
 
 
 

THE UNEXPECTED MOLECULAR COMPLEXITY OF PLANETARY NEBULAE 
AS REVEALED BY MILLIMETER-WAVE OBSERVATIONS 

 
 

by 
 
 

Deborah Rose Schmidt 
 
 

__________________________ 
Copyright © Deborah Schmidt 2019 

 
 

A Dissertation Submitted to the Faculty of the 
 
 

DEPARTMENT OF ASTRONOMY 
 
 

In Partial Fulfillment of the Requirements 
 

For the Degree of 
 
 

DOCTOR OF PHILOSOPHY 
 
 

In the Graduate College 
 
 

THE UNIVERSITY OF ARIZONA 
 
 
 
 

2019 
 
 
 
 
 
 
 
 
 
 



 2 

 
 
 
 

ACKNOWLEDGMENTS 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 3 

ACKNOWLEDGEMENTS 
 
 The work presented here represents the culmination of seven years of long days and 
sleepless nights spent poring over mountains of telescope data, working out bugs in code, and 
staring at keyboards willing the words to come. More than that, though, it represents the hard work 
that many, many others put in to help me achieve this goal. This success is as much theirs as it is 
mine, and I would like to acknowledge them here.  
 
 I am thankful for the efforts of my advisor, Dr. Lucy Ziurys, who opened my eyes to the 
sometimes frustrating but always fascinating world of astrochemistry, supported me through each 
new project, telescope proposal, and referee report, and shared with me her endless knowledge of 
the subject. Her passion for this field is as evident as it is contagious.  
 

I am indebted to everyone at the Arizona Radio Observatory, including the telescope 
operators, engineers, and support staff. The tireless effort they put into maintaining and operating 
these fickle instruments made the research presented here possible, and I learned much about radio 
telescope instrumentation through conversations with the operators on-site as well as through the 
chat window. Additionally, I am greatly appreciative of the staff of the IRAM 30-m Telescope, 
particularly the operators and astronomers-of-duty who put every effort into making my on-site 
observing as comfortable and successful as possible, and who made conducting remote 
observations from 6000 miles away surprisingly painless.  I am also incredibly thankful for the 
unflagging work of Kathleen Ryan, who helped me in so many ways, doing whatever she could to 
make my life easier, and who was always there to offer a warm smile and words of advice and 
encouragement whenever needed.  

 
I am grateful for all of my fellow Ziurys group members, past and present, whom I have 

had the great pleasure of knowing, including Jessica, Julie, DeWayne, Gilles, Jie, Matt, Mark, 
Tyler, Jacob, Ambesh, Hayden, Nazifa, Cathryn, and Katia. Their helpful guidance on any 
question I might have, willingness to listen and critique endless variations of my presentations, 
and continuing support was integral in helping me to make it through this process. Similarly, 
thanks to my cohort in the Astronomy & Astrophysics Department (Melissa, Brian, JT, Ben, Ya-
Lin, and Steph), who took their first steps on this long road with me and helped each other to make 
it through.  

 
I am truly appreciative of the great number of mentors I have had along the way, including 

Nick Woolf, whose indefatigable enthusiasm for science and endless stream of ideas continually 
motivate new directions for my research to take, my undergraduate advisor, Froney Crawford, who 
inspired my desire to pursue a career in undergraduate education and who was always there to 
assist in any way he could, and Tom Fleming and Erin Dokter, who taught me so much about 
higher-level education and encouraged me to continually cultivate my teaching methods.    

 
I am endlessly thankful to have had the good fortune to meet and know so many wonderful 

people through the International Student Association at the University of Arizona. There are truly 
too many people to mention here, but suffice it to say that the friendships I have made in this group 
transcend the borders and time which may separate us. In the same vein, I am grateful for my 
Lajkonik dance family and its fearless leaders, Matt and Amy. They welcomed me with open arms, 
despite my lack of Polish heritage and two left feet, and created a home away from home where I 
always felt like I belonged. No matter where I go in the future, I will carry a polka in my heart. 



 4 

Similarly, I am greatly appreciative of the Tucson Blues Dance community and the warm, 
supportive, and fun environment they created. I am particularly thankful for the efforts of its 
leaders, including Rosanne and Carson, for the hard work they put into creating such a welcoming 
community for dancers of all levels. These groups kept me sane throughout my years in graduate 
school, and without these oases of calm in the midst of the storm that is the Ph.D. journey, my 
success would not have been possible.  
 
 I feel incredibly lucky to have had the support of all of my friends, both local to Tucson 
and spread across the world. Delaney and Lynn had a knack for making me feel that no time had 
passed at all each time we met up after months spent separated by the entirety of a continent. 
Claire, with whom I spent many long undergraduate nights working out math methods problems 
on our whiteboard and performing observations in the research lab, was always there to celebrate 
the successes and commiserate about the difficulties that come along with being a graduate student.  
Amy, my lifelong best friend and partner-in-crime throughout our years at Franklin & Marshall, 
never failed to offer her unflagging support in all things, all the while powering through the 
incredibly difficult medical school process herself. And of course, I cannot forget about the other 
members of the collective known as the Fabulous Four, Andri, JT, and Jan, who, through all the 
miles traveled together across the great Southwest, laughter which brought us to the point of tears, 
and introspective conversations, helped me to form some of my greatest memories during my time 
in Tucson.  
  

I am truly fortunate to have an incredibly supportive family, who have cheered me on 
through multiple decades of schooling and encouraged me every step of the way. My Aunt Ellen 
and cousin Nicole were always there to talk whenever I needed it, my godson Brayden never failed 
to bring a smile to my face whenever we had the opportunity to video chat, and so many others, 
including my Uncle John, Aunt Laura, Uncle Alex, Aunt Bettina, Uncle Paul, Joanne, Joe, and all 
of my cousins, were always there to encourage me toward the finish line. I am also incredibly 
grateful for Adela, Mark, Ben, Kate, Jack, Lucien, Kique, and Memère, who welcomed me into 
their family without reservations. In particular, I will always be thankful to have had two of the 
greatest possible role models, my Grandma Grace and Grandma Josephine, to shape me into the 
person I am today. Without their unconditional love, limitless support of my education, and 
cultivation of my curiosity, I would certainly not have reached this stage. And truly, none of my 
success would have been possible without the tireless support of my parents. In taking me outside 
in the dead of night to experience countless meteor showers, captivating my attention with 
numerous lessons about chemistry, astronomy, and geology, and granting my childhood wish to 
go to Space Camp, my father ignited my lifelong passion for science, and supported me in every 
way throughout my education, never failing to encourage me to continue working to nurture my 
potential. My mother has been there from day one to listen to my hopes and concerns, offer a 
helping hand at any opportunity, and be my number one supporter in everything I do. Thank you 
for making all of this possible.  

 
Lastly, I would like to extend my eternal thanks to the love of my life, Nick, whose 

unending love, support, and patience motivated me to achieve my goal. No words can express how 
grateful I am to have him in my life, or how excited I am to continue this journey with him. 

 
 
 

 



 5 

TABLE OF CONTENTS 
 

LIST OF FIGURES…………………………………………………………………………….…7 
 

LIST OF TABLES………………………………………………………………………………...8 
 

ABSTRACT……………………………………………………………………………………….9 
 

CHAPTER 1. INTRODUCTION…..……………………………………………………………11 
 

CHAPTER 2. STELLAR EVOLUTION………………………………………………………...17 
 2.1. Low- and Intermediate-Mass Stellar Evolution……………………………………..20 
 2.2. High-Mass Stellar Evolution………………………………………………………...30 

 
CHAPTER 3. ROTATIONAL SPECTROSCOPY……………………………………………...33 

 
CHAPTER 4. TELESCOPE INSTRUMENTATION…………………………………………...41 
 4.1. 12-m Telescope……………………………………………………………………...47 
 4.2. Submillimeter Telescope……………………………………………………………49 
 4.3. IRAM 30-m Telescope……………………………………………………………...50 

 
CHAPTER 5. RADIATIVE TRANSFER……………………………………………………….52 
 5.1. RADEX……………………………………………………………………………...53 
 5.2. ESCAPADE…………………………………………………………………………60 

 
CHAPTER 6. THE CHEMISTRY OF PLANETARY NEBULAE………………………..……64 
 6.1. Overview of Planetary Nebula Surveys……………………………………………..66 
 6.2. Correlations Between Results and Nebular Properties…………………………..….74 

6.2.1. Relation Between Observed Molecules and C/O Ratio/Grain Composition……...74 
6.2.2. Temporal Evolution of Planetary Nebula Abundances and Comparison with    

Diffuse Clouds……………………………………………………………...……76 
 6.2.3. Correlations with Central Star Temperature……………………………………....79 
 6.2.4. Variations in Abundances and Ratios Across the Helix…………………………..82 

 
CHAPTER 7. THE REMARKABLE PLANETARY NEBULA K4-47………………………...87 
 7.1. A Window into K4-47’s Nucleosynthetic History…………………………………..92 
          7.2. A Connection to Presolar Grains……………………...……..………….……………95 

 
CHAPTER 8. PHOSPHORUS CHEMISTRY IN EVOLVED STARS………………………....99 

 
CHAPTER 9. CONCLUSIONS…………………………...…………………………………...106 

 
REFERENCES…………………………………………………………………………………110 

 
APPENDIX A. HIDDEN MOLECULES IN PLANETARY NEBULAE: NEW DETECTIONS 
OF HCN AND HCO+ FROM A MULTI-OBJECT SURVEY………………………..…….......121 
 



 6 

APPENDIX B. NEW DETECTIONS OF HNC IN PLANETARY NEBULAE: EVOLUTION OF 
THE [HCN]/[HNC] RATIO…………………………………………………………...………..139 
 
APPENDIX C. NEW IDENTIFICATIONS OF THE CCH RADICAL IN PLANETARY 
NEBULAE: A CONNECTION TO C60?.....................................................................................152 
 
APPENDIX D. WIDESPREAD CCH AND C-C3H2 IN THE HELIX NEBULA: UNRAVELING 
THE CHEMICAL HISTORY OF HYDROCARBONS………………………………………..163 
 
APPENDIX E. EXTREME 13C, 15N, AND 17O ISOTOPIC ENRICHMENT IN THE YOUNG 
PLANETARY NEBULA K4-47…………………………………………….………………….171 
 
APPENDIX F. EXOTIC CARBON CHEMISTRY IN A PLANETARY NEBULA: THE 
UNUSUAL CASE OF K4-47………………………………………………………….………..178 
 
APPENDIX G. NEW CIRCUMSTELLAR SOURCES OF PO AND PN: THE INCREASING 
ROLE OF PHOSPHORUS CHEMISTRY IN OXYGEN-RICH STARS…………..…………..200 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 



 7 

LIST OF FIGURES 
 

Figure 1.1. Cosmic cycle of gas and dust……………………………………..…………………..12 
Figure 2.1. Schematic of an AGB envelope……………………………………..………………..27 
Figure 3.1. Examples of oblate and prolate symmetric tops……………………………………....34 
Figure 3.2. Hund’s case (a) coupling schemes……………………………………………………37 
Figure 3.3. Hund’s case (b) coupling schemes……………………………………………………38 
Figure 4.1. Atmospheric transmissivity at millimeter wavelengths………………………………41 
Figure 5.1. Schematic of specific intensity…………………………………………………….....54 
Figure 6.1. CCH energy level diagram……………………………………………………….…..70 
Figure 6.2. Molecular abundances versus nebular age…………………………………………....77 
Figure 6.3. [HCN]/[HNC] versus central star temperature…………………………………….....80 
Figure 6.4. CCH abundance versus central star temperature…………………………………...…82 
Figure 7.1. 14N/15N versus 12C/13C in SiC grains, K4-47, CK Vul, and CRL 618………….……...98 
Figure 8.1. PO energy level diagram…………..………………………………………………..101 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 8 

LIST OF TABLES 
 

Table 6.1. Nebular properties………………………………………………………………….…84 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 



 9 

ABSTRACT 
 
 The low temperatures and densities in the extended outer layers of asymptotic giant branch 

(AGB) stars foster a rich chemistry, enabling the synthesis of a variety of both simple and complex 

molecules. However, due to the increasing flux of ultraviolet (UV) photons over the course of the 

star’s late stage evolution, chemical models have predicted that the abundances of these species 

should be significantly depleted shortly after the onset of the planetary nebula (PN) stage. 

Millimeter- and submillimeter-wave observations of a variety of PNe of varying morphologies and 

kinematic ages have been conducted in order to explore the molecular composition of these objects 

and how the abundances of these molecules evolve over the course of the nebular lifespan. 

Observations of HCN and HCO+ in seventeen PNe using the 12-m Telescope and Submillimeter 

Telescope (SMT) of the Arizona Radio Observatory (ARO) resulted in an overall detection rate of 

~76%, while subsequent measurements of HNC and CCH in the 11 nebulae in which HCN had 

been identified yielded detection rates of 100% and ~82%, respectively. These results strongly 

support the argument that polyatomic molecular material is a common constituent of PN ejecta. 

Further, the abundances of these molecular species do not vary significantly with nebular age, in 

contrast to the predictions of chemical models, and they are consistently orders of 1 to 2 

magnitudes greater than the abundances measured for diffuse clouds, a strong indication that these 

compounds are shielded from incident UV radiation in dense clumps of gas and dust which slowly 

disperse and seed the surrounding interstellar medium (ISM) with molecular material. These 

conclusions are strengthened by the results of observations of HCN, HNC, CCH, and c-C3H2 at 

eight positions across the Helix Nebula. Other implications of these studies, particularly with 

regard to their impact on molecular synthesis, are discussed. Molecular observations of the PN 

K4-47 using both ARO facilities as well as the Institut de Radioastronomie Millimètrique (IRAM) 

30-m Telescope are also presented. A plethora of molecules has been identified in this relatively 
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unstudied source, including CH3CN, H2CNH, and CH3CCH, all of which have been detected for 

the first time in a PN, as well as numerous 13C-containing species, including all singly- and doubly-

13C-substituted variants of HC3N. Particularly unusual are the incredibly low 12C/13C, 14N/15N, and 

16O/17O ratios measured in this nebula (2.2 ± 0.8, 13.6 ± 6.5, and 21.4 ± 10.3, respectively), the 

lowest thus far measured in interstellar gas. The implications of these results on stellar 

nucleosynthesis and the sources of particular SiC presolar grains are discussed. Finally, modeling 

results of detections of phosphorus mononitride (PN) and phosphorus monoxide (PO) made in 

several AGB and supergiant stars are presented, along with the impact of these results on 

phosphorus chemistry. 
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CHAPTER 1: INTRODUCTION 
 

To date, nearly 200 molecules have been detected in circumstellar environments and the 

interstellar medium (ISM). These molecules range from the simple, such as CO, CN, and C2, to 

the incredibly complex, like C60 and C70. Most of these species are organic, and many contain 

various other biologically significant elements such as oxygen, nitrogen, phosphorus, and sulfur. 

Understanding how and where these molecules are produced is of particular importance with 

regard to understanding the role that interstellar synthesis played in the promotion of life on Earth, 

as well as the possible development of life in other stellar systems. Observations of amino acids, 

nitrogenous bases like those found in DNA and RNA, and other organic compounds in meteorites 

suggests that the transfer of organic material to Earth’s surface through meteoritic bombardment 

could have played a role in the genesis of life on Earth (e.g., Pizzarello 2007). By tracing the path 

of biological elements through different stages of the ISM, a better understanding may be attained 

of the origin of complex prebiotic molecules which could influence the development of life. 

However, in order to track these species across the Galaxy, the molecular inventory of the major 

components of dust and gas environments be well understood. These components represent 

different stages in the evolution of the ISM through which gas and dust is cycled, as illustrated in 

Figure 1.1.  

The cycle begins with stars, which generate the majority of atomic species, including 

biologically relevant ones such as carbon, nitrogen, and oxygen. How stars evolve is dependent 

upon their progenitor mass. The majority are low- to intermediate-mass, relative to solar (< 8 M☉). 

As these low- to intermediate-mass stars age and progress through the core hydrogen- and helium-

burning stages, evolving off of the main sequence of the Hertzsprung-Russell (HR) diagram, their 

outer layers will expand and cool through the red giant and asymptotic giant branch (AGB). Given 

their extended envelopes, these stars will lose copious amounts of mass, forming a detached shell 
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of material  known as a circumstellar envelope. At the end of the star’s life, the inert carbon-oxygen 

core, which will never become hot enough for carbon fusion to take place, emits copious amounts 

of ultraviolet radiation, ionizing the surrounding envelope and creating a bright, diffuse object 

known as a planetary nebula (PN). Further information on this evolutionary process, as well as the 

evolution of high-mass stars, is given in Chapter 2. PNe will continue to expand over the course 

of their lifespan, which is on the order of ~ 10,000 years, diffusing into the surrounding ISM. This 

material forms low-density clouds, also known as diffuse clouds, which, through large-scale 

compression, condense into compact regions known as molecular clouds. Molecular clouds begin 

to gravitationally contract when the gravitational force exceeds the internal pressure of the core. 

As they collapse, they tend to fragment, resulting in the formation of multiple protostellar cores. 

The gas around these protostars forms a disk of material due to the rotation of the core, which 

spirals in toward the star. Gas and dust in the disk can collect to form planets. Material from this 

protostellar core can be transferred to the surfaces of these planets via meteoritic and cometary 

Figure 1.1: Cosmic cycle of gas and dust, based on Fig. 1 of Ziurys et al. 
(2015). 
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bombardment. The host stars will transition onto the main sequence, wherein they will initiate 

hydrogen fusion in their cores. Eventually, they will evolve off of the main sequence, and the cycle 

will begin anew.  

 By understanding the molecular and isotopic content and abundances at each stage in this 

cycle, the history of molecules may be traced, including their formation, processing, and 

destruction, and the connection between these species and the origin of life on Earth as well as the 

potential for life in other stellar systems can be elucidated. Of particular importance is to 

understand the molecular composition of PNe. Not only do low- to intermediate-mass stars 

represent the vast majority of stars in the Universe, meaning that most stars will pass through the 

PN stage as they evolve (Kwok 2005), but ~ 85% of the material in the ISM comes from stars 

which do not become supernovae (e.g., Dorschner and Henning 1995). Further, while the 

progenitor stars of PNe can have masses as high as 8 M☉, the masses of the central star and ionized 

atomic component can only be as high as ~1.2 M☉ and 0.3, M☉, respectively (Kimura et al. 2012), 

indicating the majority of a PN’s mass may be in molecules and grains. Thus, understanding the 

molecular composition and abundances of these objects is integral to illuminating the role they 

play in seeding the diffuse ISM with molecular material. This is especially important given that, 

while a plethora of species has been detected in diffuse clouds, including CO, SO, CS, CN, HCN, 

HNC, HCO+, SiO, H2CO, and c-C3H2 (e.g., Liszt et al. 2006), their abundances are difficult to 

explain through in situ models of synthesis (e.g., Snow & McCall 2006).  If PNe are capable of 

dispersing molecular material into the ISM, polyatomic molecules, as opposed to simpler 

compounds, would be available as building blocks, allowing for the formation of even more 

complex prebiotic species that could impact the development of life in a stellar system. 

 However, due to the intense ultraviolet radiation from the central star, it was not expected 

that molecules should survive the PN stage. Instead, chemical models of PNe such as that of 
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Redman et al. (2003) suggested that molecular abundances should be significantly depleted over 

the course of the ~ 10,000-year lifespan of the nebula as a result of photodissociation. Despite this, 

polyatomic molecules have been observed in a handful of PNe over the years, including HC3N, 

N2H+, and c-C3H2 via a survey of the ~ 700 year-old1 NGC 7027 (Zhang et al. 2008), CS, SO, and 

H2CO in the ~ 1600 year-old NGC 6537 (Edwards & Ziurys 2013), and CO, CS, and HCO+ in five 

PNe, including K4-47, NGC 6537, M2-48, NGC 6720, and NGC 6853, with nebular ages between 

~ 900 – 10,000 years (Edwards et al. 2014).  In particular, a number of molecules were detected at 

one position in one of the oldest (~11-12,000 years; Meaburn et al. 2008) and most extended 

(~1000¢¢) PNe known, the Helix Nebula. Among the species found at this position are CO, HCN, 

HNC, H2CO, HCO+, CN, CCH, and c-C3H2 (Bachiller et al. 1997a; Tenenbaum et al. 2009). Later 

observations of CO, HCO+, and H2CO at eight other positions across the nebula by Zack & Ziurys 

(2013) and, subsequently, detections of HCO+ at over 200 positions in the source by Zeigler et al. 

(2013) confirmed the widespread distribution of polyatomic species in the Helix. These 

observations suggested that molecules could persist into the late stages of PN evolution, and thus 

that PNe could be significant contributors of molecular material to the diffuse ISM. However, until 

recently, such observations were restricted to a small number of PNe, and mainly focused on 

younger nebulae. Thus, the evolution of the molecular content of PNe across their lifetime had not 

been explored, and whether polyatomic molecules were a common constituent of PNe that could 

maintain detectable abundances throughout the nebular lifespan or whether objects like the Helix 

were special cases was not well understood. Consequently, further study of PNe was necessary in 

order to explore the molecular content of PNe across their lifespan and determine whether these 

objects could be viable alternate sources of polyatomic molecules for the diffuse ISM. Moreover, 

 
1 Note that PN ages can only be estimated with respect to the transition time between the AGB and PN phases. This 
is heavily dependent upon the envelope mass left upon the quenching of the superwind, which introduces high 
uncertainty in the estimate of the transition time (e.g., Stanghellini & Renzini 2000). 
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such observations would provide insight into nucleosynthesis undertaken in the nebula’s 

progenitor star, as well as how and when molecules are synthesized, reprocessed, and destroyed 

between the AGB and PN stages. It was the need for such studies to elucidate the evolution of the 

molecular content of PNe which inspired the majority of the work presented in this dissertation.  

 The molecular composition of PNe can be explored through observations of their rotational 

transitions in the millimeter and submillimeter bands. These frequencies can probe cold, dense 

regions that would be invisible at shorter wavelengths, as only the lower rotational energy levels 

would be populated. Additionally, the heterodyne receivers utilized at millimeter- and 

submillimeter-wave observatories provide high spectral resolution, on the order of one part in 106 

to 108, allowing different molecular features, as well as the fine-structure and hyperfine-structure 

composition of relevant molecules, to be distinguished. The high-resolution spectra offered by 

such receivers also provides invaluable insight into the source’s kinematics. Further, modeling of 

rotational lines can probe various physical conditions such as kinetic temperature and density of 

the gas. Chapter 3 provides further details on rotational spectroscopy, while Chapters 4 and 5 

explain the radio telescope instrumentation and radiative transfer analysis needed to observe these 

rotational transitions and extract necessary information from the data.  

 The remainder of this dissertation describes millimeter-wave observations of various 

polyatomic molecules in PNe made in an effort to illuminate the evolution of molecular 

abundances with nebular lifespan and the connection between these objects and diffuse clouds. 

Chapter 6 discusses observations of HCN and HCO+ in a set of seventeen PNe in which CO had 

been previously observed, with further information on this survey provided in the refereed 

publication Schmidt & Ziurys (2016) found in Appendix A. Additionally, the chapter reviews 

subsequent searches for HNC and CCH in the PNe in which HCN had been detected, as well as 

the mapping of HCN, HNC, CN, CCH, and c-C3H2 across the Helix Nebula. Further details of this 
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work are provided in several refereed publications (Schmidt & Ziurys 2017a,b; Schmidt et al. 

2018a) provided in Appendices B-D. Implications of the results of these projects, not only with 

regard to the evolution of molecular abundance with nebular age and the connection between PNe 

and diffuse clouds, but also with respect to molecular synthesis as well as the kinematics and 

physical conditions of the studied sources, are discussed. Of particular interest is the PN K4-47; 

millimeter-wave observations of this small (~10¢¢), young (~900 years; Corradi et al. 2000) source 

indicate that it is one of the most molecule-rich PNe known and possesses the lowest 14N/15N and 

16O/17O ratios found in interstellar gas. Details on the observations and analysis of this data, as 

well as the repercussions of these results on models of stellar nucleosynthesis and the connection 

between PNe and presolar grains, are given in Chapter 7, and are expanded upon further in one 

published work Schmidt et al. (2018b) and one submitted manuscript given in Appendices E and 

F.   

 Observations and abundance analysis of PN and PO in the envelopes of several oxygen-

rich AGB and supergiant stars are discussed in Chapter 8. Phosphorus is an important biogenic 

element, though its origins in the ISM are not well-understood. By studying the abundances and 

radial distributions of two phosphorus-bearing species in circumstellar envelopes, the formation 

of these species, the ability of evolved stars to be important producers of phosphorus, and the 

amount of the element which remains in the gas-phase rather than condensing out onto grains could 

be further explored. Details on this work as well as the implications of the results are expanded 

upon in the refereed publication, Ziurys et al. (2018), found in Appendix G.  
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CHAPTER 2: STELLAR EVOLUTION 

 Before the molecular content of evolved stars and the implications that such results have 

on stellar nucleosynthesis can be explored, it is necessary to discuss how such objects are formed 

and how the evolution of these objects influences their composition. The most important 

determinant in a star’s evolutionary path is its mass. It is this singular parameter which governs 

the types of fusion processes a star undergoes, how long it spends in different stages of its 

evolution, and, inevitably, how it dies. The following chapter will consider the life cycle of stars 

grouped broadly under two categories: low- and intermediate-mass stars, with progenitor masses 

of £ 8 M☉, and high-mass stars with masses of > 8 M☉.  

All stars begin their lives similarly, forming out of dense (~ 105 molecules/cm3), cold (~ 

10 K) cores in clouds of gas and dust known as molecular clouds (Bodenheimer 2011). When these 

clouds are perturbed in some way, such as through a shock wave from a nearby supernova, they 

will begin to collapse under self-gravity, typically fragmenting into multiple cores (Bodenheimer 

2011). As the densities of these fragments increase during the collapse, they become opaque to 

infrared photons, causing their temperature and gas pressure to rise and slowing the rate of 

contraction. If the core is rotating, it can collapse into a disk due to the conservation of angular 

momentum, from which, given enough mass, a binary or multiple system can form, or, if not, a 

single star with planets can emerge (Stahler 2014). Mass continues to accrete onto the growing 

object at the center, known as a protostar, generating gravitational energy which works to heat the 

core and provide its luminosity. Eventually, this accretion slows to a halt, and the luminosity of 

the protostar, which has evolved into a pre-main sequence star, is provided by gravitational 

contraction (Stahler 2014). When the stellar core has reached a temperature of ~ 6 million Kelvin, 

hydrogen fusion commences (Wiescher et al. 2010). At this point, the inward force of gravity is 
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balanced by the radiative pressure resulting from the onset of hydrogen fusion, and the star is 

considered to be on the main sequence.  

While all stars on the main sequence fuse hydrogen into helium in their cores, the principal 

process by which they do so is dependent upon the mass of the star. Two main sets of nuclear 

reactions can take place: the proton-proton chain, which is dominant for stars with masses of less 

than ~ 1.5 M☉, and the CNO cycle, which prevails in stars with masses of ~ 1.5 M☉ or greater 

(Wiescher et al. 2010). In the proton-proton chain reaction, which was first described by Hans 

Bethe in 1939, four hydrogen nuclei are combined to yield a helium nucleus. Several different 

proton-proton chain branches (p-p I-IV) exist, but which chain dominates depends on the 

temperature of the core. In solar-type stars, the primary chain is p-p I, whose series of reactions 

can be summarized as:   

4 𝐻## → 𝐻𝑒&
' + 2𝑒* + 2𝜈, + 2𝛾, (2.1) 

where 𝑒* is a positron and 𝜈, is an electron neutrino. In the CNO cycle, carbon, nitrogen, and 

oxygen are used as catalysts to fuse four protons into helium. There are several variants of the 

CNO cycle which are categorized as either cold or hot based on the physical conditions of the 

environments in which they take place. The cold CNO cycle typically occurs in stars, where the 

proton capture rate is less than the beta decay rate and is thus the limiting factor in the rate of the 

CNO cycle. The hot CNO cycle occurs in environments of high temperature and pressure, such as 

novae, where the proton capture rate exceeds the beta decay rate (Wiescher et al. 2010). Generally, 

all CNO cycles can generally be described by:  

4 𝐻## → 𝐻𝑒&
' + 2𝜈, + 2𝑒* + 	3𝛾. (2.2) 

 The most important cold CNO cycle to occur in stars was initially referred to as the carbon-

nitrogen (CN) cycle. Also known as CNO-I, it proceeds through the following reactions (first 

proposed by Bethe 1939):  
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𝐶6#& + 𝐻## → 𝑁8#9 + 𝛾 (2.3) 

𝑁8#9 → 𝐶6#9 + 𝑒* + 𝜈, (2.4) 

𝐶6#9 + 𝐻## → 𝑁8#' + 𝛾 (2.5) 

𝑁8#' + 𝐻## → 𝑂<#= + 𝛾 (2.6) 

𝑂<#= → 𝑁8#= + 𝑒* + 𝜈, (2.7) 

𝑁8#= + 𝐻## → 𝐶6#& + 𝐻𝑒&
' (2.8) 

 A small fraction of the time, the final reaction in the above sequence does not occur, instead 

proceeding through the following reactions in a branch referred to as CNO-II, or the NO-cycle 

(Burbidge et al. 1957): 

𝑁8#= + 𝐻## → 𝑂 + 𝛾<
#6 (2.9) 

𝑂 + 𝐻## → 𝐹C#8<
#6 + 𝛾 (2.10) 

𝐹 → 𝑂 + 𝑒* + 𝜈,<
#8

C
#8 (2.11) 

𝑂 + 𝐻 → 𝑁8#' + 𝐻𝑒&
'

#
#

<
#8 (2.12) 

𝑁 + 𝐻 → 𝑂 + 𝛾<
#=

#
#

8
#' (2.13) 

𝑂 → 𝑁 + 𝑒* + 𝜈,8
#=

<
#= (2.14) 

 Two other sub-branches of CNO-I exist: CNO-III and CNO-IV; however, these only occur 

in very massive stars.  

 Regardless of the fusion process utilized, the length of time that a star spends on the main 

sequence is dependent upon its mass (t a M-2.5). Core hydrogen fusion takes place much more 

quickly in high-mass stars, as their rate of fuel consumption is dependent on the stellar luminosity, 

which in turn is dependent upon stellar mass. Once hydrogen fusion has ceased in the core, the star 

evolves off of the main sequence. It is here that the evolutionary paths of low/intermediate-mass 

stars and high-mass stars significantly deviate.  We shall consider the evolution of these two groups 

of stars separately. 
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2.1.  Low- and Intermediate-Mass Stellar Evolution 

When hydrogen fusion ceases in the core, the gravity of the outer layers is no longer 

counteracted by radiative pressure, and the core begins to contract, which, for stars of less than ~ 

2 M☉, causes the electrons to become degenerate (Lattanzio & Boothroyd 1997). We will refer to 

these stars as low-mass stars, while those with masses between ~ 2 to 8 M☉ will be called 

intermediate-mass stars. Gravitational potential energy is converted into thermal energy, causing 

the temperature of the core to rise, consequently heating up a shell of hydrogen surrounding the 

core. The temperature of this shell continues to rise until it is high enough that hydrogen fusion 

can commence, resulting in what is characterized as “hydrogen shell burning”. This process 

produces more energy than when the star was on the main sequence, as the shell covers a much 

larger volume than the star’s core. The resultant increase in radiation pressure overcomes the 

gravity of the outer layers and triggers an expansion of the star, cooling the outer layers and causing 

the star to appear redder in color. The star is now on what is known as the red giant branch (RGB). 

The expanded outer layers are much less dense than they were on the main sequence and are more 

easily ejected through radiation pressure on atoms and dust grains, leading to an increased mass-

loss rate of up to 10-7 M☉/year (Lattanzio & Boothroyd 1997). The hydrogen in these outer layers 

can form H- through reactions with free electrons released due to partial ionization of heavier 

elements. Due to its low ionization potential, (0.754 eV, equivalent to ~1.64 microns; Andersen et 

al. 1999), photons can readily be absorbed by H- (bound-free opacity); at longer wavelengths, H- 

can participate in free-free absorption as well. As a result, the opacity of the outer layers is 

increased. Subsequently, radiative transport becomes inefficient, and convection takes over as the 

main form of energy transport. The convective zone then reaches further down into the star, into 

regions where the composition has been affected by nucleosynthetic processes. In this way, 

material from these layers, specifically that which has been processed by the CNO cycle, is brought 
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up to the surface, in a process known as “first dredge-up”. Given that the CN-cycle reaches 

equilibrium before the NO-cycle, which has a much lower branching ratio, there is an increase in 

the surface abundance of 13C and 14N, which are produced in reactions 2.4 and 2.5, and a decrease 

in 12C (Lattanzio & Boothroyd 1997). 

As the helium produced from the hydrogen-shell burning accumulates on the core, the core 

continues to contract and heat up through the release of gravitational potential energy. Once the 

core’s temperature has reached 100 million Kelvin (which occurs for stars over 0.5 M☉), helium 

atoms have enough kinetic energy that they can overcome their Coulombic repulsion, and helium 

fusion can begin. Helium fusion takes place through what is known as the “triple-alpha process”, 

first proposed by Edwin Salpeter in 1952:  

𝐻𝑒&
' + 𝐻𝑒&

' → 𝐵𝑒'
< + 	𝛾 (2.15) 

𝐵𝑒'
< + 𝐻𝑒&

' → 𝐶6#& + 𝛾. (2.16) 

 The triple-alpha process initiates over very short timescales (minutes to hours) for stars 

with less than ~ 2-3 M☉ in a process known as the helium flash. This occurs when the density of 

the core increases to the point that electrons become degenerate before helium fusion can initiate. 

As a result, the core can no longer contract further, and instead continues to grow hotter without 

expanding and cooling due to the degenerate nature of the matter. Once a temperature of 100 

million K has been reached, helium fusion can begin. Accordingly, the core gets hotter, leading to 

an increase in the fusion rate, thereby initiating a runaway reaction, which, for a very brief time, 

outputs more energy than the entire Milky Way Galaxy (Carroll and Ostlie 2007). The energy from 

the flash allows the core to expand and become non-degenerate. In more massive stars, the core 

reaches a temperature of 100 million K before electrons become degenerate, thus allowing core 

helium burning to begin more gradually. Upon the initiation of core helium fusion, the outer layers 
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of the star contract and increase in temperature; this stage is known as the horizontal branch on the 

HR diagram. During this time, fusion also continues in the hydrogen-burning shell.   

After its supply of helium has run out and fusion has ceased, the core, which is now made 

up of carbon and oxygen, again begins to contract. Due to insufficient gravitational potential 

energy in low-mass stars, carbon fusion will never initiate. However, the core will become hot 

enough to initiate helium burning in a shell, resulting in two active burning layers. The energy 

output of the helium-burning shell causes it to expand, cool, and subsequently extinguish the 

hydrogen-burning shell, though hydrogen-burning does remain minimally active for lower-mass 

stars (Lattanzio & Boothroyd 1997). Consequently, the entire envelope begins to expand again, 

with the helium-burning shell as the dominant source of luminosity (Pols et al. 2001). This stage 

is known as the early AGB, or E-AGB. Once again, as the envelope expands and cools, its opacity 

will increase, allowing convection to dominate. In stars with masses greater than ~ 4 M☉ (at solar 

metallicity), the convective envelope dips down into the inert hydrogen burning shell, bringing 

CNO cycle byproducts to the envelope and further altering the surface compositions of 4He, 12C, 

13C, and 14N in a process known as second dredge-up (Lattanzio & Boothroyd 1997).   

Over time, the mass of the intershell region decreases through helium shell burning, and 

the luminosity of the helium shell decreases (Pols et al. 2001). Consequently, the outer layers 

contract, and the dormant hydrogen-burning shell heats up until hydrogen burning can 

recommence. At this point, the helium-burning shell is inactive. As the hydrogen shell continues 

burning, it dumps helium ash onto the dormant helium shell beneath it, causing the base of the 

helium shell to become degenerate as the mass of the layer increases. The temperature of this shell 

increases until a helium shell flash occurs, much like the helium core flash that occurs in lower-

mass red giant stars but with a much less energetic output. This flash pushes the hydrogen-burning 

shell outward, thereby extinguishing it (Pols et al. 2001). The helium-shell also cools, leading to 
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more stable helium-burning, which lasts a few hundred years. This process repeats, with burning 

alternating between the hydrogen and helium shells, in a period known as the thermally-pulsing 

(TP-) AGB. The periods between these pulses are dependent on the mass of the core, decreasing 

as the mass of the star increases (~103 to 105 years; Pols et al. 2001), while the amplitudes of these 

pulses increase with each successive pulse (Iben & Renzini 1983).  

Helium flashes generate a convection zone between the helium-burning shell and 

hydrogen-burning shell due to the increased energy flux, while the convection zone of the outer 

envelope dips deeper and deeper into the star with each pulse (Lattanzio & Boothroyd 1997; Pols 

et al. 2001). For stars above a certain mass threshold, these convection zones will eventually 

merge, in what is known as third dredge-up (van Loon 2002). The initial mass at which third 

dredge-up occurs is dependent upon a variety of factors, including mass-loss rate, mixing 

prescriptions, and metallicity (Shetye et al. 2019). Specifically, it is found to increase with 

increasing values of Z; the low-mass AGB stellar models of Straniero et al. (2003) indicate a 

minimum mass of ~ 1.4 to 1.5 M☉ for 0.003 £ Z £ 0.02, while Karakas (2014) found a minimum 

mass of 1.5 to 2.5 M☉ for 0.007 £ Z £ 0.03 for a canonical helium composition. However, recent 

work by Shetye et al. (2019) suggests that this limit could be lower, with the possibility that third 

dredge-up could be active in stars with masses as low as 1 to 1.2 M☉ for [Fe/H] between -0.3 to -

0.5, corroborating work by Lugaro et al. (2012) and Fishlock et al. (2014), who proposed, based 

on their models, that third dredge-up can occur for initial masses as low as ~ 1 M☉, though for far 

lower metallicities ([Fe/H] ~ -2.3 and -1.2). For those stars which experience third dredge-up, 

carbon-rich material, as well as helium and s-process elements, are transported to the surface. As 

third dredge-up brings carbon-rich material to the surface, it may lead to the transformation of an 

oxygen-rich star (C/O < 1) into a carbon-rich one (Pols et al. 2001). The initial masses which result 
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in a carbon-rich star are metallicity dependent, increasing from ~ 1.4 to 2 M☉ for 0.003 £ Z £ 0.02 

based on the models of Straniero et al. (2003). Karakas (2014) predicted that the range of initial 

masses within which a carbon star can form decreases with increasing metallicity: 1.75 to 7 M☉ 

for Z = 0.007, 2 to 4.5 M☉ for solar metallicity, and 3.25 to 4.0 M☉ for Z = 0.03. That a maximum 

initial mass exists for the formation of a C-rich star is the result of the existence of a competing 

phenomenon in higher-mass AGB stars, hot-bottom burning. 

In hot-bottom burning, the convection zone is able to dip into the hydrogen-burning layer 

during the long interpulse phase, allowing the envelope material to be processed within the 

hydrogen-burning shell and transported back up to mix into the outer envelope (Lattanzio & 

Boothroyd 1997). The carbon that is brought to the surface after each thermal pulse is converted 

to 14N through CN cycling. As the entire envelope is cycled through this region multiple times 

during the interpulse phase, equilibrium CNO abundances can be achieved at the surface (a 12C/13C 

ratio of ~ 3 and 14N/15N ratio greater than 104; Lattanzio & Boothroyd 1997), and, consequently, 

the star can be prevented from evolving into a carbon star. As for third dredge-up, the initial mass 

limit for hot-bottom burning to take place is metallicity-dependent. Based on a grid of stellar yields 

for low- to intermediate-mass thermally pulsing AGB stars, Karakas (2010) found that this 

minimum mass increased from 3.0 to 4.5 M☉ for 10-4 £ Z £ 0.02. In a later work, Karakas (2014), 

presented minimum masses of 4.25 to 5 M☉ for 0.007 £ Z £ 0.03 for a canonical helium 

composition. Slightly lower minimum masses for hot-bottom burning were reported by Ventura et 

al. (2017) from their AGB models of different mass and chemical composition, increasing from 3 

to 4 M☉ for 10-3 £ Z £ 0.04. The interplay between third dredge-up and hot-bottom burning can be 

quite complex, having significant effects on the final composition of the AGB star. According to 

the models of Ventura et al. (2015), for stars with masses between ~ 4 to 6 M☉, the surface carbon 
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abundance periodically increases and decreases throughout the AGB evolution due to the 

competing effects of third dredge-up and hot-bottom burning. Near the end of the AGB evolution, 

the envelope mass is lower than that which is necessary for hot-bottom burning to take place, at 

which point the star only experiences third dredge-up. The final surface carbon abundance depends 

on the number of third dredge-up episodes experienced after hot-bottom burning is turned off, 

becoming higher the closer the star’s initial mass is to the limit required to activate hot-bottom 

burning. The continuation of third dredge-up after the cessation of hot-bottom burning can still 

yield a carbon star, and deviations of the 12C/13C and 14N/15N ratios from equilibrium occur 

(Lattanzio & Boothroyd 1997; Karakas 2014). However, those stars which undergo hot-bottom 

burning spend the majority of the TP-AGB with C/O < 1; it is only for the last few percent of the 

AGB phase that they can become C-rich (Karakas 2014). Those stars near the upper limit of AGB 

evolution will instead undergo only a few weak thermal pulses, leading their composition to reflect 

pure hot-bottom burning (a carbon abundance a factor of ~ 10 lower than the initial abundance, 

and nitrogen abundance enhanced by a factor of ~ 20-30; Ventura et al. 2015).  

Thermal pulses can also result in the production of heavy elements through the s-process 

(Pols et al. 2001). In the s-process, or slow neutron-capture process, an isotope captures a neutron 

to form an isotope with a higher atomic mass. Unstable isotopes will undergo a beta decay in which 

they convert a neutron to a proton through the release of an electron and antineutrino, thereby 

producing an element with a higher atomic number. The process is called “slow”, as the beta decay 

will occur before another neutron is captured. The neutrons required for the production of s-process 

elements during thermal pulses come from a capture onto 13C during the interpulse, as 13C is 

predicted to build up at the boundary between the H-rich envelope and the intershell region after 

dredge-up due to partial mixing of protons into the intershell region (Pols et al. 2001).  



 26 

As is the case during the RGB, AGB stars undergo significant mass-loss (10-8 to 10-4 

M☉/year, Maercker 2009) due to the star’s tenuous hold on its outer layers and radiative pressure 

on atoms and grains. This mass-loss can also be aided by dynamical pulsations, driven by 

instabilities in the hydrogen ionization zone located just below the photosphere, which lift gas out 

to larger radii (van Loon 2002). At these larger radii, temperatures are cooler, and in the wake of 

the shocks, densities are high enough that efficient dust formation through the condensation of gas 

molecules can take place. This process begins with molecules clumping together at random, and 

the clusters grow as it becomes more energetically favorable to add atoms and molecules 

(Maercker 2009). They continue to do so as long as the adsorption rate for atoms and molecules is 

greater than the evaporation rate, and changes in temperature and density occur over a longer time-

scale than grain growth (Maercker 2009). The types of dust grains that form depend on whether 

the star is carbon- or oxygen-rich. In the case of carbon-rich stars, where all of the available oxygen 

is locked up in CO due to its high dissociation energy, amorphous carbon, SiC, graphite, MgS, and 

Fe grains form. In oxygen-rich stars, on the other hand, dust grains tend to consist of silicates like 

Mg2SiO4 and MgSiO3 (Maercker 2009), or oxides like Al2O3 and MgAl2O4 (e.g., Posch et al. 1999, 

Speck et al. 2000). However, it should be noted that the identification of MgAl2O4 as the carrier 

of the 12.5 to 13.0 µm feature observed in oxygen-rich AGB stars as proposed by Posch et al. 

(1999) has been heavily debated in the literature (e.g., Speck et al. 2000). The formation of these 

grains continues until the increasing expansion velocity of the envelope causes the density to drop 

to the point that the grains “freeze out” (Maercker 2009).  

The general structure of an AGB envelope is shown in Figure 2.1. The photospheric radius 

of the star is quite extended, at around 104 to 105 R☉. Close to the photosphere, temperatures are 

~ 1500 K, and densities are ~ 1010 cm-3, providing the right conditions for LTE chemistry to take 

place (Ziurys 2006). This allows for stable, closed-shell species to form, such as CS, NH3, HCN, 
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and HCCH (Ziurys 2006). Moving away from the star, temperatures and densities fall at rates 

described approximately by 𝑇	 ∝ 𝑟I# and 𝑛	 ∝ 	 𝑟I& (Keady et al. 1988; Truong-Bach et al. 1991). 

Dust formation begins to take place around 5 to 15 R*, known as the dust shell acceleration zone 

(Ziurys 2006). Beyond this region, maximum outflow velocity is achieved. By the outer edges of 

the shell, temperatures and densities are quite low (~ 25 K and ~ 105 cm-3, respectively), and parent 

species produced at LTE such as HCN and HCCH can be modified by photons and cosmic rays, 

generating radical species such as CN, CCH, C3H, and C4H (Ziurys 2006). The abundances of 

these species can be further modified through shocks.  

The stellar mass-loss rate continues to increase over the course of the AGB phase, 

generating what is known as a “superwind”, until the mass of the hydrogen envelope has decreased 

to approximately 10-2 to 10-3 M☉ (Lattanzio & Wood 2004). The detached material flows away 

from the core, while the remaining envelope, which can no longer sustain convection, begins to 

contract. Its effective temperature increases such that the luminosity of the star remains constant. 

The star continues to heat up over the course of this phase (known as the post-AGB phase), until 

its effective temperature reaches ~ 30,000 K (Lattanzio & Wood 2004). The timescale over which 

this takes place is heavily dependent upon the final mass of the star, and, to a lesser extent, the 

Figure 2.1: Schematic of an AGB envelope, taken from Ziurys (2006) with 
permission. The cross-section is plotted with respect to log(r), where r is the 

distance from the central star. Copyright 2006 National Academy of Sciences. 
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metallicity (on the order of hundreds of years for stars with final masses greater than ~ 0.7 M☉ to 

cross the HR diagram toward the white-dwarf cooling sequence and more than 10,000 years for 

those with masses less than 0.55 M☉ according to the post-AGB evolutionary models of Miller 

Bertolami 2016). At this point, the remnant core is hot enough that its strong UV flux is capable 

of ionizing the gas in the detached, expanding envelope. Additionally, the object develops a weak 

(~10-9 to 10-7 M☉/year), fast (~1000-4000 km/s), wind due to radiation pressure in UV absorption 

lines (Kwok 2000). The object, which is visible in optical recombination lines, is now known as a 

planetary nebula. The fast, tenuous stellar wind driven by the central star is thought to interact with 

the slower, dense wind ejected in the earlier AGB phase, producing a shocked shell (Kwok et al. 

1978). Once the effective temperature has reached ~ 100,000 K, shell hydrogen burning ceases 

and the remnant core begins to cool. It is now known as a carbon-oxygen white dwarf. Oxygen-

neon-magnesium (ONe) white dwarfs have also been observed; these are suspected to form from 

main-sequence stars of ~ 8 to 10 M☉ whose cores were hot enough to fuse carbon into neon and 

magnesium, but which are not hot enough to fuse neon (Nomoto 1984). At this point, the remnant’s 

luminosity begins to decrease. Stars in the post-AGB phase may undergo what is termed a “born-

again” episode, wherein helium burning is reignited, leading to a thermal pulse which consumes 

much of the residual hydrogen envelope (Iben et al. 1983). This is known as a late thermal pulse 

if the hydrogen-burning shell is still active, and a very late thermal pulse if it is not.  

 While AGB stars are spherically symmetric, PNe exhibit a variety of morphologies, 

including round, elliptical, bipolar, and quadrupolar (e.g., Stanghellini et al. 1993, 2002). Why 

PNe morphology differs so greatly from that of AGB stars is a subject of much debate. Stellar 

rotation and magnetic field effects have been invoked to explain non-spherical PN morphologies 

through the formation of a dense medium in the AGB star’s equatorial region which acts to 
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collimate the fast wind (e.g., García-Segura et al. 1999, 2005), though there has been serious debate 

as to whether the magnetic fields and stellar rotation necessary for this shaping can be sustained 

in single stars (see De Marco 2009 and references therein). Alternatively, it has been proposed that 

binary systems are responsible for bipolar outflows, with the type of interaction dictating the 

morphology that results. One example of this is common-envelope interactions, in which a primary 

AGB star transfers mass onto its companion at a rate higher than the companion can accrete, 

resulting in the companion overflowing its Roche lobe and the two stars being surrounded by the 

primary’s envelope. These types of interactions can result in a bipolar nebula if the binary survives 

the interaction, or an elliptical nebula with jets if the interaction results in a merger (De Marco 

2009). It has also been suggested that, rather than each PN possessing a unique structure, there is 

a common morphology to all PNe, with the observed shape dependent upon the depth through 

which ionization penetrates (Kwok 2018). The apparent morphology may also be influenced by 

orientation effects (Chong et al. 2012). In addition to the varied morphologies, the extent to which 

the ionization front penetrates the nebula can differ. In early models of PNe, the level of ionization 

was thought to drop off with distance from the star. In “density-bound” PNe, the entire nebula 

becomes ionized, with the edge being the point at which the gas density is low enough to be 

considered indistinguishable from the interstellar medium (Baldridge 2017). If instead the 

ionization front is still propagating through the nebula, it was considered “ionization-bound” 

(Baldridge 2017). However, many PNe lack spherical symmetry, leading to nebulae which can be 

density-bound in one plane and ionization-bound in another, rendering a single, simple model 

impossible (Baldridge 2017).  

 Various small-scale structures have also been observed in about fifty PNe (Gonçalves et 

al. 2001), the most well-known of which are cometary knots, or globules. These objects are dense 

clumps of gas and dust which appear optically as dense clumps of neutral gas whose rims are bright 
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in Ha, with tails that point away from the central star (Meixner et al. 2005). Hypothesized 

formation mechanisms fall broadly into two categories: formation during the AGB phase, through 

the propagation of inhomogeneities on the stellar surface into the slow wind or spiral shocks 

initiated by a binary companion, or in situ formation from interacting stellar winds or the ionization 

front (Baldridge 2017). These clumps have been directly observed in several nearby nebulae, 

including the Helix and NGC 6853 at optical wavelengths using the Hubble Space Telescope 

(O’Dell and Handron 1996; O’Dell et al. 2002), as well as NGC 6302 using ALMA. 

2.2. High-Mass Stellar Evolution 

High-mass stellar evolution significantly deviates from that of low-mass star evolution upon 

the cessation of core helium fusion. Prior to this stage, these stars advance similarly to low-mass 

stars, but with some key differences. Once core hydrogen burning has terminated, when the star 

begins to expand, its size dwarfs that of low-mass red giants. From the main sequence, stars with 

progenitor masses between ~ 10 to 40 M☉ evolve toward red supergiants, which have surface 

temperatures of ~ 4000 K and radii on the order of hundreds to thousands times that of the Sun. 

Stars between ~ 20 and 40 M☉ evolve from the main sequence to blue supergiants (surface 

temperatures ~ 10,000 to 50,000 K), and expand to yellow supergiants, where they spend a very 

brief amount of time before settling as red supergiants (Meynet et al. 2011). Like AGB stars, red 

supergiants also undergo significant mass loss (~ 10-6 to 10-4 M☉/year), though, unlike AGB stars, 

it seems that dust plays a more minor role in the development of red supergiant winds; instead, 

they are likely generated through a combination of convection, rotation, and chromospheric 

activity (Cherchneff 2013). In red supergiants with masses of ~ 20 to 30 M☉, rapid mass loss can 

eject enough of the envelope that the star can temporarily become a hotter and smaller blue 

supergiant before expanding back into a red supergiant through one or more “blue loops” (Meynet 
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et al. 2011).  More massive red supergiants (~30-40 M☉) may, through extensive mass loss, evolve 

back to blue supergiants (Georgy & Ekström 2015). Stars with masses greater than 40 M☉ are too 

luminous to possess the extended envelopes of red supergiants and remain blue supergiants; 

however, as the supergiants presented in this dissertation are red supergiants, we will not discuss 

the evolution of very massive stars here. 

 As is the case for intermediate-mass stars, high-mass stars do not undergo a helium flash; 

instead, helium core burning begins quiescently. When core helium fusion has ceased, the core 

contracts and heats up, with helium fusion moving to a shell around the core. The core eventually 

becomes hot enough (~ 5 ´ 108 K) for carbon and oxygen fusion to commence through reactions 

such as:  

𝐶6#& + 𝐶 → 𝑁𝑒 + 𝐻𝑒&
'

#K
&K

6
#& (2.17) 

𝐶6#& + 𝐶6#& → 𝑁𝑎##
&9 + 𝐻## (2.18) 

𝐶6#& + 𝐶6#& → 𝑀𝑔#&
&9 + 𝑛 (2.19)  

or 

𝐶6#& + 𝐶6#& → 𝑀𝑔#&
&' + 𝛾 (2.20) 

𝐶6#& + 𝐶6#& → 𝑂<#6 + 2 𝐻𝑒,&
' (2.21) 

with the last two reactions being much less likely than the first three. At this stage and onwards, 

neutrino losses become increasingly important, forcing the star to burn its fuel at a faster rate to 

offset the subsequent cooling, and thus significantly reducing the star’s lifetime with each 

successive phase (Woosley & Janka 2005). Once core carbon burning has ceased, the star 

continues to fuse new elements in its core, using the ashes of the previous fusion chain as its fuel 

source, with each prior fusion chain moving into a shell around the core. Meanwhile, the core 

continues to steadily contract, and, unlike low and intermediate mass stars, never becomes 
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degenerate. The carbon-burning stage is followed by neon-burning (core temperature ~ 1.6 ´ 109 

K; lifetime ~ 0.7 years), in which 16O and 24Mg are primarily produced. Neon-burning is then 

succeeded by oxygen-burning (core temperature ~ 2 ´ 109 K; lifetime ~ 2.6 years), in which 28Si 

and 32S are the most abundant products, and is finally followed by silicon-burning (core 

temperature ~ 5 ´ 109 K; lifetime ~18 days), in which iron-group elements such as 56Ni are 

generated (Woosley & Janka 2005). At this point, a cutaway of the star would have the appearance 

of that of an onion, with an Fe-Ni core surrounded by shells of Si, O, Ne, C, He, and H fusion.  

 The fusion of 56Ni into 60Zi through the alpha process involves a decrease in binding energy 

per nucleon, meaning that the reaction would be endothermic rather than exothermic. As a result, 

an inert nickel-iron core builds up (with 56Fe forming from the decay of 56Co, which forms from 

the decay of 56Ni). Additionally, at the high densities of the core (~ 1010 g/cm3), electrons combine 

with the protons in the iron-group nuclei, removing the needed support that free electrons provided, 

at the same time that the gamma rays produced by high core temperatures disintegrate iron nuclei 

to helium nuclei (Woosley & Janka 2005). As a result, the core begins to rapidly collapse, with 

outer portions of the core reaching velocities of ~ 70,000 km/s, initiating what is known as a Type 

II, or core collapse, supernova. The core collapse takes place over a matter of milliseconds, until 

it is halted by neutron degeneracy pressure.  

At this point, a shock wave is produced by the rebounding of the infalling material, 

dissociating elements in the core which works to stall it (Woosley & Janka 2005). The shock wave 

is revived through significant neutrino emission from the core, finally blowing off the outer layers 

of the star in a massive explosion. For high mass progenitor stars with masses less than ~ 20 M☉, 

the core collapse supernova remnant is a neutron star, while for those with greater masses, for 

which even neutron degeneracy pressure breaks down, a black hole is left behind.  
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CHAPTER 3: ROTATIONAL SPECTROSCOPY 
 

As mentioned in the previous chapter, the atmospheres of evolved stars provide the ideal 

environment for molecules to form. A prime way to investigate such species in these conditions is 

through the use of a tool known as rotational spectroscopy. As its name implies, rotational 

spectroscopy concerns itself with the rotation of molecules. The energy of this rotation is quantized 

and is dependent upon the moments of inertia (I) of the molecule about three mutually orthogonal 

axes: a, b, and c. Conventionally, a refers to the axis with the smallest moment of inertia, such that 

Ia  £ Ib  £  Ic (Bernath 2005). Molecules are classified by the relative values of these moments of 

inertia. For linear molecules, such as HCN, HNC, and CCH, Ib = Ic, while Ia = 0. For spherical tops 

such as CH4, Ia = Ib = Ic. These molecules are so-called as their spinning motion resembles that of 

a top, with the “spherical” descriptor referring to the equivalence of each axis’s moment of inertia. 

Symmetric tops have Ia < Ib = Ic or Ia = Ib < Ic, in which the former are known as prolate symmetric 

tops, which are cigar-shaped, and the latter are oblate symmetric tops, which are disc-shaped (see 

Figure 3.1). Oblate symmetric tops include NH3, C6H6, and C4H4, while prolate tops contain such 

species as CHCl3 and CH3CN.  For asymmetric tops, such as H2O and NO2, Ia < Ib < Ic (Bernath 

2005). These moments of inertia are related to the rotational constants A, B, and C in the following 

manner (given in units of Joules; Bernath 2005): 

𝐴 =
ℎ&

8𝜋&𝐼T
(3.1) 

𝐵 =
ℎ&

8𝜋&𝐼U
(3.2) 

𝐶 =
ℎ&

8𝜋&𝐼V
. (3.3) 
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Based on these values, energies for the rotational energy levels can be calculated. For linear 

molecules, this is given by: 

𝐸(𝐽) = 𝐵𝐽(𝐽 + 1) − 𝐷𝐽&(𝐽 + 1)&, (3.4) 

where D is a centrifugal distortion constant to account for the fact that the molecule is not a rigid 

rotor, and J is a quantum number representing total angular momentum, excluding nuclear spin 

(Bernath 2005). Frequencies for the pure rotational transitions of linear molecules are then given 

by:  

𝜈(𝐽 + 1	®	𝐽) = 2𝐵(𝐽 + 1) − 4𝐷(𝐽 + 1)9. (3.5) 

The selection rule for these transitions is DJ = ±1 (Bernath 2005). It is important to note that 

rotational transitions are only allowed if the molecule possesses a permanent electric dipole 

moment, as classical electrodynamics states that a changing dipole moment will produce radiation. 

Molecules with permanent dipole moments will display rotational lines, as the electric dipole 

moment, which is a vector quantity, changes in its direction through the rotation of a molecule 

(Thomas & Stamnes 1999).  

 As symmetric tops have two independent moments of inertia, they are defined by two 

quantum numbers, J and K, where K is the projection of J onto the principal axis of the molecule 

and can take on (2J + 1) values between J, J-1,…-J+1,-J. Energy levels are given by:  

Figure 3.1.: Examples of oblate (left) and prolate (right) symmetric tops. Ball-and-stick 
models published by Ben Mills on Wikimedia Commons.  

Oblate: NH3 Prolate: CH3CN 
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𝐸(𝐽, 𝐾T) = 𝐵𝐽(𝐽 + 1) −	𝐷\[𝐽(𝐽 + 1)]& + (𝐴 − 𝐵)𝐾T& − 𝐷_𝐾T' − 𝐷\_𝐽(𝐽 + 1)𝐾T&, (3.6) 

for prolate symmetric tops, where Ka is the projection of J onto the a-axis, and 

𝐸(𝐽, 𝐾V) = 𝐵𝐽(𝐽 + 1) −	𝐷\[𝐽(𝐽 + 1)]& + (𝐶 − 𝐵)𝐾V& − 𝐷_𝐾V' − 𝐷\_𝐽(𝐽 + 1)𝐾V&, (3.7) 

for oblate symmetric tops, where DK and DJK are additional centrifugal distortion constants 

(Bernath 2005) and Kc is the projection of J onto the c-axis. As these energies depend on |𝐾|, there 

are only J + 1 distinct energies for a given value of J. For a particular value of K, there are an 

infinite number of J levels, beginning with J = K. The selection rules for symmetric top transitions 

are DJ = ±1 and DK = 0 (Bernath 2005). Thus, allowed transitions for symmetric tops are up and 

down so-called “K ladders”. The frequencies of the rotational transitions of symmetric tops are 

then given by (Bernath 2005):  

𝜈a𝐽 + 1	®	𝐽, 𝐾T,Vb = 2𝐵(𝐽 + 1) − 4𝐷\(𝐽 + 1)9 − 2𝐷\_(𝐽 + 1)𝐾T,V& . (3.8) 

Each rotational transition of a symmetric top from J + 1 ® J is thus split into J different lines 

corresponding to the values of |𝐾| ≤ 𝐽. 

 For asymmetric top molecules, Ib varies between Ia and Ic. As a result, asymmetric tops are 

defined by three rotational quantum numbers, J, Ka, and Kc. The degree of asymmetry is given by 

Ray’s asymmetry parameter, k:  

𝜅 =
2𝐵 − 𝐴 − 𝐶
𝐴 − 𝐶 . (3.9) 

k approaches +1 for the extreme oblate case and -1 for the extreme prolate case (Bernath 2005). 

Due to the complexity of these molecules, the energy levels and transitions for these species cannot 

be articulated in simple algebraic terms. So long as the molecule’s electric dipole moment (µ) is 

nonzero along the a, b, and c axes, it can exhibit three types of rotational transitions (Bernath 

2005), with DKa, Kc = 0 or ±1 being the most intense: 

(1) a-type (µa ¹ 0): ∆𝐽 = 0,±1, ∆𝐾T = 0,±2,… , ∆𝐾V = ±1,±3,… 
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(2) b-type (µb ¹ 0, µa = µc = 0): ∆𝐽 = 0,±1, ∆𝐾T = ±1,±3,… , ∆𝐾V = ±1,±3,… 

(3) c-type (µc ¹ 0, µa = µb = 0): ∆𝐽 = 0,±1, ∆𝐾T = ±1,±3,… , ∆𝐾V = 0,±2,… 

Molecular spectra are further complicated if unpaired electrons are present. The total electron 

spin angular momentum, S, resulting from these unpaired electrons can couple with the total orbital 

angular momentum, L, and the molecular rotation, resulting in fine structure splitting. If the 

molecule possesses at least one nucleus with a nonzero nuclear spin, the nuclear spin, I, can then 

couple with L or S in order to produce magnetic hyperfine splitting. Here, coupling refers to an 

interaction between a magnetic moment of a given spin and an electromagnetic field generated 

within the molecule. Depending on the type of magnetic moment, the interaction energies can 

differ, leading to splittings in the rotational energy levels of the molecule (Vallance 2010). 

Molecules with no unpaired electrons can also display hyperfine splitting, either through nuclear 

electric quadrupole interaction, given I ³ 1, or through nuclear spin-rotation interaction	(Hirota 

1985).  

In order to understand the role that electron and nuclear spin play in fine structure and hyperfine 

structure splitting, angular momentum coupling must first be discussed. Angular momentum 

coupling is idealized by Hund’s coupling cases, labelled (a) - (e), wherein (a) and (b) are the most 

common. Typically, Hund’s case (a) holds in situations in which 𝛬 > 0 and S > 0, while Hund’s 

case (b) is largely used in cases in which 𝛬 = 0 and S > 0 (Straw & Walker 1976), where L is the 

projection of L along the internuclear axis. However, some molecules with 𝛬 ≠ 0 can also be 

approximated by Hund’s case (b). For the following discussion of Hund’s cases, an arbitrary 

diatomic molecule will be considered, though polyatomic molecules can be approximated by 

Hund’s cases as well. 
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In Hund’s case (a), the internuclear distance is small enough that the nuclei may generate a 

strong electrostatic field, thus keeping the orbital angular momentum, L, from directly coupling 

with the electron spin angular momentum, S (Straw & Walker 1976). The electrostatic field has 

axial symmetry, as the symmetry of the field in which the electrons move is reduced from the full 

spherical symmetry of a single atom; thus, only the projection of L along the internuclear axis, L, 

is constant and well-defined, and L precesses about the axis (Herzberg 1950). This precession 

generates a magnetic field with which the magnetic dipole moment related to the electron spin can 

interact, causing S to precess, with a well-defined projection of S along the internuclear axis (Straw 

& Walker 1976). The total angular momentum along the internuclear axis, 𝛺, is given by 𝛺 = 𝛬 +

𝛴.  The molecule is rotating around its center of mass, with an angular momentum associated with 

this rotation of R, which is perpendicular to the internuclear axis (Straw & Walker 1976). R couples 

to 𝛺, generating a resultant angular momentum, J. Nuclear spin can cause hyperfine splitting if I 

³ ½, and may couple in various ways to J, S, and L, yielding different possibilities, including those 

shown in Figure 3.2 (Townes & Schawlow 1975).  In the Hund’s case ab, the quantum number F 

is defined as F = J + I.  As 𝛺 is the projection of J onto the molecular axis, J can take on values of 

Figure 3.2.: Coupling schemes, including nuclear spin, for Hund’s case (a) molecules. 
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𝛺, 𝛺 + 1, 𝛺 +2, … (Straw & Walker 1976). As seen in Figure 3.2., the a subscript indicates that 

the nuclear spin is strongly coupled to the nuclear axis, while b indicates it is not (Townes & 

Schawlow 1975). The selection rules for these molecules are ∆𝐽 = 0,±1 and ∆𝐹 = 0,±1, except 

for F = 0 « 0.  

In Hund’s case (b), the coupling between electron spin and orbital angular momentum is weak, 

or, in the case of L = 0, nonexistent. There are several coupling schemes for Hund’s case (b) 

molecules, as shown in Figure 3.3, though the most common case, which shall be described here, 

is the bbJ case (Townes and Schawlow 1975). Once again, the particular subscript for each case 

describes how the nuclear spin is coupled, as, just as mentioned for Hund’s case (a), molecules 

with I ³ ½ can display magnetic dipole hyperfine structure. Note that only bb  is thought to occur, 

as nuclear spin is not expected to couple to the molecular axis, given that the interaction between 

the nuclear magnetic moment and the molecular field should be far less than the interaction 

between the electron moment and the molecular fields (Townes & Schawlow 1975). In the bbJ 

case, S, which does not precess about the internuclear axis, couples to R (Linne 2002). The angular 
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Figure 3.3.: Coupling schemes, including nuclear spin, for Hund’s case (b) molecules. 
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momentum N is defined by N = R + L, and can take on the values N = L, L+1, L+2, .... (Straw & 

Walker 1976; Linne 2002). The total angular momentum J is then defined as J = N + S, and can 

adopt the following values: 𝐽 = |𝑁 − 𝑆|, |𝑁 − 𝑆 + 1|, … , (𝑁 + 𝑆 − 1), (𝑁 + 𝑆). F assumes the 

values 𝐹 = 𝐽	 ± 𝐼 (Straw & Walker 1976). Selection rules for these transitions are ∆𝑁 = 0,±1, 

∆𝐽 = 0,±1 and ∆𝐹 = 0,±1, except for F = 0 « 0.  

 As mentioned earlier, molecular lines can also be split due to the effects of a nuclear 

quadrupole moment. Magnetic hyperfine effects are very small in closed-shell molecules. For 

these molecules, electric quadrupole effects can become dominant in hyperfine splitting. If a 

molecule possesses a nuclear spin of I ³ 1, it has a nonzero electric quadrupole moment (Q), which 

indicates that the nuclear charge distribution is not spherically symmetric. The interaction of this 

electric quadrupole moment with the electric molecular field gradient couples the nuclear spin to 

the molecular rotation, thereby splitting the energy levels (Xu and Jäger 2007). If magnetic 

hyperfine splitting is present, quadrupolar effects serve to amplify it.   

Further complexity can be introduced through the concept of L-doubling, which arises from 

net S + or S - excited states which lift the degeneracy due to W (which has two projections along 

the internuclear axis, ±W). The interaction splits the previously degenerate L levels such that the 

two orientations of L  along the internuclear axis have slightly different energies (Stahler & Palla 

2004). The rotational energy levels for a given J are thus split slightly, with the lambda doublets 

labelled by “e” and “f”. The selection rules for these lambda doublets are 𝑒	 ↔ 𝑓 for ∆𝐽 = 0 and 

𝑒	 ↔ 𝑒 and 𝑓	 ↔ 𝑓 for ∆𝐽 = ±1.  

 This abbreviated introduction to molecular spectroscopy gives some sense of the sheer 

complexity of the subject. However, the pertinent angular momenta and group representation 

which illustrate the state of a molecule can be summarized by a shorthand expression known as a 
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molecular term symbol. The general form of a term symbol for a linear molecule in a given 

electronic state is:  

Λp
(*/I)&r*# (3.10) 

where 2S + 1 is also referred to as multiplicity and +/- is the symmetry of the electronic 

wavefunction with respect to reflection across a vertical reflection plane containing the 

internuclear axis. Here, L denotes the irreducible group representation symbol to which the 

molecule belongs. For linear molecules, L is simply the net orbital angular momentum of the 

molecule. All term symbols that will be mentioned in the following chapters refer to the ground 

electronic state. As a final note, this introduction is for pure rotational spectroscopy. Further 

complexities are introduced through vibration; however, as the observations described in the 

following chapters are concerned with pure rotational lines, this explanation suffices.  
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CHAPTER 4: TELESCOPE INSTRUMENTATION 

 Pure rotational transitions occur in the millimeter wavelength range, thereby necessitating 

the use of millimeter/submillimeter telescopes to observe these transitions in astronomical objects. 

Covering a frequency range of ~30 to 1000 GHz, millimeter/submillimeter telescopes are utilized 

for a variety of purposes, including the main focus of this dissertation, molecular studies of the 

circumstellar envelopes of dying stars. Despite their utility, however, these telescopes possess 

some stringent conditions that must be met concerning their placement and construction. For 

Figure 4.1.: Atmospheric transmissivity for ground-based observations at millimeter 
wavelengths at the IRAM 30-m Telescope (~ 9580 ft.). The percentage of transmission is 

heavily dependent upon the amount of precipitable water vapor (PWV). Here, the blue and 
red lines represent transmissivity at 2 mm and 4 mm of PWV, respectively. Observations 
presented in this dissertation primarily took place in the 1 (E230), 2 (E150), and 3 (E090) 

mm atmospheric windows. Image source: IRAM 30-m Telescope Observing Capabilities and 
Organisation document by Carsten Kramer 

(http://www.iram.fr/GENERAL/calls/s17/30mCapabilities.pdf). 
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instance, millimeter waves face significant absorption due to water vapor and hydrosols (see 

Figure 4.1). Antennas are thus generally placed at higher altitudes to mitigate this effect. 

Additionally, as dictated by the Rayleigh criterion for a circular aperture, 

𝑠𝑖𝑛𝜃	~	𝜃 = 206265′′ × #.&&y
z

(4.1)  

where q is the angular resolution in arcseconds, l is wavelength, and d is antenna diameter, 

millimeter/submillimeter telescopes must be large in order to achieve acceptable resolutions for 

the long wavelengths of light observed. A 10-m telescope, for instance, will achieve a resolution 

of ~ 33¢¢ at 230 GHz. Further, high accuracies of the primary reflector’s surface are necessary to 

probe higher frequencies in order to minimize the effects of random errors on the antenna’s gain. 

Specifically, surface inaccuracies should be less than 1/16 of the wavelength (generally less than 

100 µm for millimeter and submillimeter wavelengths; see Baars et al. 2007). In general, then, 

radio telescopes must possess large primary antennas with sufficient surface accuracy and be 

placed at high elevations with dry climates for optimal observing. 

The classic design of a millimeter/submillimeter telescope, which is utilized by the three 

single-dish telescopes used for the observations discussed in this dissertation (the ARO 12-m and 

SMT and the IRAM 30-m Telescope), consists of a primary parabolic reflector and a hyperbolic 

subreflector at the prime focus which directs light through a hole at the center of the primary 

mirror. Due to the large size of the primary reflectors as well as the need for these telescopes to be 

used during the daytime, lightweight materials with minimal thermal distortion are necessary in 

order to maintain the high surface accuracies of the antennas. Carbon fiber reinforced plastic 

(CFRP), which has low thermal expansion, is a popular option. The IRAM 30-m Telescope and 

SMT make use of a flat tertiary mirror to redirect light towards the receiver, while the new 12-m 

antenna utilizes a classic Cassegrain design, wherein the receiver bay is located directly beneath 

the primary reflector. One of the most common types of radio telescope receivers, and the kind 
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which was used for all of the observations reported in this dissertation, is the heterodyne receiver, 

which downconverts the sky signal to a lower frequency. A very basic schematic for this type of 

receiver follows.  

 The signal is first split into orthogonal polarizations using either a wire grid or a waveguide 

orthomode transducer. The signal is subsequently coupled to the mixer, either quasi-optically, or 

through the use of a waveguide. Waveguide mixers contain a feed horn, which funnels the radiation 

within a frequency interval set by the width of the waveguide into the mixer. The mixer is sensitive 

to changes in radiation, which causes a change in mixer voltage. Quasi-optical receivers utilize 

lenses to focus radiation into the feedhorn. 

 The signal is then downconverted using a process known as heterodyning. Heterodyning 

is a signal processing technique in which two frequencies are mixed in order to produce a third. 

This process is necessary for millimeter-wave telescopes, as the low-noise amplifiers used to boost 

the sky signal operate at lower frequencies. In a heterodyne receiver, the signal from the telescope 

is mixed with a local-oscillator (LO) frequency to produce a lower frequency known as the 

intermediate frequency, or IF. The IF is defined as: 

𝜈{| = 𝜈}~� − 𝜈�� (4.2) 

or 

𝜈{| = 𝜈�� − 𝜈}~� (4.3)  

where the first equation generates what is known as “upper sideband”, while the second generates 

what is known as “lower sideband”.  

  This process is performed using the mixer. There is one mixer per orthogonal polarization 

per frequency band. The most common type of mixer used for millimeter wave radio astronomy 

is the Superconductor-Insulator-Superconductor (SIS) mixer, as these devices possess low noise 

characteristics. They typically use niobium junctions and silicon substrates, which, as the name 
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implies, are made up of a thin insulating layer sandwiched by two superconductors. As these 

junctions become superconductors at the boiling point of helium (~ 4 K), the active parts of the 

receiver (feedhorn, coupler, mixer, and amplifier) are housed in a cryostat. The local oscillator at 

all three telescopes is provided by Gunn diodes, which are semiconductor devices that can produce 

oscillating currents within a given range of frequencies (generally < 140 GHz). Multipliers 

consisting of Schottky diodes are used to double, triple, or quadruple the frequency of the Gunn 

oscillator for higher LO frequencies. Mixers which output both lower and upper sideband are 

known as dual sideband (DSB), while those which attenuate one of the sidebands in order to reject 

it are known as a single sideband system (SSB); this rejection can be performed using a sideband 

filter or a mechanically tunable backshort. Sideband separating mixers (SBS) can separate the 

upper and lower sidebands and downconvert them to different IF outputs. The signal for each 

polarization is then amplified using a low-noise high electron mobility transistor (HEMT) 

amplifier. Finally, these signals are then passed to the backend after additional downconversion. 

  Several types of backends are in use at the telescopes utilized for the work presented in 

this dissertation. Those primarily employed for the observations detailed here are several 

filterbanks and autocorrelators. Filterbanks, as one of the oldest types of spectrometers, are analog, 

and utilize a series of bandpass filters with differing central frequencies to divide the bandwidth 

of the spectrometer into channels (one channel per filter) of fixed width. Each filter directs the 

voltage into a square-law detector. In such a device, the input voltage is squared, and the output 

voltage is then proportional to the input power (remember that in ohmic devices, P = V2/R, where 

P is power, V is voltage, and R is resistance). The output is sent to an integrator where the filter 

outputs are summed until the end of the integration. At this point, the signals are multiplexed and 

transferred to a computer for processing. Autocorrelators are digital devices. These instruments 
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perform an autocorrelation on the signal and delayed signal, and take the Fourier transform of the 

result to produce the power spectrum.  

 When observing, integration is performed in time sequences, called scans, generally of 

about six minutes. In cases of poor weather, the integration time per scan may be decreased in 

order to mitigate the effects of the unstable atmosphere. In order to distinguish between signal 

from the astronomical source and background emission, data is taken both on and off the source, 

with the signal from the source given by:  

∆𝑉 = 	𝑉�� −	𝑉���. (4.4) 

 Depending on the size of the source being observed, two methods were utilized to obtain 

on-source and off-source measurements for the observations presented in this thesis: beam, or 

wobbler, switching, and position switching. Beam switching may be used for small sources 

(typically < 1¢).  In this case, the subreflector is oscillated, or nutated, at a given frequency. With 

the ARO facilities, the subreflector can be thrown up to 6¢, with switch rates of 1.25, 2.5, and 5.0 

Hz. In cases in which beam switching was unfeasible, position switching was performed. In this 

case, the antenna moves between the “on” and “off” positions, with integration times on and off 

source of 30 seconds, typically. The “off” position can either be set to a particular point on the sky 

(known as absolute position switching), which is useful in complex regions where finding a region 

free of emission is difficult, or to a relative position specified in either azimuth and elevation or 

right ascension and declination (known as relative position switching). For the observations in this 

thesis necessitating position switching, relative position switching was largely used, with offsets 

usually set to 30¢ in azimuth.  

Generally, calibrations were performed with each scan for the data reported in this work. 

Calibration is necessary in order to convert the raw voltage measurements into values that are 

astronomically meaningful through establishing a temperature scale. On modern 



 46 

millimeter/submillimeter telescopes, this is accomplished using the “chopper-wheel” method. A 

chopper wheel is made up of alternating open and absorbing segments, known as an ambient load. 

Measurements are recorded with the ambient load (of temperature Tamb) in place, then on cold sky. 

The signal processing equation is thus written as:  

Δ𝑇��I��� = a𝑉�� − 𝑉���b
𝑇VT�
Δ𝑉VT�

, (4.5) 

where Tcal = Tamb, and DVcal = Vamb – Vsky. DTon-off is equivalent to 𝑇�∗, which is commonly referred 

to as the corrected antenna temperature (Jewell 2002). It is so-called because it is corrected for 

signal attenuation due to the atmosphere, since, as explained by Jewell (2002), it can be readily 

seen that, as opacity increases and Vsky gets larger, 𝑇�∗ is increased. 

 𝑇�∗ is related to the radiation temperature, TR, by the following equation at the 12-m and 

SMT: 

𝑇� =
𝑇�∗

𝜂U
, (4.6) 

where hB is the main beam efficiency which is the fraction of the telescope’s power pattern in the 

main beam compared to the whole sky. At the IRAM 30-m, this is written as: 

𝑇� =
𝑇�∗𝜂�}}
𝜂U

, (4.7) 

where hfss is the forward scattering efficiency, which accounts for signal that enters the receiver 

from outside the subreflector (White et al. 2017). However, it is important to note that the old 12-

m utilized a different temperature scale, 𝑇�∗, where 

𝑇� =
𝑇�∗

𝜂V
. (4.8) 

hC is known as the corrected beam efficiency, which describes the efficiency of the beam in 

coupling to the source, and 𝑇�∗ is the antenna temperature corrected for forward spillover losses.  
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Throughout the observations, the pointing and focus accuracy of the telescopes were 

routinely checked in order to maximize the telescope gain, with the pointing assessed roughly 

every hour and the focus adjusted every two hours. Pointing corrections are determined by 

performing cross-scans in azimuth and elevation across a strong continuum point source, 

preferably a planet such as Mars or Jupiter; these scans are centered on the nominal source position. 

If the current pointing is accurate, the peak intensity will be strongest at the nominal source 

position, while if the peak intensity is strongest at another position, pointing corrections in azimuth 

and elevation will be determined through a fit to the data. At the 12-m and SMT, this method can 

also be performed with strong spectral lines.  

The axial focus is dependent on elevation based on the equation: 

𝐹(𝐸) = 𝐹K + 2.8 sin 𝐸 , (4.9) 

where F(E) is the focus setting in millimeters, E is the elevation, and F0 is the subreflector focus 

setting at an elevation of 0°. To determine the best value for F0, the focus F(E) is varied. The  

subreflector is stepped in the axial direction, with the positions of each step based on the nominal 

best F0 value, and continuum measurements made. The data for each position are then fit to 

determine F0.   

 In this way, data were obtained on each source in the projects presented in this dissertation. 

Details about the particular telescopes utilized for this work follow.  

4.1. 12-m Telescope 

 The former 12-m Telescope was located atop Kitt Peak approximately 90 kilometers 

southwest of Tucson, Arizona, at an elevation of ~1895 meters. Constructed in 1967 by the 

National Radio Astronomy Observatory (NRAO), its dish diameter was initially 11 meters, until 

resurfacing in 1984 increased its size to 12 meters. In 2000, the University of Arizona took over 

control of the telescope’s operations, and subsequently established the ARO to manage the 12-m 
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as well as the SMT. The telescope was made up of aluminum panels on a steel frame, with a surface 

accuracy of ~75 microns and a pointing accuracy, due to gravitational and thermal distortions 

imposed by its weight, of < 10′′.  

 In March 2013, through an agreement made with the European Southern Observatory 

(ESO), the University of Arizona was ceded ownership of the 12-m Alcatel EIE Consortium (AEC) 

ALMA prototype antenna, at the time located at the VLA site in New Mexico. The now former 

12-m was decommissioned and retired on April 1, 2013, and the new 12-m was transported to the 

former telescope’s site with much fanfare. The telescope saw first light in October 2014, and 

operations officially began in 2015. The new antenna is composed of steel and carbon fiber 

reinforced plastic (CFRP), which, due to its low thermal expansion, limits thermal distortion 

effects. The panels making up the reflector surface have an aluminum honeycomb core and nickel 

skin, with a rhodium coating in order to stabilize its thermal behavior when exposed to solar 

illumination. It has an improved surface accuracy of < 50 microns, as well as a greatly improved 

pointing accuracy of ~ 2.5′′. The beam efficiency of the telescope at 3 mm has been measured to 

be ~ 85 ± 5%. As a consequence of its rhodium-coated panels, the 12-m’s sun avoidance zone is 

noticeably smaller than that of the SMT (see §2.2) at ~ 10°. See the following website for more 

information: https://www.as.arizona.edu/sites/default/files/AROstatus18Apr2019v1.pdf. 

 The 12-m Telescope currently supports one front end, a 3 mm sideband separating (SBS) 

receiver. This is the receiver which was used for all of the 12-m observations reported in this 

dissertation, including those made with the former 12-m. The 3 mm receiver is a dual-polarization 

receiver equipped with ALMA Band 3 mixers covering the frequency range 84 to 116 GHz. Its 

image rejection is 15 dB at minimum, though it frequently exceeds 20 dB. The IF is set to 6.3 GHz. 

Several backends have been utilized for the observations described here, including 250 kHz, 500 

kHz, and 1 MHz resolution filterbanks, a millimeter autocorrelator, typically fixed to a usable 
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bandwidth of 600 MHz spread over 2048 channels of width ~781 kHz, and the new ARO 

Wideband Spectrometer (AROWS), usually configured with 4 GHz bandwidth and a channel 

spacing of 625 kHz.  

4.2. Submillimeter Telescope  
 
 The SMT was born from a collaboration between the Max Planck-Institut für 

Radioastronomie in Bonn, Germany and Steward Observatory. Construction began in 1990 and 

was completed in 1993, with first light at 1.2 mm in 1994 and regular visitor observations by 1996. 

By 2004, the University of Arizona retained sole ownership of the antenna, which is located 120 

km northeast of Tucson at an elevation of 3200 meters atop Mt. Graham in the Pinaleno Mountain 

range. The telescope has a Cassegrain design, with a 10-m diameter paraboloid primary reflector 

and a 690 mm diameter hyperbolic secondary. Light is reflected from the primary mirror to the 

secondary, through a hole in the center of the primary to a tertiary mirror, where it is directed 

through one of two openings in the receiver cabin. The primary and secondary mirrors are built 

with an aluminum honeycomb core sandwiched by CFRP, with sixty trapezoidal panels composing 

the primary, while the mount and reflector support structure are built from invar steel and CFRP. 

The primary antenna has a surface accuracy of ~15 microns, while its pointing accuracy, due to 

the light weight of the CFRP reflector, is ~ 2′′.  The beam efficiency at 1 mm is ~ 71 ± 5%. 

Compared to the new 12-m Telescope, the SMT’s sun avoidance zone is considerably larger, at 

45°. 

 Presently, only one front end is available for the SMT: a 1.3 mm ALMA Band 6 receiver, 

which covers the frequency range ~ 205 to 280 GHz, and which was used for the majority of the 

SMT observations reported in this thesis. The receiver is dual-polarization and SBS. Image 

rejections are generally between 15 to 20 dB. The receiver has an IF range of 4 to 8 GHz. 

Previously, several other receivers have been accessible at the SMT, including a 0.8 mm receiver, 
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which was used for some of the detections presented here. The 0.8 mm receiver detects frequencies 

between 325 to 370 GHz, with dual-polarization, DSB mixers and an IF range of 4 to 6 GHz. The 

primary back ends used for the results in this dissertation are a 1 MHz resolution filterbank 

configured to cover 1 GHz of bandwidth, and a 250 kHz resolution filterbank set to cover 256 

MHz of bandwidth.  

4.3. IRAM 30-m Telescope 

 The 30-m Telescope operated by the IRAM is located at an elevation of 2850 meters atop 

Pico Veleta in the Spanish Sierra Nevada mountain range near Granada. Construction of the 

telescope commenced in 1980 and finished in 1984, with first light in May 1984 and astronomical 

observations beginning in 1985. Just as for the SMT, the antenna possesses a classic Cassegrain 

design, with a 30-m parabolic primary reflector composed of 420 aluminum honeycomb panels 

supported by steel tubes and a 2-m hyperbolic secondary reflector comprised of an aluminum 

honeycomb core with a CFRP skin, the first use of such a design in a telescope’s construction. The 

main reflector’s panels are coated with TiO2 paint for thermal protection, and have a 66 micron 

rms surface accuracy (see http://www.iram.es/IRAMES/mainWiki/Iram30mEfficiencies for 

further details). After reflecting off of the hyperbolic secondary, radiation is sent into the 

equipment room, where two flat mirrors bring the beam into focus. Using a combination of flat 

mirrors, a polarization splitter, and a dichroic mirror, several focal points are possible, thereby 

allowing the use of multiple receivers at the same time.  

 The 30-m currently supports two main receivers: The Eight MIxer Receiver (EMIR) and 

the HEterodyne Receiver Array (HERA). EMIR was used for all of the 30-m observations reported 

in this thesis. It operates in the 3, 2, 1.3, and 0.9 mm atmospheric windows, with each band 

equipped with dual-polarization, DSB mixers allowing 8 GHz of instantaneous bandwidth per 

sideband per polarization.  Through the use of switchable mirrors and dichroic elements, as 
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mentioned earlier, two receivers can be used for the same position on the sky in various 

combinations: 3 mm and 2 mm, 3 mm and 1.3 mm, and 2 mm and 0.9 mm. For the measurements 

presented in this thesis, only the 3 mm band receiver was utilized.  

 Three spectral line backends may be connected to both EMIR and HERA: the Fast Fourier 

Transform Spectrometers (FTS), which can be configured to either 50 kHz or 200 kHz resolution, 

the Versatile Spectrometric and Polarimetric Array (VESPA), and the wideband autocorrelator 

(WILMA). The FTS, configured with 200 kHz resolution, and WILMA were used for the 30-m 

observations in this work. The FTS is made up of 24 modules, which cover 32 GHz of 

instantaneous bandwidth at 200 kHz resolution. WILMA is made up of 18 units, each of which 

affords 512 spectral channels of 2 MHz bandwidth. Sixteen of these units can be connected to 

EMIR, enabling 8 GHz of bandwidth per sideband per polarization.  
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CHAPTER 5: RADIATIVE TRANSFER 
 
 From the formation of stars within dark molecular clouds to the nucleosynthetic processes 

undertaken in these stars, molecular observations provide a unique window into the Universe and 

the astronomical systems which populate it. To achieve greater insight into the physical and 

chemical conditions of these systems, one may derive information such as molecular abundances, 

gas densities, and excitation conditions from emission line properties. For the work on CSEs and 

PNe discussed in this dissertation, these properties were estimated using two different radiative 

transfer codes. Radiative transfer is the propagation of electromagnetic radiation through a 

medium, and is quantified by the equation of radiative transfer, which describes how radiation is 

affected by absorption, emission, and scattering. Various codes which solve the equation of 

radiative transfer exist in order to model molecular emission lines. The formalism describing 

radiative transfer and the methodology applied by the programs used for the analysis in this 

dissertation will be described in the next two sections.  

The codes utilized in this work are specifically described as non-Local Thermodynamic 

Equilibrium (non-LTE) radiative transfer codes. In environments in which densities are low, 

multiple measures of temperature exist. Kinetic temperature describes the translational energy of 

molecules, and is related to kinetic energy through the equation:  

𝐾𝐸T�� =
3
2𝑘�𝑇_,

(5.1) 

where kb is the Boltzmann constant and TK is the kinetic temperature. Excitation temperature is 

related to the distribution of atoms/ions/molecules in different energy states through the Boltzmann 

equation:  

𝑛&
𝑛#
=
𝑔&
𝑔#
𝑒
I�
a(��I��)b
~����

�
, (5.2) 
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where n1 and n2  are the level populations of two states, g1 and g2 are their degeneracies, E1 and E2 

are the states’ energies, and Tex is the excitation temperature. These systems are said to be in non-

LTE. In hot, dense environments, on the other hand, collisions dominate over radiative excitation 

and de-excitation in the population of atomic/ionic/molecular levels. These systems can then be 

described with a single temperature, and are said to be in LTE, i.e. TK = Tex.  

5.1. RADEX 
 
 RADEX is a one-dimensional non-LTE radiative transfer code developed by Dr. John 

Black and made available for public distribution as part of the Leiden Atomic and Molecular 

Database (LAMDA). This program was used for the majority of the radiative transfer analysis 

presented in this dissertation. Specifically, it was used for modeling of molecular emission from 

PNe as RADEX assumes no source geometry, unlike other radiative transfer codes, which presume 

spherical symmetry. While details on RADEX are available in van der Tak et al. (2007), a basic 

introduction to the concept of radiative transfer and how RADEX works will be given here. The 

following description is based off of the RADEX manual, which can be found at: 

http://var.sron.nl/radex/radex_manual.pdf. The program assumes a homogeneous medium with 

unspecified geometry or velocity fields.  

 Specific intensity is described by the following equation: 

𝐼� =
𝑑𝐸

𝑑𝜈	𝑑𝐴	𝑑𝑡	𝑑Ω	𝑐𝑜𝑠𝜃
. (5.3) 

In words, it is defined as the amount of energy received by a telescope per unit frequency, per unit 

collecting area, per unit time, per unit solid angle. This quantity, in free space, is conserved along 

a ray, such that:  

𝑑𝐼�
𝑑𝑠

= 0 (5.4) 
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where s is a coordinate between the source (s = 0) and the observer (s = s0). In a medium, specific 

intensity can be affected by absorption as well as emission along the line of sight, parameterized 

by the expression: 

𝑑𝐼�
𝑑𝑠

= −𝛼�(𝑟)𝐼� + 𝑗�(𝑟), (5.5) 

where 𝛼�(𝑟) is the absorption coefficient, which is the inverse of the mean free path of a photon 

and is commonly expressed as nisn, in which sn is the absorption cross section in cm2 and ni the 

density of the absorbing molecules in cm-3, and  𝑗�(𝑟) is the emission coefficient, which is the 

amount of radiation emitted per unit time, per unit frequency, per unit solid angle, per unit volume. 

This equation can be rewritten in terms of optical depth, which describes the amount of absorption 

electromagnetic radiation encounters when it passes through a medium and is given by: 

𝜏�(𝑠) = ¦ 𝛼
}

}§
(𝑠¨)𝑑𝑠¨. (5.6) 

The revised equation of radiative transfer is then expressed as: 

 

dA 

q 

dW 

Figure 5.1.: Schematic of specific intensity. The amount of energy within the frequency 
range (n, n + dn) passing through the area dA from solid angle dW in time dt is quantified by 

specific intensity, which is labelled as In.  
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𝑑𝐼�
𝑑𝜏

= −𝐼� + 𝑆�(𝑟), (5.7) 

where 𝑆�(𝑟), also known as the source function, is the ratio of the emission coefficient to the 

absorption coefficient. The general solution to this equation is:  

𝐼�(𝜏�) = 𝐼�(0)𝑒I©ª + ¦ 𝑒Ia©ªI©ª« b𝑆�(𝜏�¨ )𝑑𝜏�¨
©ª

K
. (5.8) 

The model described above is macroscopic, in that it does not consider microscopic 

processes through which absorption and emission of photons take place. Absorption and emission 

of light can be described on the microscopic level by the Einstein coefficients, which are related 

to the probability of the absorption or emission of light by an atom or molecule. Specifically, these 

coefficients are the coefficient of spontaneous emission, A21, the coefficient of spontaneous 

absorption, B12, and the coefficient of stimulated emission, B21. Given a basic two-level system, 

A21 describes the probability of spontaneous de-excitation from the upper state (2) to the lower 

state (1). Similarly, B12 expresses the probability of spontaneous absorption of a photon, leading 

to excitation from the lower state to the upper state. Finally, B21 governs the probability of 

stimulated emission, in which an incoming photon stimulates de-excitation from state (2) to state 

(1), resulting in the emission of two photons.  

The macroscopic quantities, an and jn, can be expressed in terms of these Einstein 

coefficients. Specifically, the absorption coefficient can be written as: 

𝛼� =
ℎ𝜈K
4𝜋

(𝑛#𝐵#& − 𝑛&𝐵&#)𝜙(𝜈), (5.9) 

where, hn0 is the energy difference between levels (1) and (2), and 𝜙(𝜈) is the line profile function, 

the finite width around the frequency n0 in which photons can be absorbed due to the inherent 

uncertainties in energy level separations, which is normalized such that ∫𝜑(𝜈)𝑑𝜈 = 1 must hold. 

The emission coefficient may be expressed as: 
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𝑗� =
ℎ𝜈K
4𝜋

𝑛&𝐴&#𝜙(𝜈). (5.10) 

 The Einstein coefficients are related through the following Einstein relations, which must 

hold regardless of whether the system is in thermodynamic equilibrium: 

𝑔#𝐵#& = 𝑔&𝐵&# (5.11) 

𝐴&# =
2ℎ𝜈9

𝑐&
𝐵&#. (5.12) 

As a result, the source function can be rewritten as: 

𝑆¯ =
𝐴&#
𝐵&#

1
𝑛#𝑔&
𝑔#𝑛&

− 1
. (5.13) 

Using the Boltzmann equation, the source function can then be expressed as: 

𝑆� =
2ℎ𝜈9

𝑐&
1

𝑒
°�
~��� − 1

. (5.14) 

As Planck’s law, which describes the power per unit area per unit solid angle per unit 

frequency emitted by a blackbody in thermal equilibrium at a temperature, T, states: 

𝐵�(𝑇) =
2ℎ𝜈9

𝑐&
1

𝑒
°�
~� − 1

, (5.15) 

the source function is thus equivalent to: 

𝑆¯ = 𝐵¯(𝑇,±). (5.16) 

After inserting this into equation 5.8, the solution to the radiative transfer equation is found 

to be: 

𝐼 = 𝐵¯(𝑇,±)(1 − 𝑒I©²) + 𝐼
U�𝑒I©², (5.17) 

where 𝐼U� is the intensity of the background radiation. In the Rayleigh-Jeans low-frequency 

approximation, 𝐵¯ is proportional to T, and the solution may be represented as: 

𝑇� = 𝑇,±(1 − 𝑒I©²) + 𝑇U�𝑒I©², (5.18) 
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where TR is the radiation temperature and Tbg is the background temperature.  

 Solving the radiative transfer equation requires knowing the level populations, which 

involves the concepts of detailed balance and statistical equilibrium. Given a two-level system, the 

statistical equilibrium equations describe the changes in the populations of levels 1 and 2 with 

time, which are affected by stimulated and spontaneous emission, absorption, and collisions, and 

are written in the following way:  

𝑑𝑛#
𝑑𝑡

= −𝑛#(𝐵#&𝐽 ̅ + 𝐶#&) + 𝑛&(𝐴&# + 𝐵&#𝐽 ̅ + 𝐶&#) (5.19) 

𝑑𝑛&
𝑑𝑡

= 𝑛#(𝐵#&𝐽 ̅ + 𝐶#&) − 𝑛&(𝐴&# + 𝐵&#𝐽 ̅ + 𝐶&#). (5.20) 

Here, 𝐽 ̅is the average In over 4p steradians integrated across 𝜙(𝜐). C12 and C21 are the collisional 

rates per second of a molecule of the species of interest, and are related to the collisional rate 

coefficients, Kij, through the equation 𝐶µ¶ = 𝐾µ¶𝑛V��, where 𝑛V�� is the density of the collision rate 

partner, generally H2. They obey the relation: 

𝐶#& =
𝑔&
𝑔#
𝐶&#𝑒

I·�~� , (5.21) 

regardless of whether conditions of thermodynamic equilibrium are upheld. 

To solve the equations of statistical equilibrium for level populations, the radiative transfer 

calculations must be decoupled, as the equations written above are still dependent on 𝐽.̅ One way 

to do so, which RADEX implements, is the Sobolev escape probability method. The method is 

predicated on the following: (1) 𝐽 ̅ is the total amount of radiation within the source and is thus 

equal to the source function for a completely opaque source, and (2) b is defined as the probability 

that a photon can escape from the source. Thus, 𝐽 ̅may be expressed as: 

𝐽 ̅ = 𝑆(1 − 𝛽), (5.22) 

and the statistical equilibrium equations can be rewritten as: 
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𝑑𝑛&
𝑑𝑡

= 𝑛#𝐶#& − 𝑛&𝐶&# − 𝛽𝑛&𝐴&#, (5.23) 

meaning that the equations are effectively decoupled from the radiative field. To estimate the 

escape probability, RADEX uses the following equation from Osterbrock (1974): 

𝛽 =
1.5
𝜏
¹1 −

2
𝜏&
+ º

2
𝜏
+
2
𝜏&»

𝑒I©¼ . (5.24) 

RADEX utilizes the above information to compute line strengths in the following way. As 

a first approximation, it assumes an optically thin source. From this, the optical depth is known, 

and the escape probability b may be calculated. Using this escape probability, level populations 

are determined. This process is iterated until stable optical depths and level populations within a 

set tolerance can be estimated; these are then used to produce line strengths from the solution to 

the radiative transfer equation. To follow this procedure, RADEX requires the following input 

from the user: the blackbody temperature of background radiation, which is typically taken to be 

that of the cosmic microwave background, 2.73 K, the kinetic temperature of the source, the 

number density of the collisional partner, usually H2, the column density of the molecule, and the 

width of the observed molecular lines. The specific calculations that RADEX performs are 

described more fully in the RADEX manual. In general, though, the kinetic temperature and 

number density of the collisional partner helps to determine level populations, while the molecular 

column density and line width are used to estimate the optical depth of a given transition.  

In order to compare them with RADEX’s line profiles, the line strengths measured from 

the observed spectra must be corrected for both main beam efficiency as well as beam dilution. 

Beam dilution occurs when the source is smaller than the main beam, leading to the signal from 

the part of the beam filled by the source being diluted by the part of the beam that is simply blank 

sky. This results in an overall decrease in the true brightness temperature of the source. In order to 

correct for this dilution, the measured line temperatures must be divided by the beam filling factor, 
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f. Assuming a source with a Gaussian brightness distribution within a Gaussian beam, this is given 

by:  

𝑓 =
𝜃}&

𝜃U& + 𝜃}&
, (5.25) 

where 𝜃} is the source size and 𝜃U is the beam size. Main beam efficiency, as discussed in Chapter 

4, relates to the amount of power received within the main beam of the telescope to the total power 

received by the antenna. Just as for beam dilution, the measured line temperature must be divided 

by the beam efficiency in order to compare it with RADEX’s output.  

For the work presented in this dissertation, kinetic temperatures, H2 densities, and column 

densities were fit through a reduced-c2 analysis with RADEX. Specifically, these parameters were 

varied within a given range of values, and the line profiles output by RADEX for each combination 

of parameters was compared with those measured from the observed spectra in order to calculate 

a reduced-c2. The combination of parameters which produced the lowest reduced-c2 was said to 

be the best fit. Which parameters were varied depended on the number of transitions observed for 

a given molecule in a given source. If only one transition is observed, only the column density was 

varied, while the other two parameters were set to values that are consistent with those measured 

for the same molecule in other PNe. If two were measured, both the column density and H2 density 

were altered, while the kinetic temperature was set to a particular value. If three or more were 

detected, all parameters were adjusted. In order to expedite this process, several Python scripts 

were written to work in conjunction with RADEX’s offline code to cycle through a range of 

column densities, H2 densities, and kinetic temperatures, compare the line profiles produced for 

each set of values with the line parameters measured from the spectra, and output the combination 

which yielded the lowest reduced-c2.  
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5.2. ESCAPADE 
 
 Modeling of PN and PO emission in the envelopes of AGB (IK Tau, R Cas, TX Cam) and 

supergiant (NML Cyg and VY CMa) envelopes was performed by employing the non-LTE 

radiative transfer code, ESCAPADE. ESCAPADE was developed by former Ziurys group 

member, Dr. Gilles Adande, for his study of SO and SO2 in VY CMa. Before its creation, no non-

LTE radiative transfer codes were capable of modeling line emission of open-shell molecules for 

sources with both spherically-symmetric and asymmetric outflows. ESCAPADE was written to 

fill this void. While a full explanation of the code, which is directly based off of the work of 

Bieging and Tafalla (1993), is available in Dr. Adande’s dissertation, a brief description will be 

provided here.  

 For the purposes of the code, the circumstellar envelope (CSE) is sliced into a series of thin 

shells with homogeneous temperature and density. The widths of these shells, set by the user, are 

chosen to be small enough that variations in density and temperature between them are negligible. 

In the first step, level populations in each shell are determined by balancing collisional and 

radiative excitations and de-excitations through the solution of the equation of statistical 

equilibrium using the Sobolev approximation. The level populations of the first shell are estimated 

based on a Boltzmann distribution. The new level populations estimated for each shell are 

compared to the initial level populations; if they have not converged to within a user-specified 

value, the initial level populations are updated, and the process begins anew. Otherwise, the 

program moves on to the next shell. After the level populations for each shell have been 

determined, the equation of radiative transfer is integrated across each shell in order to produce 

the emergent molecular radiation. This is then convolved with the telescope beam, yielding line 

profiles for the molecular transitions specified by the user.  
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 In order to utilize the program, the user must create several files specific to the molecule 

and source that are being modeled. One file contains energies, degeneracies, and relevant quantum 

numbers for all of the energy levels needed to be considered in the model of the molecule. Both 

the ground state as well as the first vibrational state must be included. Another provides Einstein 

A coefficients, frequencies, and upper state energies for all transitions within each vibrational state 

for the energy levels given in the energy file. Einstein A coefficients for infrared transitions 

between the first vibrational state and the ground vibrational state are listed in a separate file, along 

with transition frequencies. Finally, a collision-rate file specifies collision rates between every 

energy level in the ground vibrational state for a given range of temperatures, which are provided 

in an associated document.  

Another input file provides information on the source to be modeled. In addition to 

distance, LSR velocity, and source radius, the user must provide parameters for the kinetic 

temperature power law, density profile of the collisional partners (H2), and radial abundance 

profile for the molecule being modeled. The temperature power law is generalized as 

𝑇(𝑟) = 𝑇K º
𝑅K
𝑟 »

¾

, (5.26) 

where T0 is the gas kinetic temperature at distance R0. T0, R0, and g must be provided by the user. 

The density profile for spherically symmetric outflows is described by (e.g., Kemper et al. 2003): 

𝑛¿�(𝑟) =
�̇�

4𝜋𝑉,±Á Â1 −
𝑅∗
𝑟 Ã 𝑟

&
, (5.27) 

where �̇� is the mass-loss rate, Vexp is the terminal expansion velocity of the stellar envelope, and 

R* is the stellar radius; each of these parameters must be given by the user. When modeling 

nonspherical outflows, an additional term is added to the density profile: 
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𝑛¿�(𝑟) = 𝑛K𝑒𝑥𝑝 �−º
ÆIÆÇ�ÈÉ
ÆÊËÌÍÎÊÏ

»
&
� , (5.28)

where 𝑟Á,T~ is the radial distance at which the density peaks at a value of 𝑛K and 𝑟�ÐÑ���Ò is the 

distance at which the density has dropped by a factor of 1/e from 𝑟Á,T~.  

 How the radial abundance profile is quantified depends on whether the distribution of the 

molecule is “spherical” or “shell”. In the case of a spherical distribution, the abundance peaks at 

the distance from the star at which the modeling is begun (the dust condensation radius for the 

work presented in this dissertation), and drops off according to the expression:  

𝑓(𝑟) = 𝑓K𝑒𝑥𝑝 º−Â
ÆIÆÓÔÔ�Õ
ÆÊËÌ�Õ

Ã
&
» , (5.29)

where f0 is the peak abundance and router is the radius at which the abundance drops by a factor of 

1/e. In the case of a shell profile, the abundance reaches its peak farther out from the star, after 

which it drops off in the following manner:  

𝑓(𝑟) = 𝑓K𝑒𝑥𝑝 Ö−�
𝑟 − 𝑟}°,��
𝑟�ÐÑ���Ò

�
&

× , (5.30) 

where rshell is the radius at which the abundance peaks and routflow is the distance from rshell at which 

the abundance decreases by a factor of 1/e; in other words, router = rshell + routflow.  

 When modeling using ESCAPADE, the chief fitting parameters are the peak abundance, 

f0, router in the case of a spherical fit, and rshell and routflow in the case of a shell fit.  To simplify this 

process, several Python scripts were written. The purposes of the scripts is to compare, through 

the calculation of the reduced-c2, the line profiles measured from the spectra to those output by 

ESCAPADE for all possible combinations of f0 and router for the spherical fits and f0, routflow, and 

rshell for the shell fits within a given range of values, and to output the combination which best fit 

the observed data. In the case of spherical fits, rshell is set to the dust condensation radius (rinner) 

and not allowed to vary, while in the case of shell fits, routflow is required to be less than or equal to 
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rshell. The program then runs through all possible values of these parameters, editing the source 

input file with each set to account for the new radial abundance profile, running ESCAPADE for 

each new profile, and calculating a reduced c2 based on ESCAPADE’s output and the measured 

line parameters from the spectra. In this way, the lowest reduced c2 and associated parameters can 

be obtained.  

The scripts described above were sufficient for the spherically symmetric AGB envelopes 

as well as NML Cyg, for which spherical symmetry was assumed. Other scripts were written for 

the modeling of VY CMa, as spectral line observations of the object indicate multiple distinct 

kinematic regions (e.g., Ziurys et al. 2007; Adande et al. 2013). Specifically, in their modeling of 

SO and SO2 in the star, Adande et al. (2013) determine that the emission arises from five outflows: 

a spherically symmetric wind, three red-shifted asymmetric flows, and one blue-shifted wind. The 

PN and PO spectra of VY CMa indicate that this emission, too, arises from a combination of a 

spherical wind and several asymmetric outflows, and thus needed to be modeled as such. Due to 

the requirements of ESCAPADE, each component needed to be fit separately. Therefore, a script 

was created in order to merge the output ESCAPADE line profiles for each component for a given 

set of fit parameters. For PO, these scripts were written to additionally handle the lambda doublets 

present in each velocity component. Due to the complexity of the line profiles, VY CMa’s 

modeling was performed differently than for the other stars, with the line parameters for each fit 

adjusted manually.  
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CHAPTER 6: THE CHEMISTRY OF PLANETARY NEBULAE 
 
 Understanding the chemical makeup of PNe is of special importance, as these objects 

represent the bridge between evolved stars and the diffuse ISM. As described in the Introduction, 

through comparison of the molecular composition and abundances of these objects and diffuse 

clouds, the role that PNe play in seeding the ISM with molecular material may be elucidated, and 

the degree of potential chemical complexity in the Universe may be better comprehended. 

However, though the molecular content of several PNe, including NGC 7027, M2-48, and NGC 

6537 have been well-studied (see Chapter 1), it has, until recently, been uncertain as to whether 

polyatomic molecules are commonplace in PNe, or whether they are peculiar to these handful of 

well-studied objects, given that these compounds are predicted by chemical models to be rapidly 

photodissociated at the onset of the PN stage (e.g., Redman et al. (2003). Thus, large-scale 

polyatomic molecular surveys of PNe are necessary in order to determine whether such species 

are a regular feature of these objects, and, consequently, whether they are capable of seeding the 

ISM with molecular material in the quantities estimated by observations of diffuse clouds. 

 As alluded to in the Introduction, molecular observations of PNe can also provide insight 

into the nucleosynthesis undertaken by their progenitor stars, as well as whether chemical 

production is active in PNe or whether these molecules are remnants of the AGB stage. For 

instance, molecular observations of PNe can indicate whether the nebula’s progenitor was carbon-

rich or oxygen-rich, as carbon-rich circumstellar envelopes tend to be abundant in molecules such 

as CN, HCN, HNC, and CCH, while species such as SO and SO2 are symptomatic of oxygen-rich 

environments. Observations of SO, SiO, and SO2 in M2-48 by Edwards & Ziurys (2014) suggested 

an oxygen-rich progenitor for this nebula; this in combination with the high abundance of nitrogen-

bearing molecules such as CN and N2H+, thus suggesting nitrogen enrichment, and a low 12C/13C 

ratio were signals that the progenitor star of M2-48 underwent hot-bottom burning. Similarly, 



 65 

Edwards & Ziurys (2013) proposed that the nebula NGC 6537 had also undergone hot-bottom 

burning, due to the presence of molecules such as SO and H2CO, which insinuate an oxygen-rich 

environment, and a near-equilibrium 12C/13C ratio. As indicated by the latter two examples, 

isotopic measurements in PNe can furnish additional clues concerning the nucleosynthetic 

processes undertaken by their predecessors. Further, the first study on the correlation between 

molecular and gas abundances in PNe (Stanghellini et al. 2007) reported that, of the 41 Magellanic 

Cloud PNe observed by Spitzer between 5 and 40 µm, all nebulae showing carbonaceous dust 

features exhibited a C/O ratio > 1, while those with oxygen-rich dust features had C/O < 1 and 

displayed signatures of hot-bottom burning, including an enhanced N/O ratio. This indicates that 

dust type is well-correlated with gas abundances in PNe, and can provide further evidence for the 

nature of the progenitor star.  

 Additionally, molecular observations can shed light on the kinematics and physical 

conditions of these nebulae. For instance, molecules with high dipole moments such as HCN (2.98 

D) and HCO+ (3.9 D) are dense gas tracers, while H2CO is sensitive to physical conditions such as 

kinetic temperature. As discussed in Chapter 5, when three or more transitions of a molecule have 

been detected, the kinetic temperature, H2 density, and column density of the molecule may be fit. 

Molecular observations of the Helix Nebula have also yielded information as to its structure and 

kinematics. Spectra of CO, HCO+, and H2CO at nine positions across the nebula revealed a number 

of velocity components at most positions; as discussed by Zack & Ziurys (2013), these components 

suggested that the molecules existed in ring-like structures throughout the nebula which had been 

previously observed in CO and H2. Moreover, the fact that spectra for each molecule at a given 

position displayed the same velocity structure suggested that these molecules were well-mixed 

with similar distributions. Later, observations of HCO+ at over 200 positions across the Helix by 
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Zeigler et al. (2013) strongly suggested that the nebula possessed a bipolar, barrel-like structure 

oriented along the line of sight.  

 The utility of molecular observations in PNe instigated the various projects highlighted in 

this work. These will be discussed in the following subsections, with further details provided in 

the published works provided in Appendices A-F. § 6.1 provides an overview of these projects, 

while § 6.2 discusses the implications of the results of these works, such as any potential 

correlations between these results and other nebular properties.  

6.1. Overview of Planetary Nebula Surveys 

 To assess the polyatomic molecular content of PNe, several small-scale surveys were 

performed utilizing the ARO facilities. The first of these involved a search for HCN and HCO+ 

(both 1S molecules) in seventeen PNe in which CO had been previously detected. These molecules 

were selected as they were expected to have the strongest rotational features besides CO if present 

based on previous observations of other PNe. The nebulae were culled from the large-scale CO 

surveys of Huggins & Healy (1989) and Huggins et al. (1996; 2005), wherein the only criteria used 

in their selection was a minimum peak line intensity of 50 mK and that they could not have been 

previously searched for HCN or HCO+ emission. The objects spanned a range of morphologies, 

including elliptical, bipolar, and multipolar sources, as well as kinematic ages, from ~ 800 to 

13,000 years (see Table 6.1 for a list of sources and basic parameters; further information is given 

in Appendix A). Note that the ages for NGC 2440, NGC 7008, M1-12, and M1-20 given in 

Schmidt & Ziurys (2016, 2017a,b) are evolutionary ages; however, given the unknown transition 

time (see Chapter 1), kinematic ages are reported for these sources in Table 6.1 and utilized for 

Figure 6.2 in order to allow for direct comparison with other sources. For several of these objects 

(K3-17, K3-45, K3-83, M1-7, M3-28, M3-37, M1-12), a kinematic age was not available in the 

literature; instead, a rough estimate was obtained based on angular size, distance, and expansion 
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velocity. Specifically, the expansion velocity, Vexp, was taken to be half of the CO line width, as 

CO has a low dipole moment and is thus expected to be a good tracer of the gas in the nebula. The 

physical size of the nebula was determined from the small angle formula:  

𝑑 =
𝜃

206265¨¨ × 𝐷
(6.1) 

where d is the physical size, D is the distance to the source, and q is the angular size in arcseconds. 

The CO line width from Schmidt & Ziurys (2016) was used for all sources except M1-12, for 

which the expansion velocity from Zhang et al. (2000) was used. Assuming a constant expansion 

velocity, the age was estimated by applying the following formula:  

𝑡 =
𝑟
𝑉,±Á

(6.2) 

where t is the kinematic age and r is the physical radius of the source. This is a crude method, as 

it does not consider the inclination angle of the source; such information was not available for any 

of the PNe for which it was utilized. Further, uncertainty in PN distances has historically been 

problematic, as, for most nebulae, they must be determined using statistical distance scales whose 

reliability is dependent upon the accuracy of the PN distances determined through other means 

with which they are calibrated and the validity of the correlation between distance-dependent and 

distance-independent parameters (Stanghellini et al. 2008).  

The ARO 12-m Telescope was used to observe the HCN and HCO+ J = 1 ® 0 transitions 

at ~ 88 GHz and ~ 89 GHz, respectively, while the SMT was used to measure the HCN and HCO+ 

J = 3  ® 2 transitions at ~ 265 GHz and ~ 267 GHz, respectively. Details on the observations are 

provided in Schmidt & Ziurys (2016) in Appendix A. Of these seventeen nebulae, thirteen were 

detected in at least one transition of HCN or HCO+ (HCO+ had been previously identified in K4-

47 by Edwards & Ziurys 2014), with both molecules detected in nine. The spectra were fit with 

Gaussians and gas and molecular column densities were modeled using RADEX. The molecular 
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material is anticipated to be shielded from incident UV radiation by the dense knots of gas and 

dust discussed in § 2.1 which have been directly observed in the Helix Nebula (e.g., Huggins et al. 

1992, 2002; Meaburn et al. 1992; Meixner et al. 2005). As a result, a clump volume filling factor 

in the plane of the sky was applied for each source. A typical value of 0.2 was used based on 

observations of the Helix Nebula by Meixner et al. (2005), though in the case of M1-7, K4-47, 

K3-45, and Hb 5, a value of 0.33 was used in order to obtain reasonable RADEX fits. This analysis 

yielded gas densities of n(H2) ~ (0.1 – 5.2) ´ 106 cm-3, column densities of N(HCN) ~ (0.2 – 27) ´ 

1013 cm-2 and N(HCO+) ~ (0.3 - 8.7) ´ 1013 cm-2, and, subsequently, fractional abundances with 

respect to H2 of f(HCN) ~ (0.1 - 9.1) ´ 10-7 and f(HCO+) ~ (0.04 - 7.4) ´ 10-7 (see Appendix A for 

more details on the analysis). The resultant [HCN]/[HCO+] ratios are given in Table 6.1 (note that 

that for K4-47, the [HCN]/[HCO+] and [HCN]/[HNC] ratios have been updated with the most 

recent values from Schmidt & Ziurys (submitted); see Chapter 7). 

 Based on these results, a search for HNC (1S) in the eleven nebulae in which HCN had 

been detected was undertaken in order to explore the [HCN]/[HNC] ratios in PNe and 

consequently gain insight into the molecular synthesis which takes place between the AGB and 

PN stages. Specifically, HCN and HNC is thought to be produced through dissociative 

recombination of HCNH+, 

𝐻𝐶𝑁𝐻* + 𝑒I → 𝐻𝑁𝐶,𝐻𝐶𝑁 + 𝐻 (6.3) 

which should, according to theoretical predictions, produce HCN and HNC in equal amounts 

(Talbi 1999). However, the [HCN]/[HNC] ratio in AGB stars, ~ 40 to 300 (Woods et al. 2003), 

skews far from unity due to the hot, LTE chemistry taking place in these stars’ inner envelopes, 

which preferentially produces the more stable HCN. The ratio has been observed to be far lower 

in a handful of protoplanetary nebulae (PPNe) and PNe; however, due to the low number of 

nebulae in which such ratios have been measured, the evolution of the ratio between the AGB and 
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PN stages is unclear, thus motivating this project. Similar to the HCN and HCO+ survey, the 12-

m Telescope was used to measure the J = 1 ® 0 transition of HNC, while the SMT was used to 

observe the J = 3 ® 2 transition. At least one transition of HNC was detected in all eleven nebulae, 

with gas densities, column densities, and abundances determined from RADEX of n(H2) ~ (0.4 – 

3.2) ´ 106 cm-3, N(HNC) ~ (0.06 – 4.0) ́  1013 cm-2, and  f(HNC) ~ (0.02 – 1.4) ´ 10-7, respectively. 

These results yielded [HCN]/[HNC] ratios of ~ 1-8 (see Table 6.1). These values were once again 

calculated assuming clumping, though column density estimations without the clumping 

assumption were made as well. Details on the observations, results, and analysis are provided in 

Appendix B.  

Subsequently, a hunt for CCH (2P) in the same eleven PNe was carried out. This search 

was undertaken in part to explore the carbon-rich nature of these nebulae suggested by the 

detection of both HCN and HNC. An additional motivating factor was the possible link between 

CCH and C60, which has been identified in a number of PNe in recent years via its infrared 

transitions (e.g., Cami et al. 2010; García-Hernández et al. 2010, 2011, 2012; Otsuka et al. 2013). 

The origins of such a complex species in PNe environments is as yet unknown, though several 

formation mechanisms have been proposed, including top-down processes, whereby C60 is 

generated from UV photolysis of hydrogenated amorphous carbons (HACs) or UV 

dehydrogenation of polycyclic aromatic hydrocarbons (PAHs; e.g., Micelotta et al. 2012), or 

bottom-up, wherein C60 is formed through the combination of smaller units like atomic carbon, C2, 

or smaller fullerenes (e.g., Dunk et al. 2012). Both methods involve C2 as either a byproduct or a 

building block. As C2 does not have a permanent dipole moment, it does not have a rotational 

spectrum. However, CCH may be used as a proxy. Thus, a correlation between CCH and C60 may 

be explored. See Appendix C for further details. The 12-m Telescope was used to observe the N = 

1 ® 0 transition, while the SMT was utilized to measure the N = 3 ® 2 transition. An energy level 
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diagram of CCH showing the possible N = 3 ® 2 transitions is given in Figure 6.1. Additionally, 

the search for CCH was extended to two other PNe in which C60 had previously been observed, 

M1-12 and M1-20. The molecule was identified in nine of the eleven PNe from the original HCN 

and HCO+ survey, while neither of the C60-containing PNe showed CCH emission. The spectra 

were modeled with Gaussians convolved with the hyperfine structure of the observed transitions, 

using relative intensities from Ziurys et al. (1982). Fractional abundances from RADEX modeling 

range from ~ (0.2 – 47) ´ 10-7 given clumping; abundances were calculated without assuming 

clumping as well. Further information is provided in Appendix C. 

Figure 6.1.: Sample energy level diagram for CCH, a Hund’s case bbJ molecule. CCH has 
one unpaired electron (S = ½) and a proton nuclear spin of I = ½. Allowed transitions are 

shown in red and blue, with the observed hyperfine transitions given in blue. The splittings 
are not to scale. 
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 In addition to these small-scale molecular surveys, the ARO 12-m was utilized to perform 

several mapping projects of the Helix Nebula in the style of Zack & Ziurys (2013). Specifically, 

the HCN and HNC J = 1 ® 0, CCH and CN (2S) N = 1 ® 0, and c-C3H2 JKa,Kc = 21,2 ®10,1 

transitions were observed at eight of the positions at which Zack & Ziurys (2013) detected CO, 

H2CO, and HCO+ (see Appendices B and D for details). Though each of these molecules had 

previously been detected at one position in the nebula (at an offset of -372¢¢ in right ascension from 

the central star) by Bachiller et al. (1997a) and Tenenbaum et al. (2009), these mapping projects 

were undertaken in order to determine whether these molecules were widespread throughout the 

nebula, as the Zack & Ziurys (2013), and, later, Zeigler et al. (2013) observations confirmed for 

HCO+. Additionally, measurements of the [HCN]/[HNC], [CN]/[HCN], and [CCH]/[c-C3H2] 

ratios across the nebula were made. All transitions were detected at each position, with many 

positions displaying multiple velocity components, belying the complex kinematic structure of this 

source. In the case of HCN, CCH, and CN, these velocity components are convolved with the 

hyperfine structure of the observed transitions, increasing the complexity of these line profiles.  

 The spectra were modeled using Gaussian fits to individual velocity components. For 

HCN, CCH, and CN, special programs were written in order to deconvolve the velocity structure 

from the hyperfine components. Details on the fitting procedure are provided in Appendices B and 

D. The velocity components for each position were nearly identical between all molecules. As 

shown by the observations of HCO+ by Zeigler et al. (2013), this suggests that these molecules 

populate the entirety of the nebula, save the central ionized gas. The measured line intensities were 

corrected for beam efficiency, but not for beam filling factor, as, due to the large optical size of 

the Helix (> 1000¢¢), it was assumed to fill the beam in all cases. RADEX was then utilized in order 

to model the column densities.  
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While molecular data files from LAMDA were used in most cases, a new molecular data 

file was created for CN, as, at the time the modeling was performed, the existing LAMDA CN file 

only accounted for the spin-rotation structure.  While the energy level and transition information 

for the hyperfine structure of CN was available on CDMS, collisional rates were only available for 

the fine structure transitions in the case of ortho-H2. These fine structure rates, taken from Kalugina 

et al. (2013), were used to estimate the hyperfine structure rate coefficients through the infinite-

order-sudden (IOS) approximation. In the IOS approximation, the separations between rotational 

levels are considered to be insignificantly small compared to collisional energy. Based on this 

assumption, inelastic hyperfine structure rate coefficients 𝑘Ø\|→Ø«\«|«
{�r  for 2S molecules such as CN 

can be obtained from the N = 0, J = 1/2 fine structure coefficients, given by 𝑘
K,��→�,�*

�
�

{�r (𝑇) with the 

following equation from Alexander (1982): 

𝑘Ø\|→Ø«\«|«
{�r (𝑇) = (2𝐽 + 1)(2𝐽¨ + 1)(2𝐹¨ + 1)∑ &�*#
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{�r (𝑇),                                 (6.4) 

where e is +1 if the parity of the initial and final NJF levels are the same and -1 if they are different, 

I is the nuclear spin, and L ranges over the total number of N levels. In the case of CN, the 

assumption that the rotational level spacing is negligibly small does not hold, and, particularly at 

low temperatures, closed-channel effects can become important; thus, the IOS approximation is 

inaccurate for low temperatures (Faure & Lique 2012). However, as the hyperfine level spacings 

are negligible compared to the collisional energies, and the IOS approximation is expected to 

accurately predict relative intensities between the hyperfine levels within an 𝑁𝐽 → 𝑁¨𝐽¨ transition, 

the hyperfine rates can be calculated through the following scaling of the close-coupling (CC) rates 
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(which are obtained by solving the quantum close-coupling scattering equations, such as in 

Kalugina et al. (2013)) presented in Neufeld & Green (1994):  

𝑘Ø\|→Ø«\«|«
{Ø| (𝑇) =

𝑘Ø\|→Ø«\«|«
{�r (𝑇)

𝑘Ø\→Ø\«
{�r (𝑇)

𝑘Ø\→Ø\«
áá (𝑇). (6.5) 

The close-coupling rate coefficients can be used for the IOS fundamental rates. 𝑘Ø\→Ø«\«
{�r  is, from 

Alexander (1982), given by:  
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By using this scaling, the following equality is ensured: 

â𝑘Ø\|→Ø«\«|«
{Ø| (𝑇) = 𝑘Ø\→Ø«\«

áá (𝑇).
|«

(6.7) 

In this way, the hyperfine rate coefficients were estimated for CN collisions with ortho-H2, thereby 

allowing the CN abundances for all positions to be assessed. See Faure & Lique (2012) for more 

details. 

 The abundances determined from these analyses varied by about an order of magnitude or 

less across the nebula for all molecules: f(HCN) ~ (2.1 – 31.9) ´ 10-8, f(HNC) ~ (0.9 – 21.8) ´ 10-

8, f(CCH) ~ (1.1 – 8.8) ´ 10-7, f(c-C3H2) ~ (0.4 – 7.9) ´ 10-8, and f(CN) ~ (0.9 – 9.9) ´ 10-7. The 

minimal fluctuation in these abundances is indicative of well-mixed gas. Similarly, the 

[HCN]/[HNC] ratio changed little across the nebula: ~ 1 to 4 (see Table 6.1 for [HCN]/[HNC] 

range, along with the range of [HCN]/[HCO+] across all positions and velocity components based 

upon the abundances presented in Schmidt & Ziurys (2017a) and Zack & Ziurys (2013)). In 

contrast, the [CN]/[HCN] and [CCH]/[c-C3H2] showed more variation: ~ 1 to 35 and ~ 5 to 80, 

respectively.   
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6.2. Correlations Between Results and Nebular Properties 

6.2.1. Relation Between Observed Molecules and C/O Ratio/Grain Composition  

 As aforementioned, the dust and molecular gas content of an evolved star should reflect 

the C/O ratio of its progenitor. Nebulae with low C/O ratios are expected to have most of their 

carbon incorporated into CO and silicates, and exhibit rotational transitions of various oxygen-

bearing molecules such as SiO and SO, while those with high C/O ratios produce polycyclic 

aromatic hydrocarbons (PAHs) and graphite and SiC grains, and shown signs of carbon-containing 

species like HCN and CCH (e.g., Allamandola et al. 1989; Zinner 1998). While C/O ratios and 

grain composition information are available for few of the twenty PNe presented in this 

dissertation, there is enough data to offer some comparisons and determine whether this 

expectation holds for the PNe in this sample. Many of the nebulae for which C/O ratios are known 

are carbon-rich; for instance, M1-7 has been observed to have a C/O ratio of 1.1 from optical and 

infrared data (Patriarchi & Perinotto 1994), while a C/O ratio of 1.9 has been derived for NGC 

2440 from optical, infrared, and ultraviolet data (Bernard-Salas et al. 2002). Direct C/O 

measurements are not available for Hb 5 or K3-17; however, Bernard-Salas & Tielens (2005) 

suggested that the nebulae were carbon-rich based on dust features in their spectra. Specifically, 

both nebulae show evidence of aromatic infrared bands (AIBs), including emission features at 3.3, 

6.2, 7.7, and 11.3 µm (Hony et al. 2002b; Bernard-Salas & Tielens 2005). A minimum C/O 

threshold of 0.6 was found for the 3.3 µm AIB emission (Roche et al. 1996), which is consistent 

with the minimum of 0.56 for the 7.7 µm feature (Cohen & Barlow 2005). Further, the 30 µm 

emission feature associated with carbon-rich evolved stars has been identified in both nebulae 

(Hony et al. 2002a). Hony et al. (2002a), based on the suggestion of Goebel & Moseley (1985) 

and the comparison between laboratory measurements and observations by several authors, 

proposed MgS as a carrier of this feature, as MgS is expected to be a condensate around such 
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objects (Lattimer et al. 1978; Lodders & Fegley 1999). Additionally, graphite features have been 

identified in Hb 5. NGC 2440 also shows signs of AIB emission, with a broad feature at 11.3 µm 

(Mata et al. 2016). M2-9, on the other hand, is suspected to be an oxygen-rich nebula, with a C/O 

ratio < 0.5 (Liu et al. 2001). Interestingly, both silicates and AIBs have been identified in the 

source, with the silicates present in an extended structure around the core and the AIBs found in 

the nebula’s lobes (Lykou et al. 2011). The authors suggested that, while the silicates were likely 

part of the ejecta from the star’s oxygen-rich phase, the AIBs probably arose from the 

photodissociation of CO.  

 The molecular species identified in these nebulae are also consistent with their C/O ratios 

and grain composition. A plethora of carbon-containing molecules, including HCN, HCO+, HNC, 

and CCH were detected in Hb 5, K3-17, and M1-7; these three sources also exhibit high 

HCN/HCO+ ratios of 1.2 – 3.1. All but CCH were detected in NGC 2440, as well. It should be 

noted that, while a high C/O ratio was measured by Bernard-Salas et al. (2002), lower values of 

0.48 to 0.99 have been estimated in recent years (Dufour et al. 2015; Henry et al. 2015, 2018). 

However, the presence of AIBs and various carbon-containing molecules such as HCN, HCO+, 

and HNC, apparent lack of detection of silicate grains, and high HCN/HCO+ ratio (4.4) argue for 

a C/O ratio greater than 1 in this nebula. Also consistent with these expectations, only HCO+ was 

observed in M2-9, with an implied HCN/HCO+ ratio of < 0.2.  

 The Helix Nebula is a difficult case. Abundances were measured using atomic emission 

lines at three different positions in both the northeast portion of the nebula as well as the southwest 

region by Henry et al. (1999), yielding an average C/O ratio of ~ 0.9. The authors argue that hot-

bottom burning may have resulted in the conversion of much 12C to 14N. Recomputed abundances 

by Henry et al. (2018) resulted in an even lower ratio of ~ 0.52. Additionally, the nebula lacks AIB 

emission features (Mata et al. 2016), though the dust likely consists mainly of amorphous carbon 
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(van de Steene et al. 2015). Van de Steene et al. (2015) suggest that the lack of AIBs in the nebula 

could result from the destruction of this carbonaceous material in the evolution toward the PN 

stage, or could simply be due to sensitivity effects. That a plethora of carbon-containing molecules, 

including CN, HCN, HCO+, CCH, and c-C3H2 have been identified at numerous positions across 

the nebula, and that the HCN/HCO+ ratio ranges from ~ 1 to as high as ~ 18 strengthens the claim 

that the nebula is in fact carbon-rich across its extent. Additionally, as discussed in Chapter 2, hot-

bottom burning generally results in reduced 12C/13C ratios; however, a 12C/13C ratio of ~ 10 was 

measured by Bachiller et al. (1997a), while ratios of ~ 15 were found toward globules by Young 

et al. (1997). Taken together, these results argue against the hot-bottom burning proposal put forth 

by Henry et al. (1999). In order to clarify this assertion, further measurements of the C/O and 

12C/13C ratios must be made at more positions across the nebula. 

6.2.2. Temporal Evolution of Planetary Nebula Abundances and Comparison with Diffuse 

Clouds 

 As aforementioned, molecules in PNe are expected to be significantly depleted over the 

course of the nebular lifespan due to the effects of the UV radiation field of the central star. In 

order to test the effects of photodissociation on a PN’s molecular content, the HCN, HCO+, HNC, 

and CCH abundances presented for the PNe in this dissertation were compared with those 

predicted by the chemical model of Redman et al. (2003). The model of Redman et al. (2003) was 

developed in order to explore which observable species could be used to distinguish between 

different models of the formation of the clumps observed in some PNe: specifically, whether these 

clumps form before the PN is fully developed, or if they form in situ in the PN stage. If the clumps 

form after the object has completely transitioned into the PN stage, the molecules would have 

already been destroyed. Alternatively, if the clumps form early enough, these compounds could 

instead be incorporated into the dense knots and thereby survive in detectable quantities. Simply, 
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the model begins with the chemistry of a carbon-rich AGB atmosphere and considers that the 

molecules are incorporated into dense clumps expanding away from the star. By the latest stages 

of the calculation, the properties of the clump and medium are similar to those observed in the 

Helix. Abundances are calculated for a variety of species in both the clump and interclump material 

at several epochs between ~2000 and ~10,000 years. Generally, the molecules were found to 

maintain higher abundances in the clumped material longer than the interclump material. Those 

with slower photodissociation rates, like benzene, survived for longer, while the abundances of 

some compounds, such as CN, which are formed through products of photodissociation, rose in 

Figure 6.2.: Abundances of HCN (red), HCO+ (blue), HNC (cyan), and CCH (green) plotted as a 
function of nebular (kinematic) age. Abundances from the twenty PNe shown in Table 6.1 

are given by circles; those from Zhang et al. (2008), Edwards & Ziurys (2013, 2014) and 
Edwards et al. (2014) are given by stars. Average abundances for the Helix positions and the 
red- and blue-shifted components of NGC 6720 and NGC 6853  (HCO+) and K3-45 and M3-28 
(CCH) are used. Typical errors are shown with error bars on the point representing the M1-7 
HCN measurement. Predictions computed with the model of Redman et al. (2003)  at three 

“snapshot” epochs (2550, 6300, and 10,050 years) are shown with triangles. 
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both the clump and interclump gas before depleting. Overall, the authors found that their results 

supported the formation of clumps at early stages of the PN evolution. 

The abundances measured in Schmidt & Ziurys (2016, 2017a,b) were compared with those 

calculated for the clumped material by Redman et al. (2003). A plot comparing these abundances 

with the modeled values is given in Figure 6.2, which also contains points representing abundances 

measured for NGC 7027, NGC 6537, M2-48, NGC 6720, and NGC 6853 from Zhang et al. (2008), 

Edwards & Ziurys (2013, 2014), and Edwards et al. (2014). While the fractional abundances given 

by Redman et al. (2003) are with respect to the total number of hydrogen atoms, they were doubled 

for the purposes of this figure in order to convert them to fractional abundances with respect to H2. 

This was deemed acceptable, as the resultant [CO]/[H2] ratios are generally comparable to those 

determined through PN observations. 

 As is readily apparent, while the abundances for HCN, HNC, and CCH predicted by 

Redman et al. (2003) are significantly depleted over the course of the nebular lifespan (by factors 

of ~107 to 104), those determined based on PN observations remain within 1 - 2 orders of 

magnitude of each other over the same time frame. The HCO+ abundances anticipated by the model 

of Redman et al. (2003) are consistently lower than those measured for the PNe in this work by at 

least 1 to 2 orders of magnitude. Additionally, all molecules show no significant correlation with 

kinematic age, with Pearson correlation coefficients of ~ 0 to -0.25 based on a non-weighted 

trendline (including abundance measurements made for NGC 7027, NGC 6720, NGC 6537, and 

NGC 6853 by Edwards et al. (2014), Edwards & Ziurys (2013, 2014), and Zhang et al. (2008)). 

While the slightly negative correlation coefficients may indicate that some of the molecular 

material is photodissociated as the nebula ages and the clumps slowly disperse, these results 

consistently indicate that the clumps in which molecules are expected to be shielded are much 

more effective at shielding incoming radiation over the course of the nebular lifespan than 



 79 

predicted by chemical models, and/or that molecular synthesis in PN environments is more active 

than previously anticipated. Therefore, molecular material can survive in detectable quantities 

until the end of the planetary nebula stage.  

 In addition to these findings, it was determined that abundances for all studied molecules 

were on the order of 1 to 2 magnitudes greater than those measured in diffuse clouds (e.g., Lucas 

& Liszt 2000; Liszt & Lucas 2001; Liszt et al. 2006; Gerin et al. 2010, 2011). Further, the average 

[HCN]/[HNC] ratio of diffuse clouds, ~ 5, is remarkably close to those found for PNe by Schmidt 

& Ziurys (2017a), ~ 1 to 8, and the (unweighted) average [CN]/[HCN] and  [CCH]/[c-C3H2] ratios 

measured across the Helix Nebula are nearly identical to those identified in diffuse clouds (7.3 

versus 6.8 for CN in the Helix compared to diffuse clouds, and ~ 29 as opposed to ~ 28 for the 

Helix and diffuse clouds, respectively; Lucas & Liszt 2000; Liszt & Lucas 2001; Gerin et al. 2011). 

Taken together, this evidence strongly argues that PNe are capable of populating diffuse clouds 

with simple molecules such as CN, HCN, HCO+, HNC, CCH, and c-C3H2. 

 6.2.3. Correlations with Central Star Temperature  

The [HCN]/[HNC] ratio was shown to remain remarkably stable over the nebular lifespan, 

to within a factor of 10. These ratios were also consistent with the values found for PPNe (~ 1; 

e.g., Cox et al. 1992). However, they are far lower than those measured in AGB stars (~ 40 - 300; 

Woods et al. 2003). As discussed in § 6.1, both HCN and HNC are produced through the 

dissociative recombination of HCNH+. While models predict that these molecules should be 

generated in equal amounts through this mechanism (Talbi 1999), HCN is overproduced with 

respect to HNC in AGB stars due to the LTE chemistry of the warm inner envelope. However, the 

[HCN]/[HNC] ratios observed in PPNe and PNe suggest that the increase in ionization in the PPN 

stage propels the formation of HNC through HCNH+, which itself can be generated through several 

ion-neutral reactions involving HCN (see Appendix B for details). This is corroborated by the 
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apparent possible link between central star temperature and the [HCN]/[HNC] ratio, as seen in 

Figure 6.3. The Pearson correlation coefficient between the central star temperature and 

HCN/HNC ratio is ~ 0.54 based on a weighted linear regression (Thirumalai et al. 2011), indicating 

a slight positive correlation between the two variables. This suggests that the increased UV flux 

which accompanies a rise in central star temperature spurs increased formation in HNC from 

HCNH+, leading to a depression in the [HCN]/[HNC] ratio. That the ratio is significantly decreased 

upon the PPN phase and stabilizes into the PN stage indicates that the increase in HNC abundance 

with respect to HCN occurs principally in the PPN phase, when the rising central star temperature 

leads to increasing ionization rates and the nebular material is closer to the central star, and freezes 

out into the planetary nebula stage. This argument is strengthened by the fact that the 

Figure 6.3.: Plot of the [HCN]/[HNC] ratio as a function of central star temperature, with 
values taken from Table 6.1 for the PNe Hb 5, K4-47, M1-7, M3-28, M3-55, M4-14, NGC 
2440, NGC 6772, and NGC 7293. The purple line represents a weighted linear regression 
exhibiting the moderate correlation between the two variables. Plot produced using the 

code presented in Thirumalai et al. (2011). 
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[HCN]/[HNC] ratio remains in a narrow range between ~ 1 to 4 at all positions across the Helix, 

suggesting that the relative abundances of these two molecules have frozen out by this stage.  

The central star temperature may also bear a correlation with CCH abundance. As 

discussed in Schmidt et al. (2017b), found in Appendix C, CCH is thought to form through the 

photodissociation of acetylene in AGB stars. Whether the CCH which has been detected in PN 

environments remains from the AGB stage, or if it is destroyed between the two stages and 

resynthesized is still a matter of debate. While the molecule could be continually generated in the 

PN stage through photodestruction of acetylene, CCH may also form as a product of C60 

fragmentation. As mentioned in the introduction to this chapter, one of the motivating factors for 

the CCH survey was to analyze whether the presence of CCH could be correlated with that of C60. 

However, CCH was detected in neither of the fullerene-containing PNe, M1-12 and M1-20, 

observed in this work, suggesting an anticorrelation between the presence of the two molecules, 

though this is certainly in the realm of small-number statistics. Interestingly, though, all C60-

containing PNe exhibit low central star temperatures, between ~ 30,000 to 45,000 K (García- 

Hernández et al. 2012), while all of the PNe in which CCH was detected possess central star 

temperatures between ~ 72,000 to 140,000 K. This suggests that an increase in central star 

temperature could lead to the photodestruction of C60, thereby releasing C2 molecules which could 

react with ambient hydrogen to form CCH. A high stellar temperature would be necessary in order 

to overcome the high activation energy barrier for the ejection of C2 from C60 (e.g., Zettergren et 

al. 2010; Micelotta et al. 2012). This hypothesis is supported by the moderate correlation (Pearson 

correlation coefficient ~ 0.52 based on weighted linear regression; Thirumalai et al. 2011) between 

stellar temperature and CCH abundance, as shown in Figure 6.4. 
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 CCH could also be a byproduct of the degradation of HACs, together with c-C3H2. The 

common origin of these molecules is bolstered by the presence of these two molecules at all 

observed positions in the Helix, displaying similar velocity structure at each location. Both 

molecules also share a link with acetylene; as mentioned earlier, CCH may form through the 

photodestruction of this molecules, while c-C3H2 can be generated through the reaction of C+ with 

acetylene and related hydrocarbons (Fuente et al. 2003).  

6.2.4. Variations in Abundances and Ratios Across the Helix 

 As previously discussed, CN, HCN, HNC, CCH, and c-C3H2 were detected toward all eight 

positions observed in the Helix, with largely the same velocity structure as detected toward those 

same positions by Zack & Ziurys (2013) in CO, HCO+, and H2CO. Given that later observations 

of HCO+ by Zeigler et al. (2013) showed this molecule to be widespread across the nebula, these 

Figure 6.4.: Plot of CCH abundance as a function of central star temperature, with values 
from Schmidt & Ziurys (2017b) for the PNe Hb 5, K4-47, M1-7, M3-28 (average of red- and 

blue-shifted components), M3-55, M4-14, and NGC 7293. The purple line represents a 
weighted linear regression showing the moderate correlation between the two variables. 

Plot produced using the code presented in Thirumalai et al. (2011).  
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eight positions appear to be representative of the nebula as a whole, and it is thus likely that all 

molecules included in this work are present throughout the source. Further, the abundances 

measured for these species appear to be within about an order of magnitude or less across the 

extent of the nebula. In addition to indicating that this gas is well-mixed, this strongly suggests, as 

argued in § 6.2.2, that these molecules are strongly shielded within the knots such that the 

abundances are not significantly degraded over time by the central star’s UV flux. 

 The coincident distributions of these molecules also say something about the manner in 

which they are synthesized. As considered in § 6.2.3, that CCH and c-C3H2 are found at the same 

positions across the nebula signals that a common origin for these species is possible. This also 

appears to be the case for CN and HCN. CN is expected to form through the photodissociation of 

HCN (e.g., Nejad & Millar 1987), as evidenced by the [CN]/[HCN] ratio, which increases from ~ 

0.5 in AGB stars to ~ 2 – 12 in PNe (Bachiller et al. 1997a,b; Edwards & Ziurys 2013). However, 

while the [CN]/[HCN] ratio at most positions is ~ 1 to 10, the ratios are quite a bit higher (~ 20 to 

30) at two positions, (-240¢¢, -100¢¢) and (-15¢¢, 270¢¢). In contrast, as mentioned in § 6.1 and § 

6.2.3, the [HCN]/[HNC] ratio stays within a very narrow range (~ 1 to 4) across this same extent, 

implying that, while HCN and HNC share a common precursor, CN could be produced through 

other means besides the photodissociation of HCN.  
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a) Schmidt & Ziurys (2016), b) Schmidt & Ziurys (2017a), c) Schmidt & Ziurys (2017b), d) 
Schmidt et al. (2018a), e) Zack & Ziurys (2013), f) Zhang et al. (2000), g) Schmidt & Ziurys 
(submitted), h) López et al. (2012), i) Bernard-Salas & Tielens (2005), j) Pottasch & Bernard-Salas 
(2010), k) Hony et al. (2002a), l) Casassus et al. (2001), m) based on the distance from Phillips 
(2004), n) based on the distance from Giammanco et al. (2011), o) Dobrinčić et al. (2008), p) 
Corradi et al. (2000), q) Schmidt et al. (2018b), r) Gonçalves et al. (2004), s) Patriarchi & Perinotto 
(1994), t) Preite-Martinez et al. (1991), u) Otsuka et al. (2014), v) Zhang & Kwok (1990), w) 
Gesicki & Zijlstra (2007), x) Delgado-Inglada & Rodríguez (2014), y) Corradi et al. (2011), z) Liu 
et al. (2001), aa) Preite-Martinez et al. (1989), ab) Lykou et al. (2011), ac) Castro-Carrizo et al. 
(2002), ad) based on the distance from Stanghellini et al. (2008), ae) based on the distance from 
Escudero et al. (2004), af) Frew (2008), ag) Bernard-Salas et al. (2002), ah) Mata et al. (2016), ai) 
Ali et al. (2012), aj) Jacoby & Kaler (1989), ak) Palla et al. (2000), al) Meaburn et al. (2008), am) 
Henry et al. (2018), an) van de Steene et al. (2015), ao) Gesicki et al. (2014), ap) Rauch & Werner 
(1995) 
 
* Only includes CO, HCN, HCO+, HNC, and CCH. 
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CHAPTER 7: THE REMARKABLE PLANETARY NEBULA K4-47 
 

 One of the most fascinating sources examined in the molecular surveys detailed in Chapter 

6 is the PN K4-47. At first glance, K4-47 appears to be a rather unassuming source. The few 

images of the object which exist reveal a small (< 10¢¢), extremely collimated, bipolar structure, 

with a hot central region traced by [OIII], [NII], and Ha, lobes visible in [NII], [SII], and Ha, and 

H2 distributed throughout the nebula (Corradi et al. 2000; Akras et al. 2017). Until quite recently, 

little information was available in the literature concerning K4-47. The first noted detection of this 

source was in Kohoutek (1969), wherein it was listed as a “possible planetary nebula” based on 

the spectral Schmidt-camera survey of PNe. Later, it was detected at 6 cm using the Effelsberg 

Telescope by Mross et al. (1981), and, from a subsequent 6 cm radio continuum survey by Aaquist 

& Kwok (1990), K4-47 was found to possess a compact radio core with one of the largest 

brightness temperatures measured in PNe (Tb = 8700 K). 

 The highly collimated structure of the PN was later revealed through narrowband imaging 

in [OIII], [NII], [SII], and Ha by Corradi et al. (2000). The authors speculated that the low-

ionization blobs, which are connected to the high-ionization nebular core by a low-ionization lane 

(Gonçalves et al. 2004), could result from the tips of the jets interacting with the ambient medium; 

indeed, the blobs do show evidence of strong shocks. Based on the broad line profiles of [NII] and 

an estimated inclination of the outflow with respect to the line of sight of ~65-70°, these knots are 

thought to have velocities of ~ 100 to 150 km s-1. Gonçalves et al. (2004), from analysis of long-

slit medium-resolution spectra of the knots and core, strengthen the argument that K4-47’s knots 

are mainly shock-excited, though they claim that these knots are moving with velocities of ~ 250 

to 300 km s-1, about twice that estimated by Corradi et al. (2000). Analysis of the core suggests 

large He and N abundances (He/H ~ 0.14 and N/H ~ 3.7 ´ 10-4 from Gonçalves et al. 2004, 

compared to He/H ~ 0.07 – 0.17 and N/H ~ 8.4 ´ 10-6 – 1.5 ´ 10-3, assuming N/H = (N/O)´(O/H), 
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from 35 Galactic PNe observed by Henry et al. 2018), and extreme oxygen deficiency (O/H ~ 7.4 

´ 10-5 from Gonçalves et al. 2004, compared to ~1.5 to 5.7 ´ 10-4 from Henry et al. 2018). Further, 

molecular emission in the form of H2 was announced by Lumsden et al. (2001). Interestingly, they 

found that these lines are likely shock-excited, unlike most PNe, in which H2 emission is excited 

by fluorescence. Later, the deepest high-angular resolution H2 (1-0) S(1) at 2.122 microns, H2 (2-

1) S(1) at 2.248 microns, and Brg images of K4-47 were obtained using the Near Infrared Imager 

and Spectrometer of Gemini North by Akras et al. (2017), revealing H2 emission from its low-

ionization knots. The authors argued that the H2 (1-0) S(1)/(2-1) S(1) line ratio suggests the 

presence of shock interactions. 

 A wide range of distances has been computed for K4-47 through various statistical 

methods. Van de Steene & Zijlstra (1994) found an upper-limit distance of ~ 26 kpc based on the 

correlation between radio-continuum brightness temperature and radius, similar to those reported 

by Zhang (1995; 20.42 kpc) and Phillips (2004; 22.46 kpc using its 5 GHz luminosity and 

brightness temperature). Other published values are far lower. Tajitsu & Tamura (1998) used 

integrated IRAS fluxes to compute a distance of 5.9 kpc, while Corradi et al. (2000) estimated a 

distance between 3 to 7 kpc based on the assumption that the nebula joins in the general rotation 

about the Galactic center and assuming that distances larger than 7 kpc are unlikely, as K4-47 is 

located near the direction of the Galactic anticenter, meaning that larger distances would place it 

in the extreme outer regions of the Galaxy. From their distance estimate, the knots were projected 

to have been ejected ~ 400 to 900 years ago. It should be cautioned, however, that the distance 

estimates of Corradi et al. (2000) are “rough limits”, and a constant velocity was assumed to 

estimate the source age, without consideration of possible acceleration of the knots.  

 Aside from CO and H2, the first molecular studies of K4-47 were by Edwards et al. (2014), 

who reported the detection of CO, HCO+, and CS. Four transitions of CO were presented (J = 1 ® 
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0, J = 2 ® 1, J = 3 ® 2, and J = 6 ® 5), along with two transitions of HCO+ (J = 1 ® 0, J = 3 ® 

2), and three of CS (J = 2 ® 1, J = 3 ® 2, J = 5 ® 4). Several of the line profiles showed a plateau-

like feature (DV1/2 ~ 60 km s-1) in addition to a main central feature (DV1/2 ~ 20 km s-1), including 

the J = 6 ® 5, and, less prominently, the J = 3 ® 2 and J = 2 ® 1 transitions of CO, as well as the 

J = 3 ® 2 transition of HCO+. Others showed only the main central feature. Edwards et al. (2014) 

suggested that these broad features may trace the high-velocity knots which Corradi et al. (2000) 

argued were evidence of shock acceleration. The line width at zero power was observed to be ~ 90 

km/s, which Edwards et al. (2014) argued is consistent with the broad [N II] line profiles of the 

two high-velocity knots, given the source’s inclination.  

 Later, HCN (J = 1 ® 0, J = 3 ® 2), HNC (J = 1 ® 0, J = 3 ® 2), and CCH (N = 3 ® 2) 

emission was announced by Schmidt et al. (2016, 2017a,b), as discussed in Chapter 6 (see 

Appendices A, B and C). The plateau feature highlighted by Edwards et al. (2014) was also seen 

in the HCN J = 3 ® 2 spectrum, implying that this emission, too, may arise from the outflow 

associated with the object’s jets. Similarly, the HNC J = 3 ® 2 line appears to be a bit broader 

than the J = 1 ® 0 transition, suggesting that it might be a blend of the central and plateau 

components as well.  

The extreme carbon-rich nature indicated by its HCN, HNC, and CCH abundances spurred 

further molecular study of K4-47 in order to gain insight into the nebula’s molecular content as 

well as its nucleosynthetic history. This work began with observations of several 13C-containing 

species using the ARO 12-m Telescope and SMT in beam-switching mode with the 1 MHz 

resolution filterbank as the primary spectrometer, including the J = 1 ® 0 and J = 3 ® 2 transitions 

of H13CN and HN13C, and the N = 2 ® 1 transition of 13CN. A RADEX analysis was performed 

on these data in order to ascertain abundances and, consequently, isotopic ratios. As LAMDA does 
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not possess entries for H13CN and HN13C, CDMS was utilized to obtain energy level and transition 

information, while collision rates were based off of those of HCN and HNC, respectively. 

Assuming a source-filling factor from the H2 image of Akras et al. (2017), this analysis indicated 

very low 12C/13C ratios, close to the equilibrium value from CN-cycling. Subsequent observations 

of K4-47 using the IRAM 30-m telescope corroborated these findings. In total, ~44 GHz in the 2 

mm range was covered in wobbler-switching mode, between ~ 125 - 162 GHz and ~ 170 - 178 

GHz, using the Eight MIxer Receiver (EMIR) in conjunction with the Fourier transform 

spectrometer (FTS) configured with 200 kHz resolution and the 2 MHz resolution WILMA 

autocorrelator. Numerous molecules were identified from these observations, including many 

which had never before been observed in a PN, such as CH3CN, CH3CCH, and H2CNH, as well 

as several which had only previously been detected in a handful of other nebulae, including H2CO, 

N2H+, and HC3N. Additionally, many 13C-bearing species were observed: 13CS, H13CO+, C13CH, 

H213CO, CH313CN, 13CH3CN, CH313CCH, 13CH3CCH, c-13CCCH2, c-CC13CH2, and all singly- and 

doubly-substituted species of HC3N (H13CCCN, HC13CCN, HCC13CN, HC13C13CN, H13CC13CN, 

H13C13CCN), the only known source in which all six variants have been detected. RADEX analysis 

was performed on these data in order to assess molecular abundances and isotopic ratios. Not all 

molecules had entries in the LAMDA database, including all of the 13C-bearing species as well as 

H2CNH and CH3CCH. Energy level and transition information for all molecules was obtained 

from CDMS. If collision rate information for a given species was not available, it was scaled from 

collision rates of a comparable molecule. The reaction rate coefficient for a gas-phase reaction, 

which quantifies the rate of that reaction, is given by:  

𝑘(𝑇) = 𝑁�𝜎��ä
8𝑘�𝑇
𝜋𝜇��

𝜌𝑒Â
I�È
�� Ã (7.1) 
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where NA is the Avogadro constant, sAB is the reaction cross section, kB is Boltzmann’s constant, T 

is temperature, µAB is the reduced mass of the reactants, r is the steric factor (the ratio between the 

predicted value of the rate constant and the experimental value), Ea is the reaction’s activation 

energy, and R is the gas constant. Due to the reaction rate coefficient’s dependence on the reduced 

mass, collision rates for one set of reactants may be estimated from another by scaling by the 

reduced mass.  The collision rates of H2CNH were based off of those of HNCO, as both are near-

prolate asymmetric tops with comparable dipole moments, while the collision rates of CH3CCH 

were calculated from those of CH3CN, as the species are both prolate symmetric tops with similar 

molecular weights. The main isotopologues of the 13C-containing molecules were used to estimate 

their collision rates.  This analysis yielded 12C/13C ratios in a narrow range of ~ 1 to 6. The 

consistency in the 12C/13C ratio across all species strongly argues against fractionation, and instead 

hints at a nucleosynthetic origin. More intriguing were the concurrent observations of the HC15N 

J = 1 ® 0 and J = 3 ® 2 and C17O J = 1 ® 0 and J = 2 ® 1 transitions using the ARO 12-m 

Telescope and SMT in beam-switching mode with the 1 MHz filterbank as the primary backend. 

RADEX analysis of these data, using CDMS for energy level and transition information and HCN 

and CO as proxies for collision rates, resulted in 14N/15N and 16O/17O ratios of 13.6 ± 6.5 and 21.4 

± 10.3, respectively, far lower than the solar values of 435 ± 57 and 2,632 ± 7, and, indeed, the 

lowest values of these ratios yet found in interstellar gas.  While the J = 2 ® 1 transition of C18O 

was searched for down to an rms noise level of ~ 3 mK, the line was not detected, yielding a lower 

limit to the 16O/18O ratio of ~ 95 (note: the solar system value of this ratio adopted by Asplund et 

al. (2009) is ~499). 

Overall, 38 molecules, counting isotopologues, have been detected in K4-47 to date, with 

the vast majority of them being carbon-bearing species. K4-47 is perhaps the most chemically 

complex PN known to date. Though a few more molecules have been detected in NGC 7027, these 
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are simple hydrides such as CH and CH+. While the C/O ratio in this source is not currently known, 

these observations strongly suggest that K4-47 possessed a carbon-rich progenitor. Taken in 

conjunction with the strikingly low 12C/13C, 14N/15N, and 16O/17O ratios, these findings provide 

striking insight into K4-47’s past and the role it plays in the cosmic cycle of dust and gas. Based 

on these results, the following subsections will explore K4-47’s nucleosynthetic history, 

comparisons to other objects displaying similarly low 13C, 15N, and 17O ratios, and the possible 

connection between this peculiar source and protostellar disks. Additional details on this work are 

provided in Appendices E and F.  

7.1. A Window into K4-47’s Nucleosynthetic History  

 K4-47’s suspected carbon-rich nature as well as its near-equilibrium 12C/13C ratio are 

hallmarks of J-type stars, a subset of carbon-rich AGB stars which make up ~ 15% of carbon stars 

(Abia & Isern 2000). Additionally, these stars show evidence of subsolar 16O/17O ratios (~ 300 - 

900; Abia et al. 2017; Harris et al. 1987), as well as 14N/15N ratios (~ 153 - 282 for J-stars Y CVn 

and RY Dra; Schmidt et al. 2018b). Taken in conjunction, these associations suggest that such a 

star may have been K4-47’s progenitor. However, explaining the nucleosynthetic origins of such 

low ratios is difficult, and no model of J-type stars has yet been able to adequately reconcile these 

properties, as the production of 12C in the AGB stage also leads to an increase in the 12C/13C ratio. 

As discussed in Chapter 2, it is possible to produce stars with low 12C/13C ratios through hot-

bottom burning; however, this process also lowers the C/O ratio, thereby resulting in oxygen-rich 

stars.  

 One way to reconcile this problem would be through the injection of hot (T » 108 K) 12C 

into the hydrogen envelope, initiating hot proton addition: 

𝐶6#& (𝑝, 𝛾) 𝑁8#9 (𝑒*𝜈) 𝐶6#9 (7.2)		

The same process would also produce high quantities of 15N and 17O through similar reactions: 
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𝑁8#' (𝑝, 𝛾) 𝑂<#= (𝑒*𝜈) 𝑁8#= (7.3) 

𝑂<#6 (𝑝, 𝛾) 𝐹C#8 (𝑒*𝜈) 𝑂<#8 (7.4) 

,	thereby resulting in significantly subsolar 14N/15N and 16O/17O. The intermediate nuclei involved 

in these reactions would need to be rapidly removed from the region in which this proton addition 

is occurring in order to prevent additional hot CNO reactions from taking place, such as: 

𝑁8#9 (𝑝, 𝛾) 𝑂<#' (𝑒*𝜈) 𝑁8#' . (7.5) 

 One way in which this could be accomplished is through an explosive helium shell flash in 

a J-type star. In such a scenario, helium is fused into 12C, and subsequently injected into the 

hydrogen-burning shell, wherein it reacts with protons to form 13C through the reaction shown in 

(7.2). In the process, the temperature is elevated, and 15N and 17O may be created through processes 

(7.3) and (7.4). The material is then ejected from the hydrogen-burning shell before the beta-decay 

processes can take place, thereby preventing additional reactions such as (7.5) from taking place. 

The intensity of this explosive process could hypothetically explain the differing degrees in 

enhancement of 13C, 15N, and 17O. Less energetic events could lead to ordinary J-type stars such 

as Y CVn and RY Dra, whereas a more energetic flash could lead to a higher production of 13C, 

15N, and 17O, resulting in the extreme ratios observed in K4-47. Further, in less explosive events, 

the material could mix into the stellar envelope, whereas in cases like K4-47, the material could 

be violently ejected from the star, thereby generating the extreme bipolar outflows observed in the 

source.  

Interestingly, an analogous phenomenon has also been proposed for the carbon-rich 

protoplanetary nebula CRL 618 in an effort to explain the low 12C/13C and 14N/15N ratios (~ 10 and 

~ 150, respectively) measured in its dense core (Lee et al. 2013). Specifically, the process involves 

a hot CNO cycle in a nova-like explosion, which, similarly to K4-47, could trigger the bullet-like 

ejections observed in the PPN (Lee et al. 2013; Huang et al. 2016). Novae result from the transfer 
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of material from a low-mass stellar companion, which could be on the main sequence or giant 

branch, onto a white dwarf. The dense, hydrogen atmosphere accreted onto the white dwarf heats 

up until runaway nuclear fusion is triggered. For this reason, Huang et al. (2016) argue that such 

the scenario described above would require a binary system with a secondary white dwarf, though 

the helium flash scenario proposed for K4-47 would not. Indeed, a binary origin for K4-47 has 

been a matter of some debate in the literature. For instance, Corradi et al. (2000) have argued that 

K4-47 may be the result of mass loss due to interacting binary systems, as the accretion disks 

which form in such scenarios can produce highly collimated outflows like those observed in K4-

47. Further, it has been claimed that binary systems may be necessary in order to generate bipolar 

PNe, as creating bipolar outflows from single stars is difficult for stellar models to accomplish (De 

Marco 2009). Alternatively, then, K4-47 may result from a binary interaction, particularly through 

a ‘common envelope’ scheme. In such a phenomenon, an RGB or AGB star undergoing mass loss 

donates mass to its companion too quickly for the mass to be accreted, leading the companion to 

expand and fill its Roche lobe and the two stars to be surrounded by the primary’s envelope (De 

Marco 2009). Through energy and angular momentum transfer from the companion to the primary, 

the envelope can be ejected, resulting in a close binary system which could generate elliptical or 

bipolar PNe (De Marco 2009). The interaction may also not lead to the ejection of the envelope; 

instead, the companion will merge with the core of the primary. It can be tidally shredded as it 

nears the primary, creating a disk from which jets may be ejected (De Marco 2009). Such an 

interaction, particularly the latter, could explain the extreme morphology observed in K4-47. 

The evolutionary connection between CRL 618 and K4-47 suggested by their similarly 

high abundances of 13C and 15N and the similar origins proposed for such abundances is 

strengthened by the many other characteristics that are mutual between the two objects. For one, 

both nebulae share many of the same molecules, from relatively common species like HC3N, SiO, 
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and H2CO (Bachiller et al. 1997a; Sánchez-Contreras et al. 2004), to much rarer compounds, such 

as H13CCCN, HC13CCN, HCC13CN, H13C13CCN, HC13C13CN, and CH3CN (Pardo et al. 2007; 

Lee et al. 2013). Further, both objects possess collimated bipolar morphologies. Many of the 

molecules detected in CRL 618 and K4-47 have also been detected in the carbon star IRC+10216, 

including HC3N, SiO, c-13CCCH2, H13CCCN, HC13CCN, HCC13CN, H13C13CCN, CH3CN, 

CH313CN, and H2CNH (Bieging et al. 2000; Woods et al. 2003; Cernicharo et al. 2004; He et al. 

2008; Patel et al. 2011), implying that the three objects may be linked through an evolutionary 

sequence. However, the 12C/13C, 14N/15N, and 16O/17O ratios in IRC+10216 are unlike as those 

measured for K4-47 and CRL 618, (~ 25-50, ~ 1800-3600, and ~ 967, respectively; He et al. 2008; 

Milam et al. 2009). Instead, IRC+10216 appears to reflect AGB nucleosynthesis, with its 12C/13C 

ratio, much higher than the CNO cycle equilibrium value, reflective of the conversion of He to 12C 

through the triple-alpha process, and the depressed 16O/17O and large 14N/15N ratio indicative of 

the CNO cycle, which induces enrichment in 17O and dilution of the 15N abundance by 14N.  

K4-47 also bears striking similarities to the enigmatic object CK Vul: both exhibit bipolar 

outflows, a hot, ionizing central source (T > 50,000 K), and exceedingly low 12C/13C and 14N/15N 

ratios (3.8 ± 1.0 and 20 ± 10, respectively in CK Vul; Kamiński et al. 2017). The origins of this 

source are as yet unknown; it has been considered a classical nova, though observed characteristics 

appear to differ from what is expected from classical novae, a very late thermal pulse, or the result 

of a binary interaction (Hajduk et al. 2007). Currently, a merger scenario seems most likely for 

this source.  

7.2. A Connection to Presolar Grains 

 These observations in K4-47 also provide direct connections to the presolar grains obtained 

from our Solar System. Presolar grains are solid material generated in the atmospheres of dying 

stars and subsequently incorporated into the molecular cloud from which our Solar System was 
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formed. Some small fraction of these grains was able to avoid destruction through gravitational 

heating during the collapse of this molecular cloud and later became incorporated into meteorites 

and preserved. These grains range widely in size, from nm- to µm-scale, and contain a variety of 

minerals, including diamond, SiC, and graphite, corundum, spinel, and silicates. They can be 

identified from anomalies in isotopic composition in the meteoritic material which cannot be 

readily explained by mass-fractionation or radioactive decay and non-solar proportions of trace 

elements, and which provide insight into the nucleosynthetic processes undertaken in the 

environments in which they have formed (Lodders & Amari 2005; Zinner 2014). 

SiC grains are the most well-studied type of presolar grain and are categorized based on 

their C, N, and Si isotopic compositions into the subtypes “mainstream”, “X”, “Y”, “Z”, “A+B”, 

and “nova”.  The A+B subcategory is thought to arise from more than one type of stellar source 

due to its spread in 14N/15N ratio (~ 40 to 104; Lodders & Amari 2005), though their 12C/13C ratios 

are uniformly less than 10 (Lodders & Amari 2005). Further, these grains show different trace 

element concentrations: near-solar abundances of s-process elements or abundance patterns 

necessitating enhancement of these elements (Lodders & Amari 2005). J-type stars are a good 

candidate for sources of some of these grains, as these stars exhibit 12C/13C ratios close to the CNO-

cycle equilibrium value, and lack s-process enhancements (Harris et al. 1987; Abia et al. 2017).  

Another subtype of SiC grain, the nova grain, demonstrates low 12C/13C ratios (< 10), as 

well as extremely low 14N/15N ratios (< 20; Lodders & Amari 2005). As its name suggests, these 

grains were thought to have condensed in the ejecta of novae based on predictions of isotopic 

composition from nova models (Amari et al. 2001). Classical novae are categorized based upon 

whether the white dwarf is a remnant CO core (the case for stars of less than ~ 8 solar masses) or 

ONe white dwarfs (resulting from more massive AGB stars), as briefly discussed in Chapter 2. 

Significant quantities of 13C and 15N can be produced in both CO and ONe novae (José & Hernanz 
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2007). However, the isotopic compositions measured in nova grains are not nearly as extreme as 

those predicted by nova models, historically necessitating mixing of solar material into the nova 

ejecta in order to reproduce the observed abundances (e.g., Amari et al. 2001). Recently, Iliadis et 

al. (2018) argued that issues with these previous works resulted from the small number of 

simulations run and, as a result, a limited exploration of nova parameter space. By implementing 

a new strategy wherein a Monte Carlo approach is used to randomly sample nova parameters, the 

authors were able to identify 18 grains consistent with a CO nova origin without involving dilution 

of the ejecta.  However, as Iliadis et al. (2018) point out, the absolute probability of these grains 

having originated in CO nova ejecta cannot be determined until similar analysis is performed on 

competing scenarios. Another issue with the nova interpretation, as expounded upon by Liu et al. 

(2016), is that, though it is predicted that SiC grains can condense out in the inner envelope of 

ONe novae, in which near-solar abundance material is mixed (José et al. 2004), this material is 

also oxygen rich, lowering the likelihood that such condensation can take place during nova 

outbursts. Additionally, Liu et al. (2016) argue that, while CO novae are more abundant as well as 

more efficient dust-producers (e.g., Gehrz et al. 1986; Mason et al. 1996), their Si isotopic data 

indicate that most nova grains arise from ONe novae (Amari et al. 2001).  

The difficulty in reconciling nova models with the ratios found in nova grains has led 

researchers to seek alternate sources for this dust, such as supernovae (e.g., Liu et al. 2016). The 

findings from K4-47 and CK Vul suggest that similar objects could provide an alternate source for 

this dust, given that, as seen on the plot of 14N/15N versus 12C/13C in Figure 7.1., adapted from 

Figure 3 of Schmidt et al. (2018b; see Appendix E), both objects are found squarely among the 

putative nova grains. Indeed, the 16O/17O ratio measured for K4-47 is consistent with the most 

extreme silicate and oxide grains with suspected nova origins, which exhibit ratios as low as ~ 23 

(Iliadis et al. 2018). These grains also demonstrate solar to super-solar 16O/18O ratios (~ 457 to 
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2000; Iliadis et al. 2018). The non-detection of C18O in K4-47 suggests a lower limit to the 16O/18O 

ratio of ~95, though further observation is necessary in order to improve this estimate. Moreover, 

it is interesting to note that nova grains are located directly beneath A+B grains on the Lodders & 

Amari (2005) plot. If objects like K4-47 descend from J-type progenitors, as suggested in § 7.1 

and Appendix E, nova grains, rather than being an entirely separate class of SiC grain, could 

instead be an extension of the A+B grains, representing an extreme form of this subtype. Indeed, 

CRL 618 is found amongst the A+B type grains when plotted on Figure 6 of Lodders & Amari 

(2005) with K4-47 and CK Vul (see Figure 7.1). The implications of these possible associations 

clearly warrant further exploration.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.1: Plot of 14N/15N versus 12C/13C in SiC grains, K4-47, CK 
Vul, and CRL 618, adapted from Figure 3 of Schmidt et al. (2018b); 
see Appendix E. Data for K4-47, CK Vul, and CRL 618 are shown 

with red stars, while data for two J-type stars, Y CVn and RY Dra are 
shown with circles.   
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CHAPTER 8: PHOSPHORUS CHEMISTRY IN EVOLVED STARS 

 Exploration of the molecular composition of AGB and supergiant stars is vital, given that 

almost 80% of the matter by mass in the interstellar medium has been processed by evolved stars 

(Jørgensen 1994). As discussed in Chapters 6 and 7, analysis of molecular abundances and isotopic 

ratios provides a window into the nucleosynthetic histories of these objects and their complex 

kinematics. Such studies can also offer insight into the forms which various elements take – for 

instance, in which molecules these elements are harbored in the gas-phase, whether their gas-phase 

abundances are depleted by grain condensation, and what role shock chemistry plays in this 

process.   

 One such element is phosphorus. Phosphorus is among the top twenty most abundant 

elements in the Universe (P/H ~ 2.8 ´ 10-7; Grevesse & Sauval 1998). It is a particularly important 

atomic species in biochemistry, as it is an integral part of numerous biomolecules like DNA, RNA, 

and ATP, and, as a result, plays a vital role in replication, metabolism, and structure (Pasek & 

Lauretta 2005). It is thought to be largely produced in O- and Ne-shell burning in massive stars, 

wherein 31P is created through neutron capture onto 29Si and 30Si and is subsequently ejected into 

the surrounding interstellar medium through supernovae (Arnett 1996). It may later be 

incorporated into iron meteorites, which are suspected to be an important source of the phosphorus 

needed for the development of life on Earth through impacts (e.g., Pasek & Lauretta 2005). 

However, studies of the production of this species have been limited by the difficulty in observing 

it in its elemental form, as there are no P I absorption lines in the optical spectra of F, G, and K 

stars, and P features in the near-IR are extremely weak in low metallicity stars (e.g., Caffau et al. 

2011; Jacobsen et al. 2014).  

Molecular line observations offer an alternative path to studying the abundance of this 

element and the forms which it takes in circumstellar environments. Given the highly refractory 
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nature of phosphorus resulting from its high condensation temperature (~ 1150 K; e.g., Savage & 

Sembach 1996), however, it was believed that much of the phosphorus present in circumstellar 

shells should be condensed out into schreibersite grains, (Fe, Ni)3P (e.g., Lodders & Fegley 1999). 

Additionally, the lower cosmic abundance of phosphorus and relative weakness of chemical bonds 

formed compared to elements like carbon, nitrogen, and oxygen suggested that fewer phosphorus-

bearing species were expected to be found in the gas phase (Agúndez et al. 2006). Despite this, no 

depletion of phosphorus has been detected in the diffuse interstellar medium, indicating that a large 

quantity of phosphorus may be found in the gas phase in such environments (Lebouteiller et al. 

2005). Additionally, though schreibersite is common in iron meteorites, it has not yet been detected 

in presolar grains, which originate in the envelopes of evolved stars (Lodders & Amari 2005; 

McSween & Huss 2010). Further, a number of phosphorus-containing molecules have been 

detected in several AGB and supergiant stars, such as PN, CP, CCP, HCP, and PH3 in IRC+10216 

(Agúndez et al. 2007, 2008, 2014; Halfen et al. 2008; Milam et al. 2008; Tenenbaum & Ziurys 

2008), HCP and PN in CRL 2688 (Milam et al. 2008), and PN and PO in VY CMa (Tenenbaum 

et al. 2007). The latter marks the first observation of a P-O bond in space, which is particularly 

notable, as it is an important moiety in biochemical compounds (Tenenbaum et al. 2007).  

These observations showed that phosphorus chemistry in circumstellar envelopes was 

more complex than previously expected, and as a result, prompted further study of phosphorus 

chemistry in circumstellar gas. To do so, D. Wooldridge and J. Bernal of the Ziurys group 

undertook observations of PN (1S) and PO (2Pr) in five O-rich evolved stars: the AGB stars IK 

Tau, R Cas, and TX Cam, and two red supergiants, NML Cyg and VY CMa. Details on these stars, 

including their stellar radii, surface temperatures, distances, and mass-loss rates can be found in 

Table 1 of Appendix G. In addition to VY CMa, PN and PO had previously been detected in IK 

Tau by De Beck et al. (2013); using the IRAM 30-m Telescope, the authors identified the J = 2 ® 
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1 and J = 3 ® 2 lines of PN and the W = ½, J = 7/2 ® 5/2 lambda doublets of PO. However, 

neither molecule had been formerly detected in any of the other three stars included in this work. 

The SMT was used to observe the J = 5 ® 4 and J = 6 ® 5 transitions of PN at ~ 235 GHz and ~ 

282 GHz, respectively, and the W = ½, J = 11/2 ® 9/2 and W = ½, J = 13/2 ® 11/2 transitions of 

PO at ~ 240 GHz and ~ 284 GHz, respectively. More information on these observations, including 

beam efficiencies and sizes, can be found in Appendix G, and a portion of the energy level diagram 

for PO is shown in Figure 8.1.  

Each transition of both molecules was detected in all five sources. Using this data, a 

radiative transfer analysis using ESCAPADE, as described in §5.2. The energy level file 

containing the energies and degeneracies of these states, and the files containing frequencies and 
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Figure 8.1: Portion of the energy level diagram for PO (X2Pr), W = ½. 
Allowed transitions between these energy levels are shown, with those 

observed given in blue. Lambda doublets and hyperfine structure are drawn to 
scale. The separation between the J levels is ~240 GHz.  
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Einstein A coefficients for the pure rotational and rovibrational transitions were constructed using 

the line list and labelled rovibrational states of Yorke et al. (2014). Collision rates between PN and 

H2 were not yet available; instead, they were scaled from the PN-He rates of Toboła et al. (2007).  

The energy levels for the ground vibrational state of PO, as well as the frequencies and 

Einstein A coefficients of the pure rotational transitions in the ground state were obtained from 

CDMS. The Einstein A coefficients for the pure rotational transitions of the first vibrational state 

were scaled from those in the ground vibrational state. Specifically, Einstein A coefficients for 

pure rotational transitions from state j to state i are expressed by the following equation:  

𝐴¶µ =
6'çè�éê

9°

ëìÓ
�

�ì
, (8.1)

where 𝜈í is the frequency in wavenumbers, gj is the upper state degeneracy, and µji is the dipole 

moment matrix element. The intensity of a particular transition is proportional to µji2. As they are 

proportional to 𝜈í9, scaling the Einstein A coefficients for the v = 0 rotational transitions by �éîï�
ê

�éîï§ê  

for equivalent (same non-vibrational quantum numbers for upper and lower states) v = 1 transitions 

allows the Einstein A coefficients for these v = 1 transitions to be estimated.  

 At the time that the fittings were performed, no Einstein A coefficients for the rovibrational 

transitions from v = 1 to v = 0 were available, meaning they had to be estimated based on known 

variables. The equation for the Einstein A coefficients of rovibrational transitions is similar to that 

of equation (8.1), though vibration must be accounted for in the transition dipole moment. 

Specifically, it is written as: 

𝐴¶µ =
64𝜋'𝜈í9

3ℎ
𝑆\¨¨
∆\

𝑔¶
𝜇µ¶,�µU& , (8.2) 

where the dipole moment matrix element is separated out into the vibrational transition dipole, µji, 

vib (the dipole moment derivative) and the rotational line strength, 𝑆\¨¨
∆\, also known as the Hönl-
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London factor, where J¢¢ refers to the J quantum number of the lower state. How the Hönl-London 

factor is expressed depends upon whether the rovibrational transition is of the P branch, where DJ 

= -1, Q branch, where DJ = 0, or R branch, where DJ = +1. Specifically, these factors are given by 

(Bernath 2005):  

𝑆\««
� =

(𝐽¨¨ + 1 + Λ)(𝐽¨¨ + 1 − Λ)
𝐽¨¨ + 1

(8.3) 

𝑆\««
ð =

(2𝐽¨¨ + 1)Λ&

𝐽¨¨(𝐽¨¨ + 1)
(8.4) 

𝑆\««
ñ =

(𝐽¨¨ + Λ)(𝐽¨¨ − Λ)
𝐽¨¨

(8.5) 

where L is orbital angular momentum. It is important to note that these particular equations only 

hold when the orbital angular momentum does not change. Additionally, in the case of PO, J¢¢ is 

replaced by F¢¢. Finally, the PO-H2 collisional rates were scaled from those of NO-He (Kłos et al. 

2008), as both PO and NO are isovalent and possess 2P ground states.  

In order to determine whether PN and PO are inner- or outer-shell molecules, a spherical 

fit and a shell fit were performed for both molecules on the IK Tau data, as, including the 

transitions observed by De Beck et al. (2013), IK Tau had the most detections of both molecules 

out of all stars in this work. A reduced c2 analysis, as described in §5.2, was performed for both 

sets of fits. Details on this analysis are provided in Appendix G. Based on the IK Tau modeling, it 

was confirmed that a spherical fit yielded the lowest reduced c2 for PN, while a shell fit produced 

the lowest reduced c2 for PO. These results were confirmed by subsequent reduced chi-squared 

analyses on R Cas and NML Cyg using both shell and spherical fits for both molecules; thus, a 

spherical fit was assumed for PN, while a shell fit was used for PO. As described in §5.2, the 

complex kinematics of VY CMa necessitated the use of a model which accounts for its multiple 

asymmetric outflows. From the ESCAPADE modeling, it was determined that the simple fit 
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including a spherically symmetric wind and one red- and one blue-shifted outflow provided the 

best fit for PN, while using just the spherical outflow was sufficient for PO. The results of these 

fittings may be found in Table 5 of Appendix G. In general, the AGB stars share similar 

abundances and distributions of PN and PO, with f0 ~ (1 – 2) ´ 10-8 and router ~ 500 - 900 R* for 

PN and f0 ~ (0.5 – 1) ´ 10-7 and rshell ~ 100 - 200 R* for PO. The PN abundances for the supergiants 

are a bit lower, at ~ (3 – 7) ´ 10-9, while the PO abundances are comparable, at ~ (5 – 7) ´ 10-8. 

The spherical wind is the primary carrier of both molecules for VY CMa.  

The presence of PN and PO in all stars included in this study contrasts with the highly 

refractory nature of phosphorus. As proposed in Ziurys et al. (2018), one explanation could be that 

condensation is less efficient than previously expected. Another possibility is that shocks resulting 

from the pulsating atmospheres of the stars could be interrupting grain formation, as all three AGB 

stars are Mira variables, while the supergiants also create shocks through their intermittent mass 

loss (e.g., Adande et al. 2013). These shocks can induce molecular synthesis through non-

equilibrium processes (Gobrecht et al. 2016). Indeed, the PN/PO ratios observed in these sources 

(~ 0.05  to  0.2) could be further evidence of shocks. While an enhanced abundance of PO is 

expected given the oxygen-rich nature of these sources, the PN/PO ratios are far higher than those 

anticipated based on LTE models of O-rich stars (~ 1/1000; Agúndez et al. 2007). Specifically, 

though the predicted PO abundance is comparable to those measured in the stars in this work (~ 

10-7), the predicted PN abundance is far lower, at ~10-10, or approximately 1 to 2 orders of 

magnitude lower than the observed abundances. Tenenbaum et al. (2007) suggested that the 

“mixed” model of Cherchneff (2006), where LTE abundances modified by shocks, could be 

appropriate for VY CMa, and argued that the high abundance of HCN in this source was evidence 

for this mixed chemistry. However, a model of IK Tau in which LTE and subsequent “shock” 

abundances induced by a shock wave propagating through the material are computed within 10 R* 
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of the star (Gobrecht et al. 2016) predicts PO abundances that are several orders of magnitude 

lower than those derived from our observations, while their PN abundances are ~ 30-60 times 

higher. These results suggest that PO is not created through shock chemistry; instead, it may be 

produced through photochemical processes in the outer envelope. Shock chemistry near the stellar 

photosphere might still be responsible for PN, whereupon the molecule could be transported out 

through the shell with decreasing abundance. The presence of PN in the red-shifted and blue-

shifted outflows of VY CMa may signal that this molecule is produced through shock chemistry 

in these energetic environments, while PO, which is not present in these outflows, is not. 

Tenenbaum et al. (2007) also suggest that the low PN/PO ratio in VY CMa could be a signpost of 

the star’s molecular composition, as most of the star’s oxygen in the spherical flow is thought to 

be locked up in H2O, CO, and SiO, while nitrogen is expected to be primarily sequestered in HCN. 

As HCN can only form in environments with sufficient carbon, phosphorus left over from the lack 

of sufficient free oxygen with which to bond can react with the excess nitrogen to form PN, thereby 

increasing the abundance of PN relative to PO.  
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CHAPTER 9: CONCLUSIONS 
 

Observations of numerous molecular transitions have been conducted toward a variety of 

PNe which span a wide range of morphologies and kinematic ages (~ 800 to 13,000 years). 

Measurements of the J = 1 ® 0 and J = 3 ® 2 transitions of HCN and HCO+ toward 17 PNe using 

the ARO 12-m Telescope and SMT of resulted in the detection of either molecule in ~ 76% of the 

nebulae (see Chapter 6 and Appendix A). Subsequent analysis with the non-LTE radiative transfer 

code RADEX yielded gas densities of n(H2) ~ (0.1 – 5.2) ´ 106 cm-3 and column densities of 

Ntot(HCN) ~ (0.2 – 27) ´ 1013 cm-2 and Ntot(HCO+) ~ (0.3 – 8.7) ´ 1013 cm-2, corresponding to 

fractional abundances relative to H2 of f(HCN) ~ (0.1 – 9.1) ´ 10-7 and f(HCO+) ~ (0.04 – 7.4) ´ 

10-7. This work was followed by the observation of the J = 1 ® 0 and J = 3 ® 2 transitions of 

HNC in the 11 PNe in which HCN had been detected using the ARO facilities (see Chapter 6 and 

Appendix B). HNC was detected in all sources with column densities of Ntot(HNC) ~ (0.06 – 4.0) 

´ 1013 cm-2, corresponding to fractional abundances of f(HNC) ~ (0.02 – 1.4) ´ 10-7 and 

[HCN]/[HNC] ratios of ~1 to 8. Additionally, measurements of the N = 1 ® 0 and N = 3 ® 2 

transitions of CCH with the ARO telescopes in the same 11 nebulae resulted in the identification 

of the molecule in 9 PNe, with column densities of Ntot(HCN) ~ (0.2 – 3.3) ´ 1015 cm-2 and 

fractional abundances of f(CCH) ~ (0.2 – 47) ´ 10-7 (see Chapter 6 and Appendix C). 

These observations clearly demonstrate that polyatomic molecular material is a common 

constituent of PNe over the course of the nebular lifespan. Further, the abundances of each 

molecule varied within ~ 1 to 2 orders of magnitude over this 10,000-year span and did not 

significantly correlate with nebular age. This contrasts notably with the predictions of chemical 

models such as that of Redman et al. (2003), which project that the abundances of these species 

should drop by several orders of magnitude within ~ 10,000 years. Additionally, the abundances 
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for all molecules were ~ 1 to 2 orders of magnitude greater than those measured in diffuse clouds, 

while the [HCN]/[HNC] ratios were comparable to those found for diffuse clouds. This indicates 

that the dense clumps of gas and dust in which these molecules are thought to be harbored are 

more effective at shielding them from incident UV radiation than previously expected, allowing 

these species to seed the surrounding ISM as these clumps slowly disperse. As suggested in 

Chapter 1, the survival of simpler molecules in the late stages of PN evolution may, through 

distribution of these compounds into the ambient medium, enable the synthesis of larger and larger 

molecules, thereby allowing the chemical complexity of interstellar space to grow.  

These surveys also elucidated the formation, processing, and destruction of the observed 

compounds between the AGB and PN phases, as discussed in Chapter 1. In particular, they 

provided insight into whether the compounds observed in PNe are vestiges of the AGB stage, or 

whether they are continually synthesized into the PN phase. Comparisons with the abundances of 

C-rich and O-rich AGB stars suggested that some HCO+ is produced in the PPN phase, while HCN 

is destroyed. The latter was corroborated by the [HCN]/[HNC] ratios measured in these nebulae, 

which are far lower than those found for AGB stars, intimating that the increased ionization rate 

between the AGB and PN stages drives the preferential formation of HNC relative to HCN in the 

PPN stage, with abundances freezing out in the PN stage. Comparisons with AGB and PPN 

abundances imply that some CCH is photo-destroyed in the PPN stage, but largely survives the 

transition, indicating that the abundance is largely balanced by competing production and 

destruction processes. The detection of CCH in 9 PNe with central star temperatures over 72,000 

K, but not in two fullerene-containing PNe with central star temperatures less than 45,000 K, 

suggests that this supplementation in the abundance of CCH could result from photodestruction of 

C60 molecules, which may be achievable at high stellar temperatures.  
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Detections of the J = 1 ® 0 transitions of HCN and HNC, the N = 1 ® 0 transition of CCH, 

and the J = 21,2 ® 10,1 transition of c-C3H2 at eight positions across the Helix Nebula using the 

ARO 12-m Telescope validate these findings (see Chapter 6 and Appendices B and D). HCN and 

HNC fractional abundances vary little across the nebula, within about an order of magnitude 

(f(HCN) ~ (0.2 – 3.2) ´ 10-7 and f(HNC) ~ (0.09 -–2.2) ´ 10-7). Similarly, [HCN]/[HNC] ratios are 

constrained to within ~ 1 to 4. These results bolster the argument that the majority of the synthesis 

affecting HCN and HNC abundances occurs in the PPN stage. The detection of CCH and c-C3H2 

at the same positions with similar velocity components across the Helix Nebula indicate that these 

molecules are present in the same gas, and thus may share a common precursor, possibly HACs, 

which are hypothesized to be involved in the production of the C60 detected in PNe. Further, the 

average [CCH]/[c-C3H2] ratio measured for the Helix (~ 29) is comparable to that measured in 

diffuse clouds (~ 28; Lucas & Liszt 2000; Gerin et al. 2011), strengthening the evidence for a PN 

origin of these simple molecules in the diffuse ISM.  

The connection between PN ejecta and the Solar System, as illuminated in Chapter 1, is 

well-illustrated by the remarkable nebula K4-47. Measurements of the lowest 12C/13C, 14N/15N, 

and 16O/17O ratios in interstellar gas to date using the ARO 12-m Telescope and SMT are 

remarkably consistent with those seen in the so-called “nova” presolar grains, suggesting a 

heretofore unconsidered new source for such particles. Additionally, these ratios imply an 

explosive origin for the rare isotopes 13C, 15N, and 17O, potentially a helium shell flash in a J-type 

star. The similarities between K4-47, the enigmatic object CK Vul, and PPN CRL 618, propose a 

common origin for these sources. These findings are corroborated by the huge number of 

molecules detected in the nebula using the IRAM 30-m Telescope, including CH3CN, CH3CCH, 

and H2CNH, the first detections of these molecules made in a PN, and numerous 13C-containing 

molecules, including all forms of singly- and doubly-substituted HC3N. A large number of these 
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molecules have also been detected in CRL 618, strengthening the possible evolutionary connection 

between these two objects.  

Finally, results of a radiative transfer analysis of PN and PO detections in three AGB stars 

and two supergiant stars using the radiative transfer code ESCAPADE have important implications 

for this biologically significant element. PN, with abundances of f(PN) ~ (1 – 2) ´ 10-8 for the 

AGB stars and f(PN) ~ (0.3 – 0.7) ´ 10-8 for the supergiant stars, is best modelled with a spherical 

distribution, while PO, with abundances of of f(PO) ~ (0.5 – 1) ´ 10-7  for the AGB stars and f(PO) 

~ (5 – 7) ´ 10-8  for the supergiant stars, appears to peak farther out in the circumstellar envelope. 

These findings signal that PN abundances could be enhanced by shocks, while PO may be 

photochemically induced in the outer envelope. While gas phase phosphorus is expected to be 

largely condensed out into grains due to its refractory nature, whereby it can be transferred to the 

surfaces of planets through meteoritic bombardment, these observations hint that there are major 

gas-phase carriers of this element, and that such condensation may not be as efficient as  expected.  

The findings of this dissertation, taken together, strongly argue that PNe should be 

considered as significant contributors of molecular material to the diffuse ISM, and that models of 

molecules in diffuse clouds should incorporate contributions from PNe. Further, these results 

underscore the point that revised chemical and nucleosynthetic models of PNe are necessary in 

order to accurately reflect the stable abundances measured across a variety of molecular species. 

Increasingly, it is becoming clear that PNe are a far more important component to the molecular 

cycle of gas and dust in the Universe than previously considered, and further study of these 

fascinating objects is key to evaluating the possible chemical complexity that can be achieved in 

interstellar gas.  
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 Abstract 
 

Millimeter molecular line observations have been conducted toward the young (~900 

years) bipolar planetary nebula (PN) K4-47, using the 12 m antenna and the Submillimeter 

Telescope (SMT) of the Arizona Radio Observatory (ARO), and the IRAM 30 m Telescope. 

Measurements at 1, 2, and 3 mm of multiple transitions were carried out to ensure accuracy of all 

molecular identifications. K4-47 was found to be unusually chemically-rich, containing three 

complex species, CH3CN, H2CNH, and CH3CCH, which have never before been observed in a 

planetary nebula. In addition, HC3N, N2H+, H2CO, c-C3H2, and SiO have been identified in this 

object, as well as a variety of 13C-substituted isotopologues (H213CO, c-13CCCH2, c-CC13CH2, 

CH313CN, 13CH3CN, CH313CCH, and 13CH3CCH), including all three doubly-13C-substituted 

varieties of HC3N – the first known object in which all three species have been detected. After CO 

and H2, the most abundant molecules in K4-47 are CCH and CN, which have abundances of f ~ 8 

× 10-7, relative to molecular hydrogen. Surprisingly, the next most abundant molecule is CH3CCH, 

which has f ~ 6 × 10-7, followed by HCN with an abundance of ~ 5 × 10-7. The results suggest that 

K4-47 is the most chemically complex planetary nebula currently known. The molecular content 

of K4-47 closely resembles that of the C-star IRC+10216, but with lower abundances, except for 

HCO+, H2CO, and CH3CCH. The PN also chemically and morphologically resembles the bipolar 

protoplanetary nebula CRL 618, with similar enrichments of 13C, 15N, and 17O, suggestive of an 

explosive process at the end of the AGB. 

Key words: astrochemistry – ISM: molecules – nuclear reactions, nucleosynthesis, abundances – 

planetary nebulae: individual (K4-47) – radio lines: ISM 
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1. Introduction 
 
The molecular content of planetary nebulae (PNe) has long been thought to be simple and 

short-lived. Remnant molecules from the asymptotic giant branch (AGB) stage were expected to 

be photodissociated by the intense ultraviolet (UV) radiation field from the central white dwarf on 

rapid timescales (~1000 yrs.; Redman et al. 2003). As a result, gas-phase PN ejecta have 

historically been considered to be atomic in nature, with the cycling of molecular material 

undergoing a sharp discontinuity.  

Recent millimeter observations of PNe, however, have shown the contrary, even into the 

late stages of nebular evolution. The Helix Nebula, one of the oldest known PNe (age ~11-12,000 

years; Meaburn et al. 2008), hosts a surprising variety of molecules with widespread distributions, 

including HCN, CN, HNC, HCO+, CCH, c-C3H2, and H2CO (Zack & Ziurys 2013; Schmidt & 

Ziurys 2017a; Schmidt et al. 2018a). Toward the younger objects NGC 7027 and NGC 6537, 

species such as SO, H2CO, CS, N2H+, and even HC3N have been found (Zhang et al. 2008; 

Edwards & Ziurys 2013). SiO and SO2 have been detected in the oxygen-rich, middle-aged PN 

M2-48, as well as CN, HCN, HNC, CS, SO, HCO+ and N2H+ (Edwards & Ziurys 2014). More 

recently, the presence of HCN, HCO+, HNC, and CCH has been established in 10 other PNe with 

varied morphologies and spanning a 10,000-year age range (Schmidt & Ziurys 2016, 2017a,b). In 

the odd 20 PNe studied at millimeter wavelengths, the most complex species detected thus far 

contain five atoms: HC3N and c-C3H2. In contrast, C60 has been identified in the infrared in a few 

PNe (e.g. Cami et al. 2010; García-Hernández et al. 2012), suggesting that molecules with 6 to 60 

atoms may also exist in these objects. 

One PN of recent interest is K4-47. This young bipolar nebula (~400-900 yrs post-

protoplanetary nebula, or PPN, phase) is highly collimated, as indicated in vibrationally-excited 

H2 (Akras et al. 2017). It has a hot central core traced by highly-excited atomic lines such as [O 
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III], with high-velocity lobes at the tips of the outflow, visible in [N II] and [S II] (e.g. Corradi et 

al. 2000).  For many years, the only molecular emission known in this object was CO and H2 

(Lumsden et al. 2001; Huggins et al. 2005), but newer studies have revealed the presence of CS, 

HCO+, HCN, HNC, CCH, and even HC3N, suggesting a very carbon-rich object (Edwards et al. 

2014; Schmidt & Ziurys 2016, 2017a,b; Schmidt et al. 2018b). Perhaps more striking are the 

anomalous isotope ratios recently found in K4-47, with 12C/13C = 2.2 ± 0.8, 14N/15N = 13.6 ± 6.5, 

and 16O/17O= 21.4 ± 10.3 (Schmidt et al. 2018b). The apparent C-rich nature of this source, coupled 

with its low 12C/13C ratio, suggest that K4-47 possessed a J-type progenitor star. The excessive 

enhancement of 15N and 17O and the bipolar geometry also indicates that some explosive process 

occurred in the object. 

To further probe the chemical content of this unusual PN, we have conducted additional 

molecular observations of K4-47. To our surprise, we have found even more complex species in 

this source, as well as a significant number of unidentified lines and rare 13C-substituted 

compounds. In this Letter, we will present these new data and discuss their implications.  

2. Observations 
 
Observations were carried out using the 12 m ALMA prototype antenna and Submillimeter 

Telescope (SMT) of the Arizona Radio Observatory (ARO), as well as the Institut de 

Radioastronomie Millimétrique (IRAM) 30 m facility. The ARO data reported in this work were 

obtained October 2013 - November 2018. The ARO 12 m measurements utilized a dual-

polarization, 3 mm receiver, which employs ALMA Band 3 sideband-separating (SBS) mixers. 

The image rejection was > 16 dB, intrinsic in the mixer architecture, beam sizes covered the range 

~ 55 - 77¢¢, and system temperatures typically varied between Tsys ~ 110 – 170 K, SSB. A dual-

polarization, 1.3 mm receiver was operated at the SMT, consisting of ALMA Band 6 SBS mixers 

with image rejection > 15 dB. Filterbanks with 1 MHz resolution were used as backends at both 
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facilities. Beam sizes were ~ 33 - 35¢¢, with Tsys ~170-260 K. The IRAM measurements were 

conducted December 2017 - November 2018. All observations were performed using the Eight 

Mixer Receiver (EMIR) operating in the 2 mm band (~125 - 178 GHz) with dual-polarization SBS 

mixers. The primary backends utilized were the Fourier Transform Spectrometer (FTS) and the 

wideband autocorrelator WILMA, operated with 200 kHz and 2 MHz resolutions, respectively. 

Beam sizes for these observations were ~ 14 – 19¢¢ with Tsys ~80 – 150 K. The temperature scale 

for all measurements is TA*, determined by the chopper wheel method. The main beam brightness 

temperature, TR, is then defined as TR = TA*/hb at ARO, and TR = TA*hfss/hb at IRAM, where hb 

and hfss are the main beam and forward scattering efficiencies, respectively.  

All measurements were taken towards the central position for K4-47 at α = 04:20:45.2; δ 

= 56:18:12 (J2000) in beam-switching mode with a subreflector throw of 2¢ at the ARO facilities 

and ±40² at the IRAM 30 m. The nominal LSR velocity of K4-47 is -27 km s-1. Pointing and focus 

were determined by observations of planets or quasars such as 0355+508. Typical pointing 

accuracies for all facilities were ± 2¢¢. Local oscillator shifts were performed at all frequencies to 

eliminate image contamination.  

3. Results 

In addition to the past observations of various molecules (e.g. Schmidt & Ziurys 2017a,b), 

a surprising number of new chemical compounds were identified in K4-47, as shown in Figures 1 

and 2. Among these identifications are SiO, H2CO, c-C3H2, and numerous 13C isotopologues. 

Three new species, CH3CN, CH3CCH, and H2CNH, had not been detected previously in PNe.   

 Figure 1 presents sample IRAM spectra in the frequency ranges ~126-133 GHz and ~141-

149 GHz. The top panel shows all these data, while the lower panel displays an expanded view of 

the spectrum between 142.5 – 148.5 GHz. Of note in the top spectrum are lines arising from SiO 

and many 13C singly- and doubly-substituted isotopologues of HC3N. Visible in the lower panel 
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are the J = 8→7 transitions of CH3CN, CH313CN, and 13CH3CN, lines of H2CO, H213CO, c-C3H2, 

c-13CCCH2, and c-CC13CH2, and one unidentified feature labeled “U”.  

Figure 2 presents individual spectra of the new molecular identifications. Two a-type and 

one b-type components of the J = 2→1 transition were detected for H2CNH (also see Table 1); 

two are shown in the figure, (c) and (d).  For CH3CCH, the J = 8→7, 9→8 and 10→9 transitions 

were identified, each consisting of blended K = 0 and 1 components (see Table 1). The J = 9→8 

line is shown in Figure 2 (e), along with one of its 13C-substituted isotopologues; positions and 

relative intensities of the K = 0 and 1 components are indicated by red lines under each feature. 

Confirming J = 7→6 lines of both CH3CN and CH313CN are displayed in panel (j), with the K = 0 

and 1 components denoted with red lines. The figure also shows the two detected transitions of 

SiO (J =  3→2 and 4→3) in panels (a) and (b), as well as additional lines of H2CO and H213CO 

((h) and (i)), and the J = 1→0 transition of N2H+ (f). Spectra of various transitions of c-C3H2 and 

c-CC13CH2 are additionally displayed in (e) and (g), as well as lines of the singly and doubly-

substituted 13C isotopologues of HC3N: see (d) and (k). Finally, two spin-rotation components of 

the N = 2→1 transition of CN are presented in Figure 2 (l), indicated by red lines under the 

spectrum. The CN profiles appear broader because of blended nitrogen hyperfine structure. 

Of additional interest are the surprising number of 13C-substituted species, including 

CH313CN, c-CC13CH2, H213CO, and doubly-substituted HC3N. Various molecules and their 

isotopic variants have been reported in our previous observations of K4-47 (HCN, H13CN, HC15N, 

HCO+, HNC, HN13C, CO, C17O, CS, 13CS, CN,13CN, HC3N, H13CCCN, HC13CCN, and 

HCC13CN; see Schmidt et al. 2018b). The appearance of the series H13C13CCN, HC13C13CN, and 

H13CC13CN marks the first time all three isotopologues have been identified in one source. This 

result attests to the high enrichment of 13C found in K4-47.  



 185 

Tables 1 and 2 list the line parameters (TA*, VLSR, and ΔV1/2) and column densities Ntot of 

the newly detected species for the main isotopologues and the 13C-substituted species, respectively. 

The line parameters were determined from Gaussian fits to the line profiles. Column densities were 

determined using the non-LTE radiative transfer code, RADEX (van der Tak et al. 2007). Here 

gas kinetic temperature (TK), H2 density (n(H2)), and column density are varied to reproduce the 

observed line intensities. At least three transitions were detected for most molecules, allowing all 

three parameters to be fit. However, for species for which only one or two transitions were 

measured, TK alone, or TK and n(H2), were set to that determined from a molecule with a 

comparable dipole moment (such as CO for 13CO). The line intensities were corrected for beam 

dilution by applying the source size defined by H2 emission (Akras et al. 2017). Observations of 

the Helix Nebula have demonstrated that H2 and other molecular emission are spatially coincident 

(Zeigler et al. 2013).  The molecular data files used for the analysis were taken from LAMDA 

(Leiden Atomic and Molecular Database; Schöier et al. 2005), or generated from molecular data 

in CDMS (Cologne Database for Molecular Spectroscopy; Müller et al. 2001, 2005; Endres et al. 

2016); collision rates are from BASECOL (Dubernet et al. 2013). The best fit was determined by 

a χ2 analysis. Typical gas densities and kinetic temperatures of ~ 1 ´ 106 cm-2 and ~ 65 K were 

consistently found.  

Table 3 summarizes all molecular species now identified in K4-47, their observed isotopic 

variants, and fractional abundances for the main species. The list currently totals 16 different 

chemical compounds, including H2, and 22 isotopically-substituted species with 13C, 17O, or 15N. 

Fractional abundances with respect to H2 were determined by using the molecular hydrogen 

column density of 2.9 × 1020 cm-2 derived by Edwards et al. (2014). The 12C/13C ratios established 

from the respective chemical compounds are also listed. The ratios are remarkably uniform, with 

values in the range 12C/13C ~ 1.3 – 6.3. 
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4. Discussion 

4.1. K4-47: The Most Chemically Complex PN to Date 

These observations demonstrate that K4-47 is the most chemically rich PN currently 

known, with the identification of 16 different chemical species, including several with 5-7 atoms. 

Many of these molecules such as N2H+, H2CO, HC3N, and SiO have only been seen in a few other 

PNe. For example, H2CO has been definitively identified towards NGC 6537 and the Helix Nebula 

(Edwards & Ziurys 2013; Zack & Ziurys 2013), while HC3N has been previously observed 

exclusively in NGC7027 (Zhang et al. 2008). The O-rich nebula M2-48 has been the only PN until 

now where SiO has been detected; NGC 6537, NGC 7027, and M2-48 are the three other 

conclusive sources of N2H+ (Zhang et al. 2008; Edwards & Ziurys 2013; Edwards & Ziurys 2014). 

CH3CN, H2CNH, and CH3CCH are completely new identifications for PNe, as mentioned.  

The most prevalent molecules in K4-47, after H2 and CO, are the radicals CCH and CN, 

which have abundances of f ~ 8 × 10-7, relative to molecular hydrogen. Surprisingly, the next most 

abundant molecule is CH3CCH, which has f ~ 6 × 10-7, followed by HCN (f ~ 5× 10-7), and then 

HC3N (f ~ 2 × 10-7).  H2CO, c-C3H2, H2CNH, and HNC all have comparable abundances of ~10-7. 

Less prevalent are the molecular ions HCO+ and N2H+, which have f ~ 5-9 × 10-8, as do CH3CN 

and CS. The least abundant species is SiO (f ~10-8), as expected in this C-rich source. Carbon-

bearing compounds clearly dominate the chemistry of K4-47, with simple chains and rings. C-N 

bonds are also common, suggesting an enhancement of nitrogen, as does the presence of N2H+. 

However, [CH3CCH]/[CH3CN] ~ 12, suggesting carbon controls the chemistry, not nitrogen. 

The estimated molecular abundances are typically larger in K4-47 than in other PNe, 

although such results are dependent on the estimated source size. A 30״20×״ source was assumed 

for M2-48, as deduced from CO mapping (Edwards & Ziurys 2014); for NGC 6537, 30״ was 

employed, based on its optical image (Edwards & Ziurys 2013).  Large scale HCO+ maps clearly 
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show that molecular emission is extended in the Helix Nebula (Zeigler et al. 2013). Formaldehyde 

has been definitively identified toward NGC 6537 and across the Helix Nebula with abundances 

of ~ 2.2 × 10-8 and 0.25 - 2.1 × 10-7, respectively (Edwards & Ziurys 2013; Zack & Ziurys 2013) 

– on average lower than in K4-47. Interestingly, Edwards & Ziurys (2013) attribute the presence 

of H2CO in both objects to their slight oxygen-rich nature (C ~ O). In contrast, K4-47 is very 

carbon-rich, similar to NGC 7027, but H2CO is apparently absent from the latter source. 

Furthermore, HC3N has been detected in only one other PN, NGC 7027 (Zhang et al. 2008), with 

an abundance of 8.5 × 10-9 – about a factor of 30 lower than that of K4-47. The N2H+ abundances 

for NGC 6537 and NGC 7027 are notably less than that of K4-47 by factors of ~10-20 (7.8 × 10-

9 and 3.8 × 10-9, respectively: Zhang et al. 2008; Edwards & Ziurys 2013). This ion, however, is 

slightly more prevalent in M2-48 (9.8 × 10-8; Edwards & Ziurys 2014). SiO is also a factor of 2 

more abundant in M2-48 than K4-47, with f  ~2.9×10-8. K4-47 additionally has some of the 

highest abundances among PNe for HCN, CCH, and HNC, and HCO+ (Schmidt & Ziurys 2016, 

2017a,b).  

K4-47 also exhibits ~10 unidentified lines, based on very limited frequency coverage, 

although a few may be attributable to H2CN. U-lines are not commonly observed in PNe. Those 

found in K4-47 have thus far defied identification.  

 4.2 The Carbon-Chemistry Sequence: From IRC+10216 to K4-47? 

All the chemical compounds detected in K4-47 have been observed in the envelope of 

IRC+10216, the canonical carbon-rich AGB star, with the exception of N2H+. Some of the rarer 

13C isotopologues such as H13CO+ and H213CO are absent from IRC+10216, as well. In general, 

the abundances of most molecules are higher in IRC+10216 than K4-47. For example, SiO, HCN, 

CCH and HC3N are factors of 12, 25, 4, and 4 more prevalent in the AGB envelope (e.g. Schoier 

et al. 2006; Woods et al. 2003; Zhang et al. 2017). There are exceptions however, involving ions 
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or more complex organic species. HCO+, H2CO, CH3CCH are all more abundant in K4-47 by 

about an order of magnitude, and CH2NH by at least a factor of 3 (e.g. Ford et al. 2004; Agúndez 

et al. 2008; Tenenbaum et al. 2010; Pulliam et al. 2011).  

Another relevant source is the C-rich PPN CRL 618. This object contains an almost 

identical set of molecules as K4-47, including the ions HCO+ and N2H+, as well as some of the 

doubly-substituted HC3N species absent from IRC+10216, H13CC13CN and HC13C13CN (e.g. 

Pardo & Cernicharo 2007; Lee et al. 2013a). H2CNH and other 13C-substituted species such as 

H13C13CCN and CH313CCH, however, have not been observed in CRL618. The abundances for 

CRL 618 are generally comparable to those measured in K4-47 for HCN, HNC, HCO+, and HC3N 

(Sánchez-Contreras et al. 2004; Pardo & Cernicharo 2007). On the other hand, several species are 

particularly prevalent in K4-47, including CH3CCH, CH3CN, and CCH, whose abundances are 

higher than those in CRL 618 by factors of ~13, ~6, and ~7, respectively (Pardo & Cernicharo 

2007).  

The similarity of molecular species among IRC+10216, CRL 618, and K4-47 suggests an 

evolutionary sequence. The neutral carbon chemistry that dominates the AGB becomes altered as 

UV radiation from the developing white dwarf in the PPN and then PN phases enhances the 

production of molecular ions. In addition, the photodestruction of abundant molecules such as 

HCN and HC3N produces C-bearing fragments that may react to create species such as CH3CCH. 

Indeed, an evolutionary connection between IRC+10216 and CRL 618 is already established (e.g., 

Herpin et al. 2002), with abundances of various molecular species changing with temperature, 

density, and the ambient UV field. Furthermore, K4-47 and CRL 618 have similar collimated, 

bipolar outflows with scale sizes ~ 0.04 – 0.3 pc (Corradi et al. 2000; Lee et al. 2013b). Moreover, 

the expansion velocities of these two outflows are comparable at ~150 km s-1 for K4-47 and ~340 

km s-1 for CRL 618 (Corradi et al. 2000; Sánchez-Contreras et al. 2017). 
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4.3 The Effects of Nucleosynthesis 

The evolutionary sequence from the AGB to the PN phase is also reflected in the respective 

C,N,O isotope ratios.  With 12C/13C = 2.2 ± 0.8, 14N/15N = 13.6 ± 6.5, and 16O/17O= 21.4 ± 10.3 

(Schmidt et al. 2018b), the isotope enhancement of 13C, 15N, and 17O in K4-47 is clearly colossal. 

However, CRL 618 exhibits similar, although not as extreme, enrichments with 12C/13C ~ 9 and 

14N/15N ~ 150 in its dense core (Lee et al. 2013a). A decidedly subsolar 16O/17O ratio of ~242 was 

also measured in this source by Kahane et al. (1992). The 12C/13C, 14N/15N, and 16O/17O ratios 

measured in IRC+10216, on the other hand, appear to reflect expected AGB nucleosynthesis. The 

12C/13C ratio of ~25-50 is much higher than the CNO equilibrium value of ~3-4, indicative of the 

triple alpha process converting He to 12C, followed by dredge up (Milam et al. 2009). The 16O/17O 

ratio of  ~967 is somewhat enhanced in 17O (He et al. 2008), reflecting CNO enrichment of this 

isotope (Straniero et al. 2017), while the large 14N/15N ~ 1800 ‒ 3600 results from dilution by 14N 

in the CNO cycle; note that the CNO equilibrium value is 14N/15N ~ 30,000.  

The enrichment of 13C, 15N, and 17O in both K4-47 and CRL 618 suggest that both objects 

may have evolved from J-type stars that underwent an explosive process at the end of the AGB. J-

type stars are C-rich and exhibit an enhanced 12C/13C ratio close to the CNO-cycle equilibrium 

value (e.g., Abia et al. 2017). Enrichment in carbon occurs through the triple alpha process, which 

raises the 12C/13C ratio. J-type stars are thus an enigma. The enhancement of 15N and 17O in K4-47 

and CRL 618 may have occurred via a He-shell flash. In this scenario, the flash injects 12C from 

the He-burning shell into the H-burning shell, leading to hot CNO reactions which produce 13C, 

15N, and 17O. This explosive process ejects these products from the H-shell before competing 

reactions destroy them, leading to the extreme bipolar morphology of these objects. Lee et al. 

(2013a) proposed a similar scheme for CRL 618, which involves a hot CNO cycle in a nova-like 

explosion, leading to bullet-like ejections observed in the PPN. 
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Huang et al. (2016) state that a nova-like origin for the ratios in CRL 618 would necessitate 

a binary system with a secondary white dwarf, though the helium shell flash phenomenon would 

not. While the central star of CRL 618 cannot be directly observed at optical wavelengths, Balick 

et al. (2014) find evidence of an active symbiotic system with a donor AGB and WC8 stars. There 

is currently no evidence for a symbiotic system for K4-47. On the other hand, similar isotope ratios 

and molecular content are found for CK Vul, also postulated to be a stellar merger (Kamiński et 

al. 2017).  
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Table 1: Line Parameters for Main Species Observed in K4-47 a  

Molecule Telescope Transition Frequency TA
* VLSR ΔV1/2 Ntot 

   (MHz) (mK) (km s-1) (km s-1) 1013 cm-2 

CN  12-m N,J=1,3/2 
→0,1/2 

113490.9 6.4±1.5 -27.5±2.6 39.0±5.2 24.0±10.0 

 SMT N,J=2,3/2 
→1,1/2 b 

226658.7 7.5±2.0 -26.8±3.9 70.0±5.9  

 SMT N,J=2,5/2 
→1,3/2 c 

226875.0 13.0±2.0 -28.0±2.0 42.0±3.9  

SiO IRAM J=3→2 130268.7 4.3±1.5 -25.7±2.0 34.0±3.0 0.4±0.2 
 IRAM J =4→3 173688.2 7.4±2.2 -26.8±1.7 37.0±4.3  

N2H+ 12-m J=1→0 93173.4 1.2±0.6 -27.0±3.2 25.6±3.2 2.5±1.6 
CCH IRAM N,J=2,5/2→ 

1,3/2 d 
174665.4 21.5±2.2 -27.0±1.7 40.0±3.4 22.0±9.0 

 IRAM N,J=2,3/2→1,1/2 e 174727.7 13.0±2.2 -27.0±1.7 40.0±4.3  
H2CO IRAM J=20,2→10,1 145602.9 6.8±1.2 -28.5±3.0 37.0±4.0 3.3±0.6 

 IRAM J=21,1→11,0 150498.3 9.0±1.2 -27.5±2.0 39.0±3.0  
 SMT J=30,3→20,2 218222.2 2.0±0.5 -28.3±2.8 35.0±3.5  

HC3N 12-m J=9→8 81881.5 2.1±0.7 -29.0±3.7 34.0±5.6 6.4±1.1 
 IRAM J=14→13 127367.7 24.5±1.5 -29.0±2.0 35.0±3.0  
 IRAM J=16→15 145561.0 28.5±1.2 -29.0±2.0 39.0±2.0  
 IRAM J=19→18 172849.3 35.0±1.5 -27.0±1.7 40.0±4.3  
 SMT J=24→23 218324.7 3.7±0.5 -29.0±1.4 40.0±4.2  

c-C3H2 12-m J=21,2→10,1 85338.9 1.3±0.4 -28.0±3.5 30.0±7.0 4.4±1.2 
 IRAM J=31,2→22,1 145089.6 4.2±1.2 -28.0±3.0 33.0±3.0  
 IRAM J=40,4→31,3 150820.7 4.2±1.2 -27.0±2.0 32.0±4.0  
 IRAM J=41,4→30,3 150851.9 10.4±1.2 -28.5±2.0 32.0±4.0  
 IRAM J=51,4→50,5 151343.9 2.5±1.2 -28.0±3.0 30.0±6.0  
 IRAM J=32,2→21,1 155518.3 3.1±1.2 -28.0±2.0 32.0±4.0  
 SMT J=33,0→22,1 216278.8 1.3±0.7 -28.7±2.8 32.0±4.2  

H2CNH IRAM J=20,2→10,1 127856.8 4.5±1.5 -27.0±2.0 20.0±3.0 3.0±1.5 
 IRAM J=21,1→11,0 133272.1 2.3±1.2 -27.3±2.0 20.0±4.0  
 IRAM J=21,1→20,2 172267.1 5.7±2.2 -26.5±2.6 25.0±1.7  

CH3CN IRAM J=7→6 f 128778.1 7.3±1.5 -27.0±2.0 42.0±4.0 1.3±0.7 
 IRAM J=8→7 f 147173.2 7.4±1.2 -25.0±3.0 43.0±4.0  

CH3CCH IRAM J=8→7 f 136726.7 3.8±1.5 -26.0±2.0 43.0±4.0 16.0±6.0 
 IRAM J=9→8 f 153815.8 4.4±1.5 -26.0±2.0 41.0±3.0  
 IRAM J=10→9 f 170904.1 6.7±2.0 -27.0±2.6 42.0±2.6  

a Measured with 1 MHz resolution. 
b Blend of the F = 3/2→1/2, F = 5/2→3/2, F = 3/2→3/2, and F = 1/2→1/2 hyperfine components. 
c Blend of the F = 3/2→1/2, F = 5/2→3/2, and F = 7/2→5/2 hyperfine components. 
d Blend of the F = 3→2 and F = 2→1 hyperfine components. 
e Blend of the F = 2→1, F = 1→0, and F = 1→1 hyperfine components. 
f Blend of the K = 0 and 1 components. 
 



 

 

Table 2: Line Parameters for Isotopologues Observed in K4-47 a 
Molecule  Transition Frequency TA

* VLSR ΔV1/2 Ntot 
   (MHz) (mK) (km s-1) (km s-1) 1013 cm-2 

13CO SMT J=2→1 220398.7 69.3±4.7 -27.5±1.4 20.0±2.1 6200.0±1200.0 
H13CO+  12-m J=1→0 86754.3 2.4±0.4 -28.0±1.7 18.0±3.5 0.9±0.2 

 IRAM J=2→1 b 173506.7 51.8±2.2 -28.0±1.7 22.0±1.7  
C13CH IRAM N =2→1 c 170518.9 5.0±2.0 -27.0±3.4 120.0±10.2 9.9±3.5 
H2

13CO IRAM J=21,2→11,1 137450.0 4.4±1.2 -27.1±3.0 37.0±4.0 1.4±0.5 
 IRAM J=20,2→10,1 141983.7 2.4±1.2 -27.0±2.0 37.0±5.1  
 IRAM J=21,1→11,0 146635.7 4.0±1.5 -26.0±3.0 37.0±6.0  

H13CCCN 12-m J=10→9 88166.8 1.8±0.4 -28.3±3.5 38.0±3.5 3.1±0.7 
 IRAM J=18→17 158692.0 14.7±1.5 -27.5±1.7 35.0±2.6  
 IRAM J=20→19 176321.3 15.8±2.2 -29.8±1.7 38.0±3.4  

HC13CCN IRAM J=14→13 126827.3 12.0±1.5 -28.0±2.0 37.0±2.0 3.1±0.7 
 IRAM J=16→15 144943.5 16.0±1.5 -27.7±2.0 37.0±3.0  
 IRAM J=19→18 172116.0 16.5±1.5 -28.8±2.6 39.0±5.1  
 SMT J=24→23 217398.6 2.5±0.9 -29.2±2.8 37.0±4.2  

HCC13CN IRAM J=14→13 126839.6 12.0±1.5 -29.0±2.0 37.0±2.0 3.1±0.6 
 IRAM J=16→15 144957.5 16.0±1.5 -29.2±2.0 37.0±3.0  
 IRAM J=19→18 172132.7 16.0±1.5 -27.9±2.6 39.0±3.4  
 SMT J=24→23 217419.6 2.5±0.9 -27.3±2.8 37.0±4.2  

H13C13CCN IRAM J=15→14 131757.8 5.2±1.0 -28.5±2.0 37.0±3.0 1.2±0.4 
 IRAM J=17→16 149323.4 5.4±1.5 -29.5±2.0 38.0±4.0  
 IRAM J=18→17 158105.8 6.7±1.5 -27.0±2.6 34.0±5.1  
 IRAM J=20→19 175670.0 5.7±2.2 -29.7±5.1 35.0±2.6  

H13CC13CN IRAM J=15→14 131656.8 5.5±1.5 -29.0±2.0 35.0±3.0 1.3±0.5 
 IRAM J=17→16 149208.8 6.3±1.5 -27.0±2.0 39.0±3.0  
 IRAM J=18→17 157984.5 6.7±1.5 -27.0±2.6 34.0±5.1  
 IRAM J=20→19 175535.2 5.5±2.2 -27.5±2.6 37.0±3.4  

HC13C13CN IRAM J=14→13 126283.2 6.3±1.5  -28.3±2.0 37.0±3.0 1.7±0.6 
 IRAM J=15→14 135302.5 6.6±1.5 -25.5±2.0 35.0±2.0  
 IRAM J=16→15 144321.5 5.8±1.5 -28.0±2.0 37.0±4.0  
 IRAM J=17→16 153340.4 5.5±1.5 -26.8±2.0 37.0±4.0  
 IRAM J=19→18 171377.5 6.6±2.2 -27.2±1.7 37.0±2.6  

c-13CCCH2 IRAM J=41,4→30,3 147069.7 2.1±1.2 -26.0±5.0 35.0±5.0 0.7±0.4 
c-CC13CH2 IRAM J=40,4→31,3 148051.8 4.3±1.2 -26.8±3.0 30.0±5.0 1.7±0.6 

 IRAM J=41,4→30,3 148114.2 4.3±1.2 -27.0±4.0 30.0±5.0  
 IRAM J=32,2→21,1 153894.6 3.3±1.5 -28.0±2.0 30.0±4.0  

CH3
13CN IRAM J=7→6 d 128714.4 2.7±1.5 -25.0±6.0 42.0±6.0 0.5±0.2 
 IRAM J=8→7 d 147100.4 3.8±1.2 -28.0±4.0 42.0±6.0  

13CH3CN IRAM J=8→7 d 142924.2 2.4±1.2 -27.0±3.1 43.0±5.1 0.4±0.2 
 IRAM J=9→8 d 160787.4 3.4±1.5 -29.0±1.7 42.0±4.3  

CH3
13CCH IRAM J=8→7 d 136670.0 2.1±1.5 -25.0±3.0 38.0±5.0 7.4±3.0 
 IRAM J=9→8 d 153751.9 2.1±1.5 -25.0±4.0 38.0±5.0  
 IRAM J=10→9 d 170833.3 2.7±2.0 -27.0±5.1 38.0±5.1  

13CH3CCH IRAM J=9→8 d 149628.9 2.0±1.2 -25.5±2.0 42.0±4.9 7.0±4.6 
a Measured with 1 MHz resolution. 
b Weak (~22 mK) plateau feature also present; see Edwards et al. (2014). 
c Blend of the J = 5/2→3/2 and J = 3/2→1/2 spin rotation components  
d Blend of the  K  = 0 and 1 components. 
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Table 3: Molecules Identified in K4-47 
Molecule Isotopic Variations Abundances a 12C/13C Ratios 

H2    

 CO 13CO, C17O 7.2 ´ 10-4  3.4 
CS 13CS 6.2 ´ 10-8 4.6 
CN 13CN 8.3 ´ 10-7 1.7 
SiO  1.4 ´ 10-8  

HCN H13CN, HC15N 5.2 ´ 10-7 1.8 
HNC HN13C 1.1 ´ 10-7 1.3 
HCO+ H13CO+ 4.8 ´ 10-8 1.5 
CCH C13CH 7.6 ´ 10-7 2.2 
N2H+  8.6 ´ 10-8  
H2CO H2

13CO 1.1 ´ 10-7 2.4 
HC3N H13CCCN, HCC13CN, HC13CCN, 

HC13C13CN, H13CC13CN, H13C13CCN 
2.2 ´ 10-7 2.1 b 

c-C3H2 c-13CCCH2, c-CC13CH2 1.5 ´ 10-7 2.6-6.3 
H2CNH  1.0 ´ 10-7  
CH3CN CH3

13CN, 13CH3CN 4.5 ´ 10-8 2.6-3.3 
CH3CCH CH3

13CCH, 13CH3CCH 5.5 ´ 10-7 2.2-2.3 
a) Abundances are given for the main isotopologue only.  
b) Singly-substituted 13C isotopologues only. 
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Figure 1: Representative spectra of K4-47, measured with the IRAM 30 m. The top panel displays 

the full spectrum between ~125.6 and ~133.4 GHz (lower sideband) and ~141.3 and ~149.1 GHz 

(upper sideband). Various lines of HC3N and its 13C-subtituted species are apparent in the data as 

well as some unidentified (“U”) lines. The lower panel shows an expanded version of a section of 

the USB spectrum, identifying features arising from H2CO, c-C3H2, and CH3CN. All spectra are 

smoothed to 2 MHz resolution. A VLSR of -27.0 km s-1 was assumed. Many of the molecular 

identifications are new discoveries in PNe, including CH3CN. 

Figure 2: Molecular spectra observed toward K4-47 identified with the IRAM 30 m (2 mm) and 

ARO telescopes (1 mm and 3 mm). The spectral resolution is 2 MHz. On the left panel, in 

descending order: a), b) J = 3→2 (130.2687 GHz) and J = 4→3 (173.6882 GHz) transitions of  

SiO; (c), (d) J = 20,2→10,1 (127.8568 GHz) and J = 21,1→20,2 (172.2671 GHz) transitions of 

H2CNH, with a blend of the J = 19→18 lines of HCC13CN and HC13CCN (172.1327 GHz and 

172.116 GHz, respectively); (e) J = 9→8 line of CH3CCH, consisting of blended K = 0 and 1 

components (average frequency of K = 0 and 1 components: 153.8158 GHz; see Table 1), as well 

as its CH313CCH isotopologues (average frequency: 153.7519 GHz) and the J = 32,2→21,1 

transition of c-CC13CH2 (153.8946 GHz);  and (f) J = 1→0 line of N2H+ (93.1734 GHz). Right 

panel, in descending order: (g) J = 41,4→30,3 (150.8519 GHz) and J = 40,4→31,3 (150.8207 GHz) 

transitions of c-C3H2, (h) J = 21,1→11,0 line of H2CO (150.4983 GHz) and (i) J = 21,2®11,1 

transition of H213CO (137.450 GHz); (j) J = 7→6 lines of CH3CN and CH313CN (K = 0 and 1, 

blended; average frequencies: 128.7782 GHz and 128.7144 GHz, respectively); (k) J = 18→17 

transitions of H13C13CCN and  H13CC13CN (158.1058 GHz and 157.9845 GHz, respectively), and 

(l) fine/hyperfine components of the N = 2→1 transition of CN, centered at 226.7684 GHz; fine 

structure splitting is shown under the spectrum (see Table 1). H2CNH, CH3CCH, CH3CN, and all 

13C-substituted species are new detections for PNe. 
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