankobservatory.org/science/gbt-surveys/degas-

survey/
4Argus 144: https://greenbankobservatory.org/science/instruments-2020-2030/argus144/
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5.2.2 Disks in the Embedded Massive Protostellar Phase

I present in the rest of this section some questions that arose naturally when conducting

work in Chapters 3 and 4. Those questions point out interesting future directions to pursue and

will further shed light on our understanding of massive star formation processes.

Is there a disk during the massive star formation process? As is introduced in

§ 1.1.1.3, the formation of massive stars is not as well understood because the accretion is coun-

teracted by strong radiation pressure and harsh ionization fields. A disk-mediated accretion

scenario, nevertheless, has been gradually established both theoretically (Bonnell & Bate, 2006;

McKee & Tan, 2003) and observationally: Submillimeter/millimeter observations provide direct,

accumulating evidence of the presence of Keplerian disks surrounding massive protostars from

sub-100 to sub-1000 AU (e.g., Ginsberg et al., 2018; Ilee et al., 2016; Johnston et al., 2015, 2020;

Moscadelli & Goddi, 2014; Moscadelli et al., 2019; Zapata et al., 2019). However, it is worth noting

that different disk tracers were applied among these studies while the detected Keplerian disks

vary in their spatial scale as well as the energy regime (Table5.1). Understanding the role and

properties of an accretion disk is still at a stage that requires thorough case studies of different

hot cores.

Are there disks in the massive protobinary system, W3 IRS 5? MIR spectroscopy

studies in this thesis revealed hot, dense absorbing in W3 IRS 5. But whether to locate the hot

absorbing gas on the disk remains uncertain: absorption lines may originate from gas clumps

in front of the disk, or from the photosphere of the disk whose surface layer is cooler than the

mid-plane. The two scenarios are indistinguishable if one compares the theoretically predicted

line intensities to the observed ones. To break down the foreground-gas/disk degeneracy, it
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Table 5.1: Detection of Keplerian Disks in MYSOs

MYSO d Disk Tracers Eu Disk Scale Beam Size Ref
(kpc) (K) (AU) (AU×AU)

AFGL 2136 2.2 Y H2O 55,0 − 64,3 ν2 = 1 3462 <50 44×33 (1)
AFGL 2591 3.3 Y HCN J = 4–3 ν2 = 1 1067 <1000 627×561 (2)
AFGL 4176 4.2 Y CH3CN 80–900 4000 1176×1008 (3)(4)
NGC 7538 IRS1 2.7 Y CH3OH masers … 500 27×14 (5)

W3 IRS5 1.8 ? HCN J = 4–3 ν2 = 1 1067 500–1000?

Notes: (1): Maud et al. 2019; (2): Suri et al. 2021; (3–4): Johnston et al. 2015, 2020; (5) Moscadelli &
Goddi 2014.

is essential to know the velocity of each contributor to the mid-IR continuum, which is likely

a disk, through spectroscopic imaging of high excitation energy transitions at sub-mm/mm

wavelengths. An SMA proposal has been successfully proposed to observe vibrationally excited

molecular lines at 354 GHz to spatially and spectrally resolve the disks in this 1.2′′ protostellar

binary. The spatial resolution of the SMA’s extended configuration (0.8′′×0.75′′) is sufficient for

this goal.

Are there disk-disk interactions inW3 IRS 5? W3 IRS 5 is likely to have multiple disks.

A big hot molecular core with large-scale outflows, shocks, and circumbinary toroid is detected

in this binary (Imai et al., 2000; Rodón et al., 2008; van der Tak et al., 2000, 2005; Wang et al., 2012,

2013). The presence of disks is referred from rotating structures that were found orthogonal

to the jet axis indicated by linearly-aligned non-thermal compact radio knots (Purser et al.,

2021; Wang et al., 2013). Multiple ∼600 K components are found at different velocities against

the 350–500 AU mid-IR circular continuum (van der Tak et al., 2005) in both sources/elements

in the binary (Chapters 3 and 4). It is unclear whether they originate from circumstellar or

circumbinary disks. The SMA study thus also provides a unique opportunity to probe disk-disk

interactions directly.
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How is the temperature scenario of disks in massive protostellar systems real-

ized, and what is its implication? As is summarized in § 5.1.2, the disk scenario used in the

curve-of-growth analysis requires an vertically-decreasing temperature from mid-plane. But it

remains a challenge in realizing such an internal heating mechanism. As discussed in Barr et al.

(2022a), the “flashlight effect” may allow the disk to be not externally heated (Kuiper et al., 2010;

Nakano, 1989; Yorke & Bodenheimer, 1999). If one proposes the dissipation of gravitational en-

ergy as the heating source, however, the accretion rate implied would be orders of magnitude

higher than the expected accretion rate. Additional dissipation of turbulent and/or magnetic en-

ergy inherited from the prestellar core would be required. This implies a very early and active

stage in the formation of these massive protostars. It is worth noting that viscous heating in the

disk mid-plane has started to be taken into account in studies of massive star formation (e.g.,

Nazari et al., 2022), specifically in calculations of radiative transfer. But reconciling the different

heating mechanisms and realizing the actual temperature scenario is still an intriguing task.

What is the organic inventory of the disks? The temperature stratification in the disks

will result in chemical stratification. As is shown in Figure 5.1, high temperatures in disks opens

up reactions with high energy barriers that produce simple molecules such as CH4, C2H2, NH3,

and HCN (Agúndez et al., 2008; Bast et al., 2013). These species drive a rich organic chemistry

and a high abundance of complex molecules. While Chapter 4 only analyzes water lines from

5–8 µm, absorption bands of the simple molecules mentioned above are also expected in this

wavelength region (e.g., Barr et al., 2018, 2020, on AFGL 2591 and AFGL 2136). Specifically, C2H2

and HCN absorption spectra have already been detected by ISO-SWS among W3 IRS 5 and many

other massive protostars (e.g., Boonman & van Dishoeck, 2003). With the high spectral resolu-

tion and curve-of-growth analyses, we expect to derive the physical conditions and abundances
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Figure 5.1: Chemical network of the main reactions with high activation energies to produce
HCN, C2H2, CH4, and NH3. Figure directly taken from Barr’s thesis (Barr et al. 2022), and is
adapted from Bast et al. (2013) and Agúndez et al. (2008).

of the absorbing molecules. Anticipated work related to this perspective includes: (1) analyzing

C2H2 and HCN band of W3 IRS 5 in the complete 3–13 µm range observed by EXES/SOFIA and

the ground facility, TEXES/Gemini. (2) Investigate the EXES/SOFIA spectra of NGC 7538 IRS 1,

another massive protostar with signatures of a disk, to complement the EXES hot core survey

of massive protostars. The wavelength coverage is not limited to the 5–8 µm but also extends

to the Q-band (above 20 µm), where OH, H2O, and HCN lines are expected.
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HowdoMIR observations on hot cores guide our knowledge of hot corinos? Other

than the unknown properties of the embedded phase in massive star formation, one other moti-

vation in investigating and surveying hot cores in detail is that those bright sources may provide

plentiful information and serve as benchmarks to our understanding of hot corinos, the stage

when low-mass protostars are in their embedded phase. As MIRI/JWST will study the evolution

and chemical composition of protoplanetary disks around low-mass protostars, understanding

the properties and physical/chemical processes of disks in massive protostellar systems will be

insightful. However, it is worth noting that the inverse temperature gradient in disks of a mas-

sive protostellar system may lead to scenarios such as the “snowline” in low-mass systems being

very far away from the central object. The formation scenario of planetesimals next to a mas-

sive protostar may therefore be quite different. From an observational perspective, however, the

MIR survey on hot cores also provides important guidance for the interpretation of MIRI/JWST

data on low-mass protostars. Firstly, MIRIJWST has a low (R=3000) spectral resolution, there-

fore many individual transitions within a given spectral resolution element will blend into one

feature (see Figure 5.2). EXES/SOFIA spectra will point out regions where few spectral lines ex-

ist and can be safely used. Secondly, analyses of EXES data have revealed strong optical depth

effects across many of the observed lines, and therefore provide important guidance on how to

interpret the usable transitions and recover their column densities correctly.
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Appendix A: Argus on the GBT

A.1 Mapping Strategy Analysis

Observations conducted with the 16 feeds Argus focal plane array spectroscopic imager

Sieth et al. (2014) on board the alt-az-mounted telescope, GBT, usually adopts the OTF (On-

The-Fly, Haslam et al., 1970; Mangum et al., 2007) mapping strategy. While good sampling of

the source is desired, Argus cannot rotate following the change of parallactic angle during the

scanning procedure. As a result, the actual scanning tracks are distorted, and the coverage of

the 16 beams may not fully cover the desired mapping region. We present in this section the

predicted distorted actual tracks of Argus and discuss the scanning strategy one should choose

to improve the coverage.

A.1.1 Influence from the Change of the Parallactic Angle

Suppose that S is the position of the source, NP is the north pole and Z is the zenith, the

angle between S-NP and S-Z is the parallactic angle. The change of the parallactic angle is the

change of the direction of declination in an alt-az-mounted coordinate.

Ghigo (1990) gives the formula of the parallactic angle:
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p = tan−1[sinH/(cos δ tanϕ− sin δ cosH)], (A.1)

dp/dH = 0.25(x cosH − sin2 H sin δ)/(x2 + sin2 H). (A.2)

In the formula above, H is the hour angle that changes as the source moves; δ is the declination

of a source; ϕ is the latitude of the telescope, which is 38◦26′ for Green Bank. Fig. A.1 indicates

the function of p(H) of several sources. Since we also care about the level of the change of

parallactic angle in 70 s, we present in Fig. A.1 p(H+70) - p(H) as well.

A.1.2 Image Distortion under Current Scanning Strategy

In our plot, 5 image pixels in length equal to 1 arcsec. I constructed a 2′ × 2′ region with

600 pixels × 600 pixels. The square Gaussian kernel used in this report has a FWHM of 6.5′′

for the GBT at ∼115 GHz. Although the size of the kernel (number of pixels of the edge) only

influences how we “crop” the convoluted result in size, an appropriate size is in need to balance

the calculation time and a good representation of the image quality. To get one“detection” is

to convolve the measurement of a 1 pixel × 1 pixel area with the kernel. The 4×4 array Argus

contains 16 beams in total, and the interval between centers of beams in a row (column) is 30.4′′.

Because the parallactic angle changes during the observing process, one straight scanning

track of one beam in the coordinates system of the Argus array will be projected to one curve in

the RA-DEC coordinate system. We first check the tracks of the central positions of each beam,

and will then convolve them with a Gaussian beam to reproduce the actual integration time.
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I am specifically concerned about two questions before conducting the convolution:

(1) Does the movement of the central position represent the movement of the first and the

final beam that are in the same row?

(2) Does the movement of the central position represent the movement of the first and the

final beam that are in the same column?

I present in Fig. A.2 the comparison of the resulted difference of dp in 70 s of different

beams in direction of DEC or RA with an interval of 2 arcmin, respectively. M100, and the

source with a declination of 38◦ are taken as the two examples. We can see that the difference

in the direction of DEC is slightly larger than in the direction of RA, and the difference is larger

when the declination is close to 38◦26′. From the plots, we can make the conclusion that, for

sources whose declination is far away from the latitude of Green Bank, the difference of beams

due to their position in either different DEC or RA can be neglected. When the declination of

the source is close to 38◦26′, as long as the hour angle is not close to 0, it can be neglected, either.

In conclusion, we may say that it’s reasonable to convolve the 16 beams to the central position

of the array directly when some specific conditions are satisfied.

Fig. A.3 shows the mapping commands used in the actual observation process.

• RALongMap: A Right Ascension/Longitude (RALong) map performs an OTF raster scan cen-

tered on a sky location. Scans are performed along the major axis of the selected coordi-

nate system. The upper plot in Fig. A.3 shows a mapping that is scanning along the RA

axis with a width of 2.5′, a height of 2′, a row spacing of 3.4251′′, and a scanning time of

72 s per row.
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Figure A.3: Mapping commands used in actual observations. The left one is the type of RA-
LongMap and the right one is of DecLatMap.

• DecLatMap: A Declination/Latitude map performs an OTF raster scan centered on a sky loca-

tion. Scans are performed in declination, latitude, or elevation coordinates depending on

the desired coordinate system. The lower plot in Fig. A.3 shows a mapping that is scan-

ning along the Dec axis with a width of 2′, a height of 2.5′, a column spacing of 3.4251′′,
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Figure A.4: The left plot shows an ideal track of the central position of the array and the right
one shows the track of scanning that starts from HA = -0.3 hrs. The declination of the source is
38◦.

and a scanning time of 72 s per row.

I plot the tracks on a full 2.5′ × 2′ region to be consistent with the actual observation
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Figure A.5: From upper to lower, left to right, mapping with 2, 3, 4, 5 scannings × 43 mins are
shown. The declination of the source is 38◦ as well.

commands, and present in Fig. A.4 both the ideal and the real tracks in a raster scanning.

Specifically, plots on the second column correspond to scans starting from HA = -0.3 hrs. It is

clear that at the beginning of the scan, the change of parallactic angle does not influence the

tracks that much, and the curves appear until the source moves to around HA = 0.

One raster scan takes 72 s × 36 lines ≈ 43 min. To extend the observing time as well as

the scanning times, we show in Fig. A.5 the tracks of 16 beams and the convoluted pattern,

separately. It is quite clear that as the scanning time increases, the coverage is more evenly

distributed.
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Figure A.6: Distorted nucleus region of IC 342 mapped in HCN(1–0) in selected different ses-
sions. Each session last for 35–40 minutes and telescope pointing processes were conducted in
between those sessions. Red crosses are positions of resolved giant molecular clouds observed
by Downes et al. (1992) the and blue cross is the central position of IC 342. All images have the
same intensity scale.

A.2 Registering Position Errors under Problematic Pointing

Strong wind (>5 m s−1) results in pointing errors to our observation toward IC 342. Al-

though re-pointing processes were conducted in between every 35–40 minutes session, the wind

was strong enough to leave observable distortion on the image. As illustrated in Figure A.6), for

twelve selected sessions observed in two nights, the nucleus region of IC 342 mapped in each

session show a somewhat different structure and position. Combining all the distorted maps

would result in a smeared map. A spatial cross-correlation was applied to quantify the image

pixel offset. Figure A.7 presents the cross-correlation result in between different sessions. As a

reference, the size of four image pixels equal to the size of the telescope beam. Figure A.7 shows

that the largest offset is even larger than one beam, and correction on such a image distortion

is necessary.
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Figure A.7: Cross-correlation between sessions that are influenced by the strong wind. The
offset are in units of image pixels. The size of four image pixels equal to the size of the telescope
beam.

The image distortion is not limited to HCN observations. Cross-correlation with a known,

correct image is required for fixing this problem. I took the IC 342 map from the BIMA-SONG
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Figure A.8: Cross-correlation between the BIMA-SONG map of IC 342 and one of the 12CO
session observed by Argus.

survey (Helfer et al., 2003) for this purpose. BIMA is an interferometer, and the BIMA-SONG

map has a comparable spatial resolution of ∼ 5′′. I present in Figure A.8 one example of the

cross-correlation result, which quantifies the spatial offset in units of image pixel. Maps in

Chapter 2 are all fixed in this way.

185



Appendix B: Appendix for Chapter 2

B.1 Solutions for a Specific Line Intensity Ratio

We plot in Figure B.1 the ratio of (1 − e−τ ), and the ratio of Tex between HCN(1–0) and

HCO+(1–0) on the plots of the first and the second column. The optical depth effects and the

excitation condition are represented, separately. Plots on the third column shows the joint

result of τ and Tex, as TR = (1 − e−τ )J(Tex). J(Tex) is the Rayleigh-Jeans corrected excitation

temperature.

We overlay the contour representing TR ratio of 1.2 on the first two columns to see the

corresponding τ and Tex. The four representative regions discussed in Section 2.5.1 are labeled

in circled numbers: (1) region 1 is contributed by very large optical depths, as it is located where

the ratio of (1− e−τ ) of HCN and HCO+ is close to 1, and therefore the ratio of TR equal to 1.2

is because the ratio of Tex is 1.2, (2) region 2 spans across where HCN is less thermalized than

HCO+, and its brightness is contributed by larger (1 − e−τ ), (3) region 3 is where both HCN

and HCO+ are thermalized, and the ratio of (1− e−τ ) is fixed to 1.2 regardless of the abundance

ratio, and (4) region 4 follows the contours when the ratio of Tex is slightly larger than 1 while

both lines are subthermalized, and (1− e−τ ) is constant.
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Figure B.1: The optical depth effects on the emission, and the excitation condition of HCN and
HCO+ in 30 K. Each row presents a representative relative column density of HCN to HCO+

of 3, 12, and 20. The first column shows the ratio of (1 − e−τ ) of HCN and HCO+. The second
column shows the ratio of the excitation temperature of both molecules, HCN to HCO+. The
third shows the ratio of the radiation temperature, which is Tex(1−e−τ ). The red dashed line in
each panel indicates where the line intensity ratio is 1.2, assuming that HCN and HCO+ have
the same line width. Labels of regions are consistent with those in Figure 2.7.
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Appendix C: Appendices for Chapter 3

C.1 Additional Figures

We present in Figure C.1 the supplementary rotation diagrams of absorbing components

listed in Table 3.3 that are not presented in Figure 3.4.

C.2 Supplementary Tables

Table C.1 lists the properties of all decomposed absorption lines, assuming that the lines

are optically thin and the line profile only consists of a Doppler core (see Section 3.5.1).
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Figure C.1: Supplementary rotation diagrams of absorbing components. Nl are derived from
Gaussian fitting. Solid lines represent fitting results of equation 4.3 and dotted lines are of
equation 3.4, and the derived Tex and Ntot are listed in Table 3.1. Each panel presents data from
all different molecular species at a specific velocity component, and the color head on each
figure follows the colors of distinct components in Figure 3.4.
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Appendix D: Appendices for Chapter 4

D.1 Telluric Molecular Lines from 5.36 to 7.92 µm

We present in Figure D.1 the important telluric lines from 5.36 to 7.92 µm produced by

the PSG models under representative observational parameters (see Table D.1). Eight molecular

species, H2O, O3, CH4, NO2, N2O, CO2, HNO3, and O2 are among the most important ones.

For the 15 observational settings, the input surface pressure and scaling factors are tuned to

visually match the telluric features in observed spectra, and therefore, may not represent the

actual values.

Figure D.1: Important atmospheric telluric lines from 5.36 to 7.92 µm.
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Table D.1: Inputs for the PSG Models

Source λ P H2O O3 CH4 NO2 N2O CO2 HNO3 O2

(µm) (bar)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

W3 IRS 5 5.36–5.51 0.75 1 1 – – – – – –
5.48–5.67 0.7 1 1 – – – – – –
5.65–5.84 0.85 0.7 1 – – – – – –
5.83–6.02 0.92 0.5 1.5 – – – – 2 –
6.01–6.20 0.83 1 – 1 1 – – – –
6.01–6.20 0.75 1 – 1 1.5 – – – –
6.18–6.37 0.83 0.8 – 1 1.3 – – – –
6.19–6.37 0.85 0.6 – 1 0.8 – – – –
6.35–6.61 0.75 0.8 – 2 – – – – 1
6.35–6.61 0.83 0.9 – 1.5 – – – – –
6.59–6.85 0.77 1 – 2 – – – – –
6.59–6.85 0.85 1 – 1 – – – – –
6.79–7.06 0.75 1.5 – 1.8 – – – – –
7.19–7.45 0.8 1 – 1.5 – – 1 – –
7.67–7.92 0.7 1 – 2 – 2.5 1 1 –

Sirius 7.18–7.46 0.7 1.4 – 1.7 – – 1 – –

Column (1): Sirius is the standard star for the observation session on 2022-02-24 at
7.19–7.45 µm. Column (3): the input surface pressure (Earth at 4084 m) in the PSG
models. Column (4)–(11): the input scaling factors of different atmospheric molecu-
lar species in the PSG models. See Figure D.1 for an illustration of the contribution of
different molecular species at different wavelengths.

D.2 Data Reduction: Sirius vs. PSG models

The standard star, Sirius, was observed only in one setting from 7.28–7.46 µm. While the

Sirius spectrum has advantages in reflecting the actual baseline, we compare the qualities of the

results derived by using the Sirius spectrum as well as using the PSG models. The data reduction

with Sirius is straightforward, as the median filtering processes or the modeling of telluric lines

are not needed.

As a result, we present in Figure D.2 the equivalent widths of each individually identified

line derived from the two data reduction methods. We conclude that the results are in good
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Figure D.2: Comparison between the equivalent width estimated by taking the standard Sirius
spectra vs. by adopting the PSG models.

agreement with each other by ∼ 10%.

D.3 The Hidden Component at −38 km s−1

As presented in § 4.4 and § 4.5, data analyses in this paper are based on the decompo-

sition of the absorption profiles into the three components at −54.5,−45, and −39.5 km s−1

in low-energy levels, while the −39.5 km s−1 component is hot. However, we realize that one

cold component of ∼50 K may exist at −38 km s−1 because of the detection of the cold CO

component (Li et al., 2022).

We argue that a cold component is possibly hidden in Figure D.3, in which a list of ac-

cumulative average spectra is presented. We note that the absorption feature at −35 km s−1 is

possibly related to the cold component because it disappears as the energy levels increase. We
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Figure D.3: Accumulative average spectra from 100 to 1000 K. Each spectrum represents the
median of spectra in energy levels between 0 to 100 K, 0 to 200 K, …, 0 to 1000 K. The dashed
vertical lines represent −46, −40, and −38 km s−1.

also present two different Gaussian fitting methods for the average spectrum below 200 K in

Figure D.4, while in one we fix the right wing with a component at −38 km s−1 and in the other

at −40 km s−1. We conclude that the previous one provides a better fit, suggesting that at this

energy level the cold −38 km s−1 component possibly indeed dominates the line profile.

Even if the cold −38 km s−1 component does exist, we conclude that the water-to-CO

abundance is still low at this temperature. Otherwise, very saturated water absorption lines

will dominate the line profiles. We estimate an upper limit of such a water-to-CO ratio of 0.4%

by Figure D.5.
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Figure D.4: Two different Gaussian fitting results for the spectrum averaged below 200 K. In
the upper panel, the central velocities are −55,−46, and −38 km s−1. In the lower panel, the
central velocities are −55,−46, and −40 km s−1.
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Figure D.5: Expected cold line profiles of water and the correspondent curve-of-growth based
on parameters constrained in CO observations.

D.4 Additional Figures

We present in Figure D.6 the two grid-search results and the best-fitted curve-of-growth

for the ‘H2’ component.

D.5 List of the Water Lines

We present from Table D.2 to D.15 the properties of decomposed water lines, H2O ν2=1–0

and ν2=2–1, of W3 IRS 5 from 5.36 to 7.92 µm in this study.
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Figure D.6: Left panels: Grid-search results of ‘H2’ for both the slab and the disk model illustrat-
ing the best-fitting results. The contours represent the 1σ, 2σ, and 3σ uncertainty levels. Right
panels: the curves of growth for the slab and the disk model.
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Appendix E: Facilities and Software

E.1 Facilities

A summary of facilities used in this thesis is listed below:

• Green Bank Telescope

Argus at the GBT was used to obtain the molecular cloud images of IC 342 (Chapter 2).

• The Infrared Telescope Facility

iSHELL at the IRTF was utilized to obtain the M -band spectra of W3 IRS 5 (Chapter 3).

• Stratospheric Observatory for Infrared Astronomy

EXES at the SOFIA was used to get the 5–8 µm spectra of W3 IRS 5 (Chapter 4).

E.2 Software

A summary of software used in this thesis is listed below:

• astropy (Astropy Collaboration et al., 2013, 2018)

• degas (https://github.com/GBTSpectroscopy/degas)

• gbtpipe (https://github.com/GBTSpectroscopy/gbtpipe)
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• NumPy (Harris et al., 2020)

• Planetary Spectrum Generator (Villanueva et al., 2018)

• RADEX (Van der Tak et al., 2007)

• Redux (Clarke et al., 2015)

• SciPy (Virtanen et al., 2020)

• Spectral-Cube (Ginsburg et al., 2019)

• Spextool (Cushing et al., 2004)

• Xtellcor (Vacca et al., 2003)
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