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ABSTRACT 

 Chemical principles and tools were used to study three phases of the interstellar 

medium: circumstellar envelopes, shocks from a planetary nebula, and an exploding 

region of dense gas. First, theoretical principles and instrumentation for the astrochemical 

research is presented. Then, the chemistry of circumstellar envelopes is investigated. 

Several microwave and millimeters transitions for the rotational spectrum of CCN 

(X2Π1/2) were measured in the lab allowing for the long-searched for detection of CCN in 

the circumstellar envelope of IRC+10216. The radial abundance of CCN and related 

species was modeled to elucidate the organic chemistries of the outer envelope. 

Additionally, PN and PO were detected in the envelopes of three O-rich stars, IK Tau, R 

Cas, and TX Cam. The radial abundance for PN and PO was modelled in these stars as 

well as for the O-rich supergiants VY CMa and NML Cyg. In all sources, PO and PN had 

an abundance ratio of roughly 10:1 and depleted near 100 R*. PN and PO likely 

participate in chemical networks of the inner envelope for O-rich stars, possibly seeding 

out onto grains in extended regions from the stars. Finally, extreme interstellar 

environments were chemically probed. The appearance of CH+ around the young 

planetary nebula NGC 7027 had been an enigma. An investigation of emission from CH+, 

C+, and CO reveal that CH+ is likely generated in the H2* shock region, revealing 

complexity in the organic chemistry of planetary nebulae. Spectral maps of Band 8 and 

Band 9 emission from HCN, HCO+, and SiO for the Orion-KL region reveal dense, hot, 

and shocked molecular gas across the nebula. This region continues to show a complexity 

of its molecular and physical network, showing that chemistry is as far reaching as are the 

depths of space. 
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CHAPTER 1: OVERVIEW OF RESEARCH TOPICS 

 Gaseous molecular material is found throughout the far and distant reaches of 

space. Much of this material exists beyond the planets and stars, in the matter of the 

interstellar medium (ISM). Molecules participate with and cycle through its many distinct 

phases, such as the life cycles of stars. For instance, hot and dense stellar nurseries can be 

traced by different chemicals found engaging in the turbulent and chaotic flows of star 

formation. Then, as stars (specifically giants and supergiants) age, molecules generate an 

outer envelope. Here they participate in various chemistries, that drastically evolve as the 

material expands outward from the photosphere. Finally, all stars eventually collapse 

under the burden of their own weight, yet many of these stars generate the beautiful and 

diverse planetary nebulae. These rich sources, that bring a stream of different images 

from across the Milky Way, seem to vary chemically as much as they do physically. 

 Material does not stick to any one these locations, but is generated, destroyed, and 

swept from one phase into another across the Milky Way. This material is of interest, for 

it provides chemical laboratories unlike any on Earth. Additionally, any chemical 

material in the galaxy can make its way into protoplanetary discs. From there it can crash 

down onto young planets, seeding them with chemical material through comet showers 

and meteorite impacts. In this way, organics that may have impacted the origin of life 

make their way to planets such as what was once young Earth. 

 For this dissertation, three phases of the ISM were studied. The circumstellar 

envelopes (CSE's) of evolved stars, a planetary nebula, and a region of star formation. 

Each phase presents a unique environment with significantly varied physical conditions 

and chemical networks. This dissertation begins in Chapter 2 with a discussion of 
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principles and equations necessary for astrochemical research. Topics discussed include 

the energy levels of molecules in the ground state, spotaneous emission rates for 

rotational (and ro-vibrational) transitions, and methods to determine the molecular 

abundance of species observed in the ISM.  

 All the instrumentation used for this work is presented in Chapter 3. This includes 

two spectrometers of the Ziurys laboratory, the Millimeter-wave Direct Absorption 

Spectrometer and the Fourier-Transform Microwave Spectrometer. It also includes the 

two telescopes of the Arizona Radio Observatory, the Submillimeter Telescope and the 

12m Telescope. The NASA Heterodyne Instrument on board the Herschel Space 

observatory is also presented. Heterodyne signal processing and parameters for 

observations are important for understanding the instruments, and are therefore discussed 

in detail. 

 Chapter 4 presents research on the chemistry in circumstellar environments. CCN 

emission was observed in the circumstellar envelope (CSE) of the Carbon-rich (C-rich) 

star IRC+10216. Previous published works had searched for and not detected CCN due to 

a poor knowledge of the rest frequencies. The search for CCN in this work was 

successful due to acquisition of highly accurate millimeter-wave transitions. These 

transitions were determined through measuring the rotational "fingerprint" of CCN. The 

radial abundances for CCN and related nitrogen-bearing carbon-chain molecules were 

modelled using the non-LTE radiative transfer program ESCAPADE. It was found that 

these molecules participate in a chemical network found in a shell of the outer envelope. 

 The chemistry of O-rich CSE's is presented for the second portion of Chapter 5. 

PN (X1Σ) and PO (X2Π1/2) emission was observed in the CSE's of three O-rich 
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Asymptotic Giant Branch stars, IK Tau, R Cas, and TX Cam. The radial abundance 

profile for PO and PN in the envelopes was modelled. Additionally, the previous 

observations of PO and PN in the CSE's of the red supergiants VY CMa and NML Cyg 

were used to model the molecules in these sources. PO and PN have similar abundances 

and depletion in all CSE's. Phosphorus molecules appear to be common in the envelopes 

of O-rich stars, with a significant amount existing in the gas phase. 

 The study of chemistry in extreme interstellar environments is presented in 

Chapter 5. CH+ is a common molecule found in clouds across the ISM. Its formation has 

been greatly debated, since the energy does not seem to be available. The reaction C+ + 

H2 ocurrs at 4,300 K, but interstellar clouds have a temperature of 10 K. NGC 7027, a 

young planetary nebula, appears to be a likely candidate for the formation of CH+. The 

molecule spatially aligns with a high energy region of H2* shocked gas, which could 

catalyze the CH+ formation. Spectral maps of emission from CH+, C+, and CO were 

obtained and analyzed to uncover information through their velocity structure. 

 Presented last, is a study of the extreme environment of the high-mass star-

formation region Orion-KL. Band 8 and 9 emission for HCN, HCO+, and SiO was 

observed in ~53.5'' x 53.5'' spectral maps across the nebula and centered on Source I. An 

extended network of hot and dense molecular gas with substructures was uncovered. 

Some emission may show chemical differentiation as was seen for more complex species 

in a smaller area (~10'' x 10'') surrounding Source I. A full analysis is still underway. 
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CHAPTER 2. THEORY 

 In order to study the chemistry of interstellar molecules, techniques were used 

from two major fields, rotational spectroscopy and radio astronomy. In this section, 

details of the key calculations and concepts behind these techniques are established. First, 

an outline for energy manifolds and transitions for rotational emission is presented. These 

are neccessary for both the laboratory work, and for modeling molecules in space. 

Second, molecular abundance determination methods and doppler shift effects are 

discussed. These are important for garnering invaluable information from spectral line 

profiles. 

 

2.1. Energy Levels of Molecules in the Ground Electronic State 

 Knowledge of the rotational "fingerprint" for a molecule is key to being able to 

study the chemical and physical properties of molecules in space. The fingerprint is 

discovered from laboratory work by using advanced rotational spectroscopic techniques. 

A molecular fingerprint consists of frequencies emitted by rotating molecules in the 

microwave, millimeter, radio, and THz regimes (~ 4 - 1000 GHz). To determine the 

frequencies at which a molecule will emit, the rotational energy levels of a molecule must 

be understood. The quantum mechanics behind determining the energy is described in 

Bernath (2005). The solution for an effective Hamiltonian of a diatomic molecule in 

closed shell (i.e. no unpaired electrons) ground electronic state is  

𝐸!" = 𝜔!(𝑣 + !
!) − 𝜔!𝜒!(𝑣 +

!
!)
! + 𝐵!𝐽(𝐽 + 1) − 𝐷!(𝐽(𝐽 + 1))! − 𝛼!(𝑣 + !

!)(𝐽(𝐽 + 1)) (2.1) 

where v is the vibrational quantum number, ωe is the vibrational constant, ωeχe is the 

anharmonicity constant, J is the quantum number for the total angular momentum, B is 
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the rotational constant, and D is the centrifugal distortion constant. There can be higher 

order constants, however the molecules probed in this work do not contribute 

significantly to the higher order centrifugal distortion constants. Most of the studies in 

this work are in the ground vibrational state such that v = 0. For greater accuracy, the 

models (using ESCAPADE, see Sect. 2.3.2) generated for the molecules studied include 

energies of the next highest vibrational state. Equation 2.1 is for diatomic molecules, but 

works as a good approximation for linear molecules. If a molecule has atoms outside of 

the molecular axis, the equations for a symmetric or asymmetric top are needed. No 

molecules of these types were studied in this work. 

 Equation 2.1 does not describe the energy of a molecule in detail when there are 

unpaired electrons or when one or more nuclei contain nuclear spin. The intrinsic 

magnetic moments of these electrons and nuclei interact with the magnetic fields from 

other components of the molecule and perturb the energy states of the molecule. 

 The first magnetic moment to consider, to determine if the molecule has a 

rotational spectrum, is molecular rotation R. This component is generated by the dipole 

of the molecule spinning in space. The rest of the components depend on what is creating 

moments in the molecule. The moments for molecules are well understood, and are 

presented for a molecule in its ground state using the electronic state term symbol, 2S+1Λ. 

(2S+1) is the multipilicity of the molecule and describes the number of unpaired 

electrons. When the multiplicity is one, all electrons are paired, but every integer added 

to the multiplicity signifies a lone electron. Lone electrons are important, as each 

unpaired electron will split the rotational energy levels of the molecule due to its 

magnetic spin moment, S. Λ is the orbital angular momentum for the molecule. When Λ 
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is written as Σ, Λ = 0. In this case, the orbital angular momentum L is zero and will not 

perturb the energies. HCN, HCO+, and SiO have the simplest ground state, described by 

the term symbol, 1Σ. The energy levels produced by this state can be seen in Figure 5.1. 

Other Λ states, such as Π and Δ where Λ = 2 and 3 respectively, produce vectors of non-

zero angular momentum that perturb the energy of the electronic states. 

 One more moment must be considered when calculating the ground states of a 

molecule. All nuclei that contain non-zero nuclear spin will contribute a moment I, 

whose interaction will either be dipolar (I < 1) or that of an electric quadrupole (I ≥ 1). 

This interaction will result in a hyperfine splitting of the electronic spectrum. Depending 

on the molecular case, certain interactions can dominate, while others are much weaker. 

These cases are determined experimentally. In the case of Spin-Rotation, as an example, 

the coupling is between the fields generated by molecular rotation and the intrinsic 

electron spin magnetic moment. Therefore, the Hamiltonian includes a factors with 

contributions from  R!S.  

 Calculating the energy for a level can be simplified by considering the molecule 

in the framework of the Hund's cases. Hund's cases provide the framework to 

approximate the basis set used in a Hamiltonian calculation. There are several Hund's 

cases, (a), (b), (c), (d), and (e) and a complete guide can be found in Brown & Carrington 

(2003). The latter three are useful for molecules with heavy atoms or in some cases 

lighter molecules at levels of high J. Cases (a) and (b) are more commonly used for the 

small, light molecules studied in this work. 

 For example, the molecule CCN (Sect. 4.1), with a 2Π ground state, had a spin-

orbit interaction that was greater than the rotational constant by roughly 100 MHz.  This 
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strong interaction between electron spin and angular momentum fulfills the requirement 

of a case (a) molecule. In this case, L and S are coupled to the internuclear axis and 

therefore can be seen through their projections onto that internuclear axis. The 

projections, Λ and Σ respectively, add vectorially to generate the projection of the total 

angular momentum, Ω. For CCN, Ω had two states, 1/2 and 3/2. Since the 1/2 was lower 

in energy (determined experimentally) the term symbol is written 2Π1/2. This coupling 

scheme provides a basis set for good quantum numbers, |Λ;  S, Σ;  J,Ω,𝑀! , where J, is 

then the addition of Ω with the molecular rotation R. The engagement of interactions can 

be seen pictorially in Figure 2.1. The Hamiltonian is presented in Appendix A.  

 
Figure 2.1: Angular momenta and their coupling schemes for a Hund's case (a) molecule. 
 

 When a molecule contains orbital angular momentum the additional splitting is 

known as Λ-doubling. The perturbation effects on the energy levels are especially strong 

for Π states relative to other states. A thorough framework for calculating the splitting 

can be found in Brown et al. (1979). The calculations of this paper were used for the 

generation of the energy levels for PO (Sect. 4.2). An example of Λ-doubling splitting in 

the lower energy Ω transitions can be seen in the Energy level diagram for CCN (Figs 4.1 

and 4.2 in Sect. 4.1.1). For CCN the next "Ω-ladder" starts at about J = 20 and is nearly 

identical to the ladder for Ω = 1/2. Figure 4.1 also shows the impact of hyperfine 
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splitting, F, on the energy levels. The CCN molecule had hyperfine splitting from the 

most common case, I interacts with J as a vector addition I + J. 

 

2.2. Spontaneous Emission for Rotation and Vibration-Rotation Transitions 

 After generation of the energy manifold, the transitions of the electrons between 

energy states must be considered. The frequency emitted or absorbed is the difference 

between the two states. The strength of the spectral line is determined by the rate at 

which electrons move between states. In the laboratory work, strong lines are produced 

by optimizing experimental conditions, therefore no line intensity calculations are 

necessary. When looking at emission from molecules in the ISM, the strength of the line 

becomes important. It is necessary in determining the abundance of a molecule and for 

using the molecule to probe the surrounding physical conditions. In the ISM, molecules 

are thermally populated. The electrons are excited into higher energy states by collisions. 

From there, the electrons spontaneously drop back down into lower energy states, 

emitting radiation. 

 A Boltzmann distribution can be assumed for determining the population of states 

due to collisional excitation. The equation relating the abundance of a molecule to the 

intensity of its spectral line can then be written as (Herzberg 1955) 

    I!". = N!"hν(s!!)A     (2.8) 

where Iem is the line intensity, Nup is the number of molecules in the upper state, h is 

planck's constant, ν is the frequency given in units of s-1, and A is the constant for 

spontaneous emission, known as the Einstein A coefficient. The full theory behind this 
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constant and related coefficients can be found in Bernath (2005). The equation used is the 

one set out by Herzberg (1950): 

    𝐴 = !"!!!!

!"
𝑹𝒖𝒑𝒊𝒍𝒐𝒌

!

!!"
    (2.2) 

where 𝜈 is the frequency in wavenumbers, gup is the degeneracy of the upper state, and 

the summation is the expression for the transition dipole matrix element. 

 In the case of an atom, the transition dipole moment is simply glo, the degeneracy 

of the lower state. For molecules, its calculation changes depending on whether the 

transition is occurring between vibrational states or whether the transition is purely 

rotational. Pure rotational transitions have the form J' → J, where the prime denotes the 

upper state. The degeneracy of J' is equal to 2J' + 1 due to the degenerate mJ levels (also 

commonly written as 2J + 3, since J' = J + 1). The transition dipole moment for a 

diatomic molecule in a 1Σ ground state is directly proportional to the molecular dipole, µ0, 

such that Σ|R|2 = µ0(J+1). The equation is worked out in Bernath (2005), where the 

Einstein A becomes 

    𝐴 = !"!!!!

!"
!!!(!!!)
!!!!!

     (2.3) 

J+1 is the line strength, SJ, of the transition. If the molecular ground state deviates from 

1Σ, or if there is hyperfine, other factors need to be included. The sum of the Einstein A 

coefficients for any splitting will equal the value for the transition that would occur if the 

molecule were in a 1Σ state. For instance, Λ-doublets have equal or near equal intensities 

in observed spectra, and therefore have an equivalent splitting of their Einstein A 

coefficients. Therefore, for the calculation of coefficients for PO (X2Π), the Einstein A 
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was divided by two to account for the e → f and f → e transitions within each fine 

transition. 

 For ro-vibrational transitions, vibration must be accounted for in the transition 

dipole moment. Fortunately, vibrational contributions are decouple from rotational line 

strengths. From the theory presented in Herzberg (1966) the following equation was 

derived: 

    A = !"!!!!

!"
!!
!!"

𝐑𝐮𝐩𝐢𝐥𝐨𝐤
!"#
!

   (2.4) 

where the rotational portion of the transition dipole is separated out into line strength, SJ, 

and vibrational transition dipole. The upper state degeneracy is multiplicative and equals 

gvibgrot. The equation for the line strength depends on J, Λ, and whether the transition is of 

the R, Q, or P branches (ΔJ = +1, 0, and -1 respectively). For most cases, it may be 

assumed that there is negligable change in orbital angular momentum. In this case, the 

line strength is given by the Hönl-London formulae (Herzberg 1955, and Bernath 205): 

   S!! =
!!!!! !!!!!

!!!
= (!!!)!!!!

!!!
    (2.5) 

    S!
! = (!"!!)!!

! !!!
     (2.6) 

   S!! =
(!!!)(!!!)

!
= !!!!!

!
     (2.7) 

where R, Q, and P are ΔJ = +1, 0, and -1 respectively, and J is for the lower level of the 

transition. In the case where Λ=0, the Q-branch will disappear. For a case (b) molecule, 

where spin is non-zero, the quantum number J is replaced by N, the total angular 

momentum excluding elctron spin. 
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2.3. Methods for Determining Molecular Abundance 

 Two methods were used in this work to determine the abundance of interstellar 

molecules. The first was the use of a rotational diagram. This method works under 

conditions of local Thermodynamic Equilibrium (LTE). The second method was a non-

LTE radiative transfer model. For non-LTE abundance determinations, the radiative 

transfer code ESCAPADE (Adande et al. 2013) was used. 

 

2.3.1 Rotational Diagram 

 LTE occurs when collisional processes have populated the rotational manifold for 

molecules, pushing them into their critical density. In the case of the ISM, H2 is of such a 

large abundance relative to other species (at least >103 more abundant) that it can be used 

in the calculations as the collisional partner. The population distribution is determined by 

the Boltzmann Relation: 

    
!!"
!!"

= !!"
!!"
e!!!!"/!!!"#    (2.9) 

where Nlo is the number of molecules in the lower state, ΔEul is the energy difference 

between the upper and lower energy levels, k is the Boltzmann constant, and Trot is the 

rotational temperature defined by the manifold. The population is determined across the 

manifold using the rotational partition function: 

    Q!"# = g!e!!!!",!/!!!"#    (2.10) 

where ΔEgd is the energy of the ith state above the ground rotational state. Calculation of 

Qrot,i for one state can give the percent population for that state when taken relative to the 

total Qrot. 
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 Due to the 2-dimensional nature of observations, abundance is calculated as the 

column density. Column density is the abundance of a molecule down the line of sight. It 

is independent of beam size (for details on beam size calculations see Section 3.3.1). 

The equation for column density is 

   N!"! =
!"!!!!!/!!!"#

!!!!!!!!!!
!!!!"/!!!"#!!"

    (2.11) 

where TR is the radiation temperature of the line, ΔV1/2 is the full width half max for the 

line, and RHF is a hyperfine factor that is 1 when there is no hyperfine, or the hyperfine is 

unresolved. Since the rotational temperature for the molecule is also unknown (and 

therefore, Qrot is also unknown), the equation was manipulated to separate these 

variables. Equation 2.11 was modified into the equation of a line 

   ln !!"!
!!"#

− !!!"
!!!"#

= ln
3k105TRΔV1/2Qrot

8π3νµ0
2SjRhf

   (2.12) 

Using this equation, the rotational temperature can be gathered from the slope of the line 

and with it the partition coefficient. The column density is determined from the y-

intercept. While this method is useful for warm and hot gas (like Orion-KL, Sect. 5.2), it 

can also be used as a first approximation for CSE's. For example, it was used as a check 

for the model of CCN in IRC+10216 (Sect. 4.1.2). 

 

2.3.2 Non-LTE Radiative Transfer Code ESCAPADE 

 The abundance for CCN in IRC+10216 and for the phosphorus molecules around 

O-rich stars were calculated using the code ESCAPADE. Non-LTE calculations are 

necessary for the calculation of molecules in CSE's, because as molecules move into the 
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outer envelope of the star they leave the conditions for LTE (more details are given in 

Chpt. 4). 

 In non-LTE calculations, the equations of statistical equilibrium must be solved in 

order to balance collisional and radiative excitations and de-excitations. This is 

accomplished in the most efficient manner possible through use of the Sobolev 

approximation. A full treatment will not be given here, as it is discussed in detail in the 

Dissertation of the writer of ESCAPDE (Adande 2013, Sect. 3.6.1). The code was based 

on a code written by Bieging & Tafalla (1993), but allows for the complications induced 

by molecules with complex ground states. A brief discussion of the modelling parameters 

will be presented here, and supplemental information on use of the program can be found 

in Appendix D. 

 The abundance is calculated in steps that progress outward radially from the star. 

The expression for the radial abundance profile is 

    f(r) = f!exp − !!!!"#$$
!!"#$%

!
    (2.13) 

where f0 is the fractional abundance relative to hydrogen, rshell (cm) is the distance from 

star at which the abundance peaks , and router (cm) is the e-folding radius, the width of the 

line. The value for rshell will equal rmin if the molecule is spherically distributed about the 

star (for example, see HCN in IRC+10216, Appendix B). The expression is generated by 

solving the statistical equilibrium equations at many shells throughout the star, which are 

defined by the code user as 

    r! = r!"# r!"#$ + 1
!!

    (2.14) 

where ri is the distance from the star at the ith shell. Each shell has a characteristic 

temperature associated with it and a set number of collisional partners. These factors are 
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determined from studies that can be found in the literature. The temperature is determined 

by a generalized power law 

    𝑇(𝑟) = 𝑇!
!!!
!

!
     (2.15) 

where T0 (K) is a temperature in the profile, RT0 (cm) is the distance at T0, and γ defines 

the power law. The number of collisional partners is determined by the hydrogen density 

law (Kemper et al. 2003) 

    n!!(r) =
!!

!"! !!!∗ ! !!
    (2.16) 

where ML is the stellar mass-loss rate, R* is the stellar radius, and V is the expansion 

velocity of the circumstellar material. The expansion velocity is a constant determined by 

the line width of spectra and is equal to half of the ΔV1/2. The fractional abundance for 

the molecule is calculated relative to this hydrogen abundance. 

 The explosive outflows from larger stellar sources produce multiple outflows. The 

red supergiant VY CMa (Sect. 4.2) has four asymmetric outflows that extend beyond the 

spherical envelope. A cartoon is presented in Figure 2.2. The material that is swept into 

the asymmetric outflows are accounted for by adding an a Gaussian function to Equation 

2.16. The abundance expression then becomes: 

   n!!(r) =
!!

!"! !!!∗ ! !!
+ n!exp − !!!!"#$$

!!"#$%

!
 (2.17) 

where n0 is the peak hydrogen abundance of the outflow. 
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Figure 2.2: Diagram of the multiple outflows that emanate from the star VY CMa. The 
position angle (psiL) value starts at 0° on the side of the source opposite from the 
observer. Vertex angles (psiC) are the degrees of width for the outflows. 
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CHAPTER 3. INSTRUMENTATION 

 A wide range of analytical instrumentation was used in this work. Two 

spectrometers of the Ziurys laboratory, the Fourier-Transform Microwave (FTMW) 

Spectrometer and a Direct Absorption Spectrometer, were indispensible for the 

determination of CCN's rotational fingerprint. Two ground based telescopes of the 

Arizona Radio Observatory (ARO) were used for the detection of molecules in 

circumstellar envelopes. The ARO telescopes are the Submillimter Telescope (SMT), 

located on Mt. Graham, and the 12m Telescope, located on Kitt Peak. Additionally, state-

of-the-art ALMA-type Band 8 and Band 9 receivers at the SMT allowed for higher J 

transitions for molecular species to be detected in the ISM. Space-based observations 

taken by the Heterodyne Instrument for the Far-Infrared (HIFI) on board the NASA 

Herschel Space Observatory (HSO) were neccessary for the detection of THz lines in the 

planetary nebula NGC 7027. Heterodyne signal processing is used for all above 

mentioned instrumentation, and so is briefly discussed below. 

 

3.1 Heterodyne Signal Processing 

 Radiation enters the beam of the telescope over a wide range of radio frequencies. 

The heterodyne scheme is employed to enable frequency selection and the amplification 

of weak signals. Frequencies from the sky (νsky) are mixed with a frequency generated by 

a local oscillator (νLO) and measured over a chosen range at some intermediate frequency 

(νIF): 

    𝜈!"# = 𝜈!" ± 𝜈!"     (3.1) 
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The intermediate frequency can be selected in one of two sidebands. If the νIF is added to 

the νLO, mixing occurs in the "upper sideband" (USB), while if it is subtracted the mixing 

occurs in the "lower sideband" (LSB). The sideband is chosen as the one that will both 

enhance signal-to-noise, while keeping image signals, strong signals from the opposing 

sideband, out of the range. Receivers with advanced sideband separating technology 

reject the undesired sidebands, with common rejections between 15 and 30 db. 

 Signal generation for the laboratory measurements also use the heterodyne mixing 

process. The general formula for heterodyne signal generation is: 

    𝜈!"#$"# = 𝜈!" ± 𝜈!"     (3.2) 

where νoutput is the generated signal. The laboratory millimeter-wave spectrometer 

generated a νIF frequency that is locked at 100 MHz. It is generated by a phase-lock loop 

where 10% of the Gunn power (νLO) is mixed with a harmonic (n) of a ~2 GHz reference 

frequency (νLO, written as νHARM for the harmonic):  

    𝜈!"## = 𝑛𝜈!"#$ + 𝜈!"    (3.3) 

This output frequency is compared to a quartz oscillator 100 MHz reference signal.This 

setup allows not only for high precision (~1 Hz) measurement, but also stabilizes the 

frequencies generated by the Gunn oscillator. Otherwise, the Gunn is extremely sensitive 

to its surrounding environment, especially miniscule temperature fluctuations. 

 The FTMW is operated at microwave frequencies (~4 - 75 GHz) and employs the 

heterodyne scheme in order to measure the molecular free-induction decay (FID). The 

molecules are pulsed into a cavity that sits between two confocal aluminum mirrors. This 

cavity length is varied in order to generate standing waves, νcavity, at frequencies for which 
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the free-induction decay of the molecular emission is expected to occur. The νLO in this 

case is generated by a synthesizer and 10% of the power is redirected to the mixer. 

The cavity length is set such that output frequencies will be measured with a νIF of 400 

kHz. This system delivers signals in the USB only. For the FTMW, Equation 3.2 can be 

written: 

    𝜈!"#$%& = 𝜈!" + 400 𝑘𝐻𝑧    (3.4) 

Molecules are pulsed into this cavity. Their free-induction decay signal, νFID, can then be 

measured. The signal received by the instrument is down-converted to a low frequency 

νIF signal (~1 MHz) that can be recorded. 

    𝜈!" = 𝜈!"# − 𝜈!"     (3.5) 

This method is necessary for the collection of low frequency microwave spectra as it 

allows for the conversion from analog to digital. 

 

3.2 Laboratory Spectrometers 

 The laboratory spectrometers were used to determine the rotational fingerprint for 

CCN (2Π1/2). The two spectrometers operate in significantly different frequency ranges 

and operate with different electronics. However, both instruments use a DC discharge to 

stimulate the production of free radicals. Details of the instruments have been accounted 

in numerous works of Ziurys group members. A quick overview of the instruments is 

provided below.  
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3.2.1 Millimeter-wave Direct Absorption Spectrometer 

 Three Direct Absorption Spectrometers are available in the Ziurys laboratory. 

Two are primarily used for metal-containing molecules as they have Broida-type ovens 

that can vaporize metals. The third is the Velocity Modulation (VM) spectrometer, which 

was used to measure seven lambda doubling components of the millimeter-wave fine 

structure transitions for CCN (X2Πr). Two longitudinal ring electrodes with alternating 

current allow for the trapping of ions in the gas cell. This modulation was not neccesary 

for the experiment with CCN, but the instrument has often proven useful for the 

generation of organic free radicals. This may be due to its relatively longer path length 

that could provide the necessary time needed for the chemical dynamics of CCN 

formation. 

 A diagram of the VM spectrometer is presented in Figure 3.1. The radiation 

source is an Indium phosphide Gunn oscillator (frequency range 65 - 140 GHz) and the 

frequency is doubled, tripled, or quadrupled through the use of Schottkey diode 

multipliers. The Gunn frequency is phase-locked to a harmonic of a reference frequency 

(1.8 - 2.2 GHz) and 10% of the power is coupled to a Harmonic mixer to generate a νIF of 

100 MHz. The νIF is compared to a phase lock reference frequency to ensure frequency 

stabilization. Radiation enters the cell after harmonic mixing and multiplication of the 

phase-locked Gunn Oscillator signal. The pressure is kept at 10-3 Torr by a two-tiered 

pump system including a mechanical pump and a Roots-type blower pump. Molecular 

precursors are carried into the chamber by argon. These species are encouraged to 

interact chemically due to stimulation from discharge. The absorption signal from all 

species in the chamber by heterodyne detection. The signal from the Gunn is chopped ±3 
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kHz at a rate of 25 kHz by a Variable Phase Square Wave Generator. The wave generator 

also sends a 25 kHz reference to the Lock-In Amplifier to double the signal, creating a 

second derivative. An InSb hot electron bolometer, cooled to 4 K with liquid helium, 

detects the transmission signal at the opposite end of the cell. The signal is then read at a 

computer. 

 

 
Figure 3.1: Diagram for the Velocity Modulation Direct Absorption Spectrometer. 
 

3.2.2 Fourier-Transform Microwave Spectrometer 

 The Fourier-Transform Microwave Spectrometer (FTMW) of the Ziurys 

laboratory was used to measure several lines for the J = 5/2 → 3/2 transition of CCN 

(2Πr). The instrument design is modeled from the spectrometer of Balle and Flygare 

(1981) and a description of the instrument and it capabailities can be found in Sun et al. 

(2009). A diagram of the instrument and its capabilities is presented in Figure 3.2. The 

instrument can be used to detect emission between 4 and 75 GHz due to interchangeable 

spherical aluminum mirrors. The system reaches 10-8 Torr from a cryogenic pumping 

system, significantly advantageous over the more conventionally-used diffusion pumps as 

no oil vapor is generated within the cell. Molecular precursors enter the chamber in 
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supersonic jet pulses originating from a solenoid valve. They flow into the cavity of the 

mirrors at a 40° angle to the optical axis. The instrument has laser-ablation capabilities, 

but for the case of CCN a pulsed discharge served to stimulate the molecular precursors. 

Coaxial cables are used to emit/ collect radiation in the 4 - 40 GHz regime and 

waveguides are used for 40 - 75 GHz. Radiation enters the cavity from the antenna or 

waveguide by a hole placed in the center of the mirror. When a rotational transition 

occurs, time-domain signals are recorded. The fast fourier transform method converts 

these signals into the frequency domain. The spectral lines are doublets due to Doppler 

effects from the angle of entrance for the molecules relative to the optical axis. Doppler 

effects also dominate the resolution generating an FWHM of ±2 kHz.  

 

 
 
Figure 3.2: Diagram of the Fourier-Transform Microwave Spectrometer. 
 

3.3 Radio Telescopes 

 Observations of the rotational emission for molecules occurs in the radio portion 

of the electromagnetic spectrum. Ground-based observations are limited by spectral 

contamination from the atmosphere where water significantly dominate portions of the 
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radio regime. Therefore, ground-based observation occur in "atmospheric windows" 

where spectral contamination is low. Figure 3.3 presents the atmospheric windows, where 

frequencies blocked in red are defined by high transmission.  

 The ARO telescopes are located in Tucson, Arizona, a location of high 

transmission during half of the year when it is in Dry Season. These telescopes have 

receiver capabilities in the 1, 2, and 3mm windows, where strong emission occurs. 

During the especially dry months of winter, the SMT has receivers to observe in the Band 

8 and 9 regions that occur near 400 and 650 GHz respectively. 

 The first windows used in this work are on the left at 1, 2, and 3 mm. These 

windows are useful for observing low-J transitions of lighter molecules, such as CO, or 

mid-J transitions of more complex molecules. In this work, mid-J transitions for CCN, 

PN, and PO (Chpt. 4) were observed in the circumstellar envelopes of several stars using 

the 1, 2, and 3 mm windows. Receivers with capabilities in these windows were available 

at the ARO telescopes, the SMT and the 12 m Telescope. The 12 m Telescope has a 1 

mm reciever, one 2 mm receiver, and two 3 mm receivers. In addition, the SMT has two 

ALMA-type receivers that cover the windows of Band 8 and Band 9. These windows are 

circled with blue in Figure 3.3 and cover the windows that begin near 400 and 650 GHz 

respectively. These receivers have many uses, and for this work were used to probe mid-J 

transitions of the light molecules CO, HCO+, HCN, and SiO in the warm, dense material 

of OKL (Chpt 5). 

 Molecular transitions that occur at high frequency, starting near 500 GHz and up 

in to the THz range, cannot be investigated from ground-based observations. For this, 

space telescopes such as the NASA Herschel Space Observatory (HSO) are necessary. 
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The Heterodyne Instrument for the Far-Infrared (HIFI) on board this space observatory 

carried receivers that could reach into these otherwise unattainable regions. It was used to 

conduct observations of C+ and CH+ in NGC 7027 (Sect. 5.1). 

 

 

 
Figure 3.3: Atmospheric windows for ground-based observations of rotational emission. 
The x-axis is the observing frequency (GHz) and the y-axis is atmopheric transmission. 
The 1, 2, and 3 mm windows are labelled on the top y-axis. The Band 8 and Band 9 
windows are circled in blue and start near 400 and 650 GHz respectively. 
 

3.3.1 Beam Size, Antenna Temperature, and Line Profile 

 While the atmosphere and receiver capabilities constrain the frequency of an 

observation, constraints on the ability to observe a source in the sky come from the 

observation beam size. Beam size is the ability of the telescope beam to couple to a 

source, impacting the fraction of the source radiation observed. The beam size is the 

diameter of the circle at which the observation occurs over the plane of the sky. The 

function is approximately the wavelength of the transition to be observed over the 

telescope dish diameter (D): 

     𝜃!~1.22
!
!

     (3.6) 
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To maximize collection efficiency, it is desireable to observe sources where the beam 

size is coupled to the source size. If the beam size is smaller than the source, radiation 

from the source will be lost. If the beam size is at least twice as large as the source (θs) , a 

beam-filling factor is needed to account for lost radiation: 

     𝜂ƒ =
!!!

!!
!!!!!

     (3.7) 

This efficiency factor is used to convert the antennae temperature measured at a telescope 

to the radiation temperature from the source. 

 Further factors require calibration in order to determine the temperature of 

incoming radiation. For the SMT, chopper-wheel calibrations compare the cold sky load 

to an ambient temperature absorber load, generating an antennae temperature (TA*). 

Additionally, losses from the telescope dish that include losses from forward spillover 

and scattering are determined as the factor main beam efficiency (ηb). These are 

determined by calibrations using planets. Details are presented in full by Mangum (1993). 

Accounting for all calibrations, the radiation temperature (TR) is then: 

     𝑇! =
!!
∗

!!!ƒ
     (3.8) 

When the source is coupled with the telescope, the beam-filling factor is equal to one, 

and therefore it is often left out of Equation 3.8. 

 While single dish radio astronomy can provide relatively low spatial resolutions 

for observation (θb ~ 10'' - 30'' at the SMT), it provides high velocity resolution. For 

instance, the Band 8 and Band 9 observations had spectral velocity resolutions that were 

< 1 km/s. Having the velocity component in the spectral data allows for the determination 

of important information regarding the physics of the molecular source. 
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 The equation to convert between frequency and velocity space is: 

     
!"
!
= !!"#

!
     (2.17) 

where Δν is the shift in frequency from ν, Δvel is the corresponding shift in velocity, and 

c is the speed of light. This is a product of the Doppler effect, which both shifts and 

broadens observed spectral lines. 

 The center of a line is shifted depending on the local stand of rest velocity (LSR 

velocity, VLSR) of the source. This velocity is the direction and speed at which the source 

is moving relative to the sun. For complex sources, such as Orion-KL (Sect. 5.2), there 

can be multiple LSR velocities for the various physical components in the cloud. For 

stellar sources, such as those presented in Chapter 4, all spectral lines will shift according 

to the same LSR velocity. 

 The width of the line provides information about the expansion of the molecular 

material into its environment. For instance, the line profiles from emission of material in 

the outer envelope is broader than emission from inner envelope molecules. This is due to 

an increase in expansion velocity as molecules are pushed outward by the star's radiation 

pressure and is discussed further in Chapter 4. 

 

3.3.2 The Telescopes of the Arizona Radio Observatory 

 The telescopes of ARO, the SMT and the 12m Telescope were used for the 

detection of CCN in the circumstellar envelope (CSE) of IRC+10216 (Sect. 4.1.2), the 

detection of PN and PO in three O-rich CSE's (Sect. 4.2), the generation of mid-J spectral 

maps for CO in NGC 7027 (Sect. 5.1), and the generation of spectral maps for mid- and 

high-J emission from HCN, HCO+, and SiO in the Orion-KL region (Sect. 5.2). Both 
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telescopes have a similar dish size, 10 and 12 m respectively. The receivers at both 

telescopes employ various superconductor insulator superconductor (SIS) mixers that are 

cooled to 4 K by liquid helium. The filterbanks at the telescopes were used for all 

observations. For the SMT they provide a resolution of 1 MHz and 250 kHz, and provide 

1 and 2 MHz at the 12m Telescope. All 12 m receivers at 2 and 3 mm are sideband 

separating (sideband theory presented in Sect. 3.1). The Band 8 receiver works as a single 

sideband, while the Band 9 works as a double sideband. A full performance review for 

the Band 9 receiver can be found in Baryshev et al. (2008). The intensity scale at the  

SMT is given in Equation 3.8. For the 12m Telescope, the temperature scale is TR*, 

where TA* has already been corrected for forward spillover losses. In this case a 

corrected beam efficiency, ηc, is used to correct to the radiation temperature. 

 

3.3.3 The Herschel Space Observatory of NASA 

 The HSO was a highly successful project that ran from May 2009 to March 2013 

with a total mission cost of $1.5 billion. The observatory carried three instruments: the 

Photodetector Array Camera and Spectrometer (PACS), the Spectral and Photometric 

Imaging REceiver (SPIRE), and the Heterodyne Instrument for the Far Infrared (HIFI). 

Details on the HSO can be found in Pilbratt et al. (2010). Data from the HIFI was used to 

study the CH+ chemistry of NGC 7027 (Sect. 5.1). An in depth look at HIFI can be found 

in de Graauw et al. (2010). HIFI covered a vast range from 480 - 1250 and then 1410 - 

1910 GHz. The dish size was 3.5 m, so that the beam sizes covered were between 12 - 

40''. These are comparable to the beam sizes for the ARO telescopes that operate at lower 

frequencies. The heterodyne receiver operated in a double sideband mode. Observations 
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used were from the wide-band spectrometer that is made from a pair of array acoutsto-

optical spectrometers. The frequency resolution was 1.1 MHz in a total bandwidth of 4 

GHz. The temperature, as processed by the Herschel Interactive Processing Environment, 

was corrected for forward spillover loses, similar to related calculations done at the 12m 

Telescope. 
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CHAPTER 4: CHEMISTRY IN CIRCUMSTELLAR ENVIRONMENTS 

 The circumstellar envelopes (CSE's) of stars have complex chemical laboratories 

expanding outward from the photosphere and play a major role in the cycling of 

interstellar material. It is estimated that 80 or 90% of the material in the galaxy has been 

cycled through a star and ejected from the envelope (Marvel 2005). Significant CSE's 

have been detected around stars that are the right mixture of cool and luminous such that 

they have high mass loss rates ranging from 10-7 Msol yr-1 to 10-4 Msol yr-1 (Herwig 2005). 

This includes those stars along the Asymptotic Giant Branch (AGB) of the Hertzsprung-

Russell Diagram and the more voluminous and higher mass loss Red Super Giants 

(RSG's).  

 For AGB stars, molecules are first formed in the photosphere of the star Here 

processes are dominated by local thermodynamic equilibrium (LTE), though some 

species are formed by non-LTE pulsation-driven shocks (such as H2O and SiO; 

Cherchneff 2012). The most abundant species are H2 and CO. Other key players depend 

on the elemental composition of the star (Millar 2007). 

 Dust forms a few stellar radii from the photosphere where saturated parent species 

for the envelopes are produced by gas-grain chemistry (e.g. NH3, CH4, and C2H4). This 

gas is then swept outward as grains are accelerated by stellar radiation (Marvel 2005). At 

first the molecular composition "freezes out" due to chemical timescales being shorter 

than dynamical timescales. Then, at thousands of stellar radii in the outer envelope of the 

star, the gas interacts with the interstellar radiation field producing photochemistry. Here 

free radicals are generated by ion-neutral and neutral-neutral reactions. 
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 The full chemical process across the envelope produces at minimum 100 

molecular species. Pictoral diagrams for the stages in the envelopes can be found both in 

Ziurys (2006) and Decin (2010). The envelope is roughly spherical, though infrared dust 

observations of IRC+10216 show concentric shells (Mauron & Huggins 1999). 

 The detailed molecular makeup of a star depends on stellar composition, a factor 

that depends on stellar mass. Lower mass stars are carbon-rich, while those at greater 

mass (M-type) are oxygen-rich. The two most well-studied stars, due to their large size 

on the sky, are the C-rich AGB star IRC+10216 and the O-rich Red Supergiant (RSG) 

VY CMa. A 1mm survey comparison between the two stars was published by 

Tenenbaum et al. (2007). 

 In the photosphere, O-rich stars have H2O in great abundance, while C-rich stars 

have higher abundances of N2, C2H2, and HCN (Millar 2007). In its outer envelope, 

IRC+10216 has a long list of molecules including simple and complex carbon chains, 

silicon complexes, salts, and metal cyanides. VY CMa an array of O-containing species 

including species like PO, SO, and AlO. 

 VY CMa has a more complex CSE than described, where material extends 

beyond the spherical flow. Due to its large mass, high energy mass loss events generate 

asymmetrical outflows from jets and high-density streams. Whether there is chemical 

differentiation due to the asymmetric outflows is still an area of study (Adande 2013). 

 In this Section, first a study relating to the photochemistry of CSE carbon-chain 

molecules is presented. The rotational spectrum of CCN (X2Π1/2) was measured in the lab 

and then observations of the molecule were conducted toward the envelope of 

IRC+10216. CCN was detected in the envelope. The radial abundance of CCN and 
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related species was modelled to elucidate the nitrogen-containing carbon-chain chemistry 

of the outer envelope. This work is followed by a study of two phosphorus species, PN 

and PO, in the envelopes of five O-rich stars. PN and PO emission was observed toward 

the CSE's of O-rich AGB's IK Tau, R Cas, and TX Cam. The radial profiles were 

modelled for all stars, as were the profiles for two supergiants, NML Cyg and VY CMa. 

The abundances were strong, showing that phosphorus is a key player in the gas 

chemistry of the inner envelope. Also, the profiles were found to be strikingly similar for 

all stars. The inner envelope phosphorus chemistry of O-rich supergiants may be quite 

similar to that in AGB stars. 

 

4.1 CCN in Carbon-rich IRC+10216 Envelope 

 Research was undertaken for CCN both in the laboratory and in space. Laboratory 

millimeter-wave measurements allowed for the optimization of the rotational fingerprint 

for the molecule, which was neccessary in order for CCN to be observed in space. 

Emission from CCN was then observed in the CSE of IRC+10216. This was a clear 

detection of CCN. Until this publication, only a small upper limit had been calculated for 

CCN in the CSE. The radial abundance of CCN was modelled along with related 

nitrogen-bearing carbon-chain species using the program ESCAPADE. The non-LTE 

models agreed with predictions from the literature that these molecules form in a shell in 

the outer envelope. The laboratory publication is in Appendix A, and the observational 

publication is in Appendix B. 
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4.1.1 Optimizing the Rotational Fingerprint 

 Measurements were made on two instruments in the Ziurys laboratory, the 

FTmmMW and a direct absorption instrument. For CCN in the the 2Π1/2 ground state, six 

hyperfine components in the J = 5/2 → 3/2 transition and 7 Λ-doubling components of 

four fine transitions J = 19/2 → 17/2, 21/2 → 19/2, 23/2 → 21/2, and 25/2 → 23/2 were 

measured. The publication is provided in Appendix A. Additionally, spectroscopic details 

concerning a doublet pi can be found in Sect. 2.1. Since a full analysis of the laboratory 

work is provided in the Appendix, the challenges faced in synthesizing this species shall 

be the major topic of discussion here. The synthesis of this organic free radical for 

millimeter-wave study proved was an engaging challenge and the hope is that sharing this 

information could help anyone working with a similar species in the future. 

 Prior to the millimeter-wave work, some knowledge of the lowest level transitions 

were available. Six hyperfine levels were measured for the J = 5/2 → 3/2 rotational 

transition of CCN (X2Πr), Ω = 1/2 using the FTMW of the Ziurys Lab (Sect. 3.2.2 for 

instrument details). These transitions corresponded to transitions where ΔJ = +1, which 

are the strongest transitions according to selection rules. The synthesis was similar to that 

for CCP (Halfen et al. 2008) and the list of frequencies are in Appendix A. Figure 4.1 

shows the energy level diagram for CCN (X2Πr) and the measured transitions. Also in the 

figure are the measurements of hyperfine transitions from the lowest rotational transition 

measured by Ohshima & Endo (1995). 
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Figure 4.1: The energy level diagram for the lowest two rotational transitions of CCN 
(X2Π1/2). Six hyperfine transition were measure for J = 5/2 → 3/2. Hyperfine from the J = 
3/2 → 1/2 transition was measured by Ohshima & Endo (1995). 
 

 With the knowledge of the lowest two rotational transition frequencies, 

millimeter-wave transition predictions were made using the SPCAT program (Pickett 

1991). A Direct Absorption Spectrometer of the Ziurys Lab (see Sect. 3.2.1 for 

instrument details) was used to search for the rotational fingerprint of CCN (X2Π1/2). 

Measurements of seven Λ-doubling components of four fine transitions J = 19/2 → 17/2, 

21/2 → 19/2, 23/2 → 21/2, and 25/2 → 23/2 were taken. The energy level diagram 

showing the lines is in Figure 4.2. 

 

 
Figure 4.2: The energy level diagram for the seven rotational transitions of CCN 
(X2Π1/2) that were measured. 
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 Measurement of higher rotational transitions presented three major challenges 

while uncovering the fingerprint for CCN. First was the challenge of using the predictive 

human recognition necessary to detect an appropriate line pattern for the molecular 

manifold. Second was the challenge of chemical yields, where the generation of too many 

chemical compounds can both decrease the amount and therefore signal of the desired 

compound, and crowd the spectrum with a "spectroscopic forest" of lines. Third, CCN 

has a particularly weak dipole moment, so further ends were necessary to increase its 

abundance in the chamber and therefore its spectral signal. 

 The human capacity for pattern recognition makes it the best tool for fingerprint 

detection in spectroscopic measurements. Clear recognition of transitions from the CCN 

were attained through a predictive and moveable knowledge of its rotational manifold 

(see Sects. 2.1 and 2.2 for the theory).  

 The emission from a molecule in a 2Σ state would produce two lines at the same 

spacing every ~2B. However, for a molecule in the 2Π state, the distance between the 

doublets changes for each transition due to the states interaction with the excited Σ state. 

A rough figure (Figure 4.3) was generated prior to the laboratory measurements to aid in 

detection. Four pairs were expected within the frequency range of the laboratory 

instrumentation. The Λ-doublet pairs were expected to be within 50 MHz of each other 

for all transitions, which would keep the pairs within individual spectral windows. During 

the laboratory detection, every spectrum was carefully combed to determine if a possible 

detection occured. 
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Figure 4.3: The predictions that were generated when searching for the millimeter-wave 
fingerprint of CCN (X2Π1/2). 
 

 An example of how the line-crowding issue would cause a spectrscopic forest can 

be seen in Figure 4.4. In the attempt to generate CCN, many gaseous mixtures of a simple 

carbon-containing molecule were flowed into the chamber alongside (CN)2 under a flow 

of Argon. Acetylene and methane were tested as possible donors, and the sample from 

Figure 4.4 shows a mixture of methane and (CN)2. Several mixtures, ratios, and total 

power of discharge were attempted, but no Λ-doublet pattern was recognizable. 

  

 
Figure 4.4: In this example 4 mtorr of CH4 and 2 mtorr of (CN)2 was flowed in 15 mtorr 
of Ar with a 250 W discharge. 
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 In these crowded spectra, CCN lines could become confused with lines from other 

species. Additionally, CCN has a small dipole moment of 0.425 D (Pd & Chandra 2001). 

This is much smaller than that of similar molecules like C3N with a dipole moment of 

2.85D (McCarthy et al. 1995). Line intensities are proportional to the dipole moment 

squared (Eqn. 2.4) and when there is a significant amount of line-crowding from species 

with greater dipole moments (and those with more stable ground states), CCN is 

completely unidentifiable. When the spectra were completely crowded, even test-line 

molecules such as C3N were unidentifiable. 

 Varied attempts were made to see if use could be found for these crowded spectra. 

One method was to erase all lines generated by hydrogen-containing species. This was 

done by running deuterated methane (CD4) into the chamber with (CN)2 in place of 

methane. No clear 2Π pattern was left in the residual spectra. 

 In the end, the spectra were decontaminated by cutting down the mixture to (CN)2 

alone. This had been attempted upfront, but generated a highly unstable discharge in the 

chamber. It appeared that the hydrogen-bearing gases not only worked as carbon donors, 

but were also stabilizing the discharge. In order to attain wattage high enough to generate 

nitrogen-bearing carbon-chain species a faraday cage was created. Aluminum foil was 

placed around the discharge power supply and there followed stabilization in the 

discharge of the chamber. 

 With this environment, relatively strong emission from spin doublets of the test 

line C3N (X2Σ; N = 27 → 26; J = 28 → 27 & J = 27 → 26) were first detected (Figure 

4.5). C3N lines were used as test species, where the line intensities were optimized at the 
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beginning of every run. With spectra free from the clutter of hydrogen-bearing species, 

the fingerprint of CCN was determined. The parameters and results are in Appendix A. 

 

 
Figure 4.5: Shows a relative clear spectrum with two clear test lines from the spin-
doublet emission of C3N (X2Σ; N = 27 → 26). 
 

4.1.2 Observing CCN in IRC+10216 

 The measurement of the rotational fingerprint for CCN (see Section 4.1.1 and 

Appendix A), allowed for the detection of CCN  in IRC+10216. Six Λ-doublets were 

detected in the CSE of IRC+10216, between the rotational transitions of J = 4.5 → 3.5, 

6.5 → 5.5, and 9.5 → 8.5 (X2Πr). The work showed a clear detection that disproved 

previous upper limits (Fuchs et al. 2001) for the molecule. The publication is in Appendix 

B. Both telescopes of the ARO were used and are discussed in Sect. 3.3.2. 

 In a source with many spectral lines such as IRC+10216, weak-line detections 

must be undertaken with caution (e.g. KCN in IRC+10216 by Pulliam et al. 2010). 

Strong lines, like those from CO, will always make their way into the current sideband. 

However, unidentified image lines can contaminate the signal sideband when the signal-

to-noise is improved for weaker lines. By shifting the frequency, image lines can be 

identified because they will shift in the opposite direction of lines in the signal sideband 
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(for theory see Sect. 3.1). To implement, equal time was spent obtaining spectra in the 

desired range, but centered at two different frequencies at ±10 MHz. If the spectral 

window contained wall-to-wall lines (and a very limited area containing the baseline), a 

third shift was taken to avoid line confusion.  

 The non-LTE radiative transfer program ESCAPADE (see Sect. 2.3) was used to 

model the radial abundance profile of CCN in IRC+10216. The spectra for CN, HCN, 

C3N, and HC3N were also modelled using the program, in order to analyze the chemistry 

of CCN and its role in the nitrogen-bearing carbon chain network. It was found that the 

these species are generated in a shell of the outer envelope and therefore participate in a 

chemical network instigated by photochemistry. This model shows good agreement with 

predictions from the calculations of Glassgold (1996), and disproves earlier observational 

work that found negligable CCN abundances in the ISM. 

 

4.2  PN and PO in the Envelopes of Oxygen-rich Stars 

 Phosphorus is a key element in the discussion regarding the origin of life. It is a 

key element in biological processes, and it likely arrived onto an early Earth in the form 

of meteorites. However, it has proven to be a surprising element that appears to play a 

key role in many phases. 

 Due to the highly refractory nature of phosphorus, it was believed that its 

presence in the gas phase would be highly diminished due to condensing into grains such 

as schreibersite, (Fe, Ni)3P. To a degree this appears to be the case as PN has been the 

only phosphorous-containing molecule found across several phases of the ISM (e.g. 

Ziurys 1987, and Fontani et al. 2016). However several phosphorous species have 
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recently been observed in the rich laboratory of the envelope around IRC+10216, 

including PN, CP, CCP, HCP, and PH3 (Milam et al. 2008; Halfen et al. 2008; Agúndez 

et al. 2007; Tenenbaum et al. 2010). Circumstellar envelopes have a more complex gas 

phase phosphorus chemistry than has been theoretically thought possible. 

 The detection of a P-O bond in space went undetected for decades until the 

discovery in 2007 of PO in the RSG VY CMa (Tenenbaum et al. 2007). Along with PO, 

the more common PN has also been detected in VY CMa (Milam et al. 2008). PO, due to 

the O-rich nature of these envelopes, was expected to be significantly more abundant than 

PN based on predictions (e.g. Agúndez et al. 2007). In fact, PN was completely left out of 

many O-rich models for CSE's. Contrary to these predictions, calculations from 

observation show that the two molecules have an abundance ratio of about 10:1 for 

PO:PN. An explanation put forward was that the molecules may be produced by a 

"mixed" type of chemistry, where the asymmetrical outflows produce an interplay of 

LTE and shock chemistries (Tenenbaum et al. 2007). Additionally, the inclusion of stellar 

pulsation induced periodic shocks has improved the chemical modeling for some species 

in the envelope of C-rich IRC+10216 (Cherchneff 2012). Perhaps the shocks play a 

major role in the phosphorus network. 

 In order to study the abundance anomaly and probe phosphorus chemistry in O-

rich stars, a study of PN and PO was conducted for five sources. Spectral lines were 

observed in O-rich AGB stars, IK Tau, R Cas, TX Cam using the ARO telescopes. The 

AGB stars are all within 500 pc of Earth, but with significant mass loss rates as compared 

to most stellar sources (they are in the range ~10-7 - 10-6 Msol yr-1). Previous observations 

are also included from two RSG's, NML Cyg and VY CMa. NML Cyg is a hypergiant 
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with an asymmetric envelope and a mass loss comparable to VY CMa (~ 10-4 Msol yr-1). 

A new spectral survey shows an abundance of molecular material in the envelope of 

NML Cyg (Edwards & Ziurys unpublished). These results were included in the 

modelling.  

 Radial profiles for PN and PO were modelled in all five O-rich envelopes. PO and 

PN have similar abundances in all stars with ratios of about 10:1. Also, they are 

generated in or near the photosphere and extend out to about 100 R*. A significant 

portion of phosphorus molecules appears to remain in the gas phase. 

 

4.2.1 Observations and Results 

 The facilities of ARO, the 12m Telescope and the SMT, were used to observe IK 

Tau, R Cas, and TX Cam between 2010 November and 2011 March. Telescope details 

are in Section 3.3.2. The ARO telescopes were also used for the observations of NML 

Cyg (Edwards & Ziurys unpublished) and VY CMa (Milam et al. 2008, and Tenenbaum 

et al. 2007). Stellar properties and coordinates for all five stellar sources are in Table 4.1. 

Telescope observed frequencies, beam sizes, and efficiencies are in Table 4.2. A 

discussion on these parameters can be found in Section 3.3.1. Observations of PN and PO 

in IK Tau have also been published by De Beck et al. (2013). 
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Table 4.1 
Properties of Observed M-Type AGB Stars 

Source α (B1950.0) δ (B1950.0) R★ Distance Mass-loss Rate 

      (cm) (pc) (M¤ yr-1) 

TX Cam a 04h56m40s.6 56°06'28'' 2.83 x 1013 440 7 x 10-6 
IK Tau b 03h50m43s.6 11°15'32'' 1.5 x 1013 265 8 x 10-6 
R Cas c 23h55m52s.1 51°06'37'' 2 x 1013   127 f    4 x 10-7 f 
VY CMa d 07h20m54.s7 -25°40'12'' 1.0 x 1014 1140 4 x 10-4 
NML Cyg e 20h44m33.s8 39°55'57'' 2.7 x 1014 1610 2 x 10-4 

      
Notes.      
a From Ramstedt, S. et al. 2008.    
b From Decin, L. et al. 2010.    
c From Truong-Bach et al. 1999.    
d (Gilles' paper SO SO2, find citation within)   
e From Zhang, B. et al. 2012. 

   f From Cox, N.L.J. et al. 2011. 
    

Table 4.2 
Line Parameters of Observed Transitions for PN and PO 

Source Molec. Transition Frequency Res. ηb; ηc ηf θb  VLSR TA*; TR* ΔV1/2 

      (MHz) (MHz)     ('') (km s-1) (K) (km s-1) 
TX Cam PN J = 2 → 1 93979.7695 2 0.89 0.062 65.8 10.19 0.025 32.5 

  J = 3 → 2 140967.6931 1 0.76 0.130 43.9 9.22 0.039 21.2 

  J = 5 → 4 234935.6952 1 0.76 0.184 31.6 9.18 0.036 28.6 

  J = 6 → 5 281914.2049 1 0.72 0.049 26.3 9.97 0.011 19.7 

 PO J = 5.5 → 4.5; e         
  F = 6 → 5 239948.98 2 0.76 0.232 30.9 9.30 0.48 16.1 

  F = 5 → 4 239958.10 2 0.76 0.232 30.9 9.11 0.60 9.53 

  J = 5.5 → 4.5; f         
  F = 6 → 5 240141.05 2 0.76 0.232 30.9 8.78 0.60 16.3 

  F = 5 → 4 240152.53 2 0.76 0.232 30.9 9.20 0.51 6.66 

  J = 6.5 → 5.5; e 283585.8346 2 0.72 0.297 26.2 9.89 0.53 9.27 

  J = 6.5 → 5.5; f 283781.5145 2 0.72 0.297 26.2 8.83 0.29 14.2 
IK Tau PN J = 5 → 4 234935.6952 1 0.76 0.0066 31.6 34.49 1.1 25.2 

  J = 6 → 5 281914.2049 1 0.72 0.010 26.3 34.45 0.89 23.6 

 PO J = 5.5 → 4.5; e         
  F = 6 → 5 239948.98 1 0.76 0.0069 25.8 33.45 0.34 13.4 

  F = 5 → 4 239958.10 1 0.76 0.0069 25.8 33.52 0.45 17.3 

  J = 5.5 → 4.5; f         
  F = 6 → 5 240141.05 1 0.76 0.0069 25.8 33.71 0.34 18.8 
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  F = 5 → 4 240152.53 1 0.76 0.0069 25.8 34.07 0.34 13.8 

  J = 6.5 → 5.5; e         
  F = 7 → 6 283586.82 1 0.72 0.0096 21.8 34.54 0.39 9.8 

  F = 6 → 5 283593.17 1 0.72 0.0096 21.8 34.53 0.27 11.7 

  J = 6.5 → 5.5; f         
  F = 7 → 6 283777.59 1 0.72 0.0096 21.8 34.54 0.45 4.85 

  F = 6 → 5 283785.40 1 0.72 0.0096 21.8 34.51 0.53 8.16 
R Cas PN J = 5 → 4 234935.6952 1 0.76 0.027 31.6 25.92 0.33 5.77 

  J = 6 → 5 281914.2049 1 0.72 0.038 26.3 26.43 0.12 5.97 

 PO J = 5.5 → 4.5; e         
  F = 6 → 5 239948.98 2 0.76 0.0018 25.8 26.15 0.39 5.92 

  F = 5 → 4 239958.10 2 0.76 0.0018 25.8 26.16 0.52 13.0 

  J = 5.5 → 4.5; f         
  F = 6 → 5 240141.05 1 0.76 0.0018 25.8 25.99 0.58 9.83 

  F = 5 → 4 240152.53 1 0.76 0.0018 25.8 26.01 0.40 6.88 

  J = 6.5 → 5.5; e         
   283586.82 1 0.72 0.0025 21.8 27.68 0.53 12.8 

   283593.17 1 0.72 0.0025 21.8 27.35 0.37 5.37 
    J = 6.5 → 5.5; f 283781.5145 1 0.72 0.0025 21.8 27.72 1.5 15.0 

 
 

 PN and PO were detected in all three O-rich AGB envelopes, IK Tau, R Cas, and 

TX Cam. The properties of the spectral lines, frequency, line temperature, and full width 

at half maximum (ΔV1/2) are in Table 4.2. Line properties for NML Cyg and VY CMa are 

also included in Table 4.1. 

 The spectra for PN (X1Σ) are shown in Figure 4.6. Spectra for the J = 6 → 5 and 5 

→ 4 were observed using the SMT, while spectra for the transitions of J = 3 → 2 and 2 

→ 1 were observed using the 12m Telescope. Two transitions, J = 6 → 5 and 5 → 4, 

were observed for the envelopes of the AGB stars IK Tau and R Cas. For TX Cam, four 

transitions were observed at J = 6 → 5, 5 → 4, 3 → 2, and 2 → 1. Spectra from the 

previous observations of NML Cyg and VY CMa are also included; the J = 6 → 5 

transition for NML Cyg and the J = 6 → 5, 5 → 4, and 3 → 2 transitions for VY CMa. 
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 All spectra for PO (X2Π1/2) were observed using the SMT and are in Figure 4.7. 

Each spectrum shows the Λ-doublets of the two fine transitions J = 5.5  → 4.5 and 6.5 → 

5.5. Some magnetic hyperfine structure was also observed. The strongest two hyperfine 

components were partially resolved for the J = 5.5 → 4.5 transition in IK Tau, R Cas, TX 

Cam, and NML Cyg and for the hyperfine structure of the J = 6.5 → 5.5 transition for R 

Cas. No spectra for hyperfine transitions were resolved in this data. 

 The line widths for PO transitions are complicated by hyperfine structure, but for 

PN the widths are purely from the expansion velocity away from the source. The line 

widths of the AGB stars IK Tau, R Cas, and TX Cam match the known VLSR velocities 

with those found for other lines in these sources (e.g. HCN; Schöier et al. 2013). Lines in 

the Λ-doublet pairs of the PO emission have about equal width, which is as expected for 

a molecule in a 2Π state (see discussion in Sect.2.1). 
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Figure 4.6: Spectra for the fine structure of PN (X1Σ) were observed toward three O-rich 
AGB stars using the ARO telescopes. The x-axis is LSR velocity (km/s) and the y-axis is 
antenna temperature (mK).  The J = 6 → 5 and J = 5 → 4 transitions were observed 
toward IK Tau and R Cas. Both transitions and transitions at J = 3 →2,  2 → 1 were 
observed toward TX Cam. Spectra for the RSG's NML Cyg and VY CMa are also 
included (Milam et al. 2008; Edwards & Ziurys unpublished). All data are presented at 1 
MHz resolution. PN was detected in all sources. The dased lines are the models for PN 
generated using ESCAPADE. The model for VY CMa included two asymmetric 
outflows, in order to reach the width of the lines. 
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Figure 4.7: Spectra for the e and f Λ-doublets of PO (X2Π1/2) were observed toward 3 O-
rich AGB stars using the ARO SMT . The x-axis is LSR velocity (km/s) and the y-axis is 
antenna temperature (mK). All data are presented at 1 MHz resolution. PO was detected 
in IK Tau, R Cas, and TX Cam. Spectra for the RSG's NML Cyg and VY CMa are also 
included (Milam et al. 2008; Edwards & Ziurys unpublished). All data is presented at 1 
MHz resolution. For some spectra, such as that for R Cas, the hyperfine is partially 
resolved in the lower transition. The dased lines are the models for PO generated using 
ESCAPADE. The model for VY CMa included two asymmetric outflows, in order to 
reach the width of the lines. 
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4.2.2 Modelling Radial Abundance 

 The spectra for the PN (X1Σ) and PO (X2Πr) emission were modelled using the 

non-LTE radiative transfer code ESCAPADE (Adande et al. 2013). Parameters for the 

radial abundance profiles of the circumstellar envelopes are in Table 4.3. A discussion of 

ESCAPADE as a method is in Section 2.3.2 and Supplemental Material for the program 

is given in Appendix D. The models for PN and PO in O-rich CSE's are overlayed on the 

spectra in red onto the Figures 4.6 and 4.7. The radial profiles are listed in Table 4.4 and 

plotted in Figure 4.8. The x-axis is the log of the distance from the star (cm) and the y-

axis is the log of the fractional abundance with respect to H2. A vertical line is drawn at 

100 R*. 

 In all stellar cases observed, PO is more abundant than PN by roughly 10:1 ratio. 

Both molecules are formed at or near the photosphere. For the envelopes, the abundace 

drops to zero roughly near 100 R*. For the models of SO and SO2 emission in the 

envelope of VY CMa, four asymmetric outflows were modelled to fit the spectra 

(Adande et al. 2013). The asymmetric components for the molecular expansion in the line 

profiles for PN and PO are not distinct peaks due to the weak signal to noise. However, 

the full width of the observed lines were best fit by the model when two of the red shifted 

outflows were accounted for, Red Outflow 2 and Red Outflow 3. 
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Table 4.3 

Modeling Parameters for the Cicumstellar Envelopes 

Source Vexp rinner Tdust Rprofile Tprofile γ 

  (km s-1) (cm) (K) (cm) (K)   

TX Cam a 13.5 1.3 x 1014 800 2.0 x 1015 125 0.75 
IK Tau a 17.5 1.3 x 1014 800 2.0 x 1015 125 0.75 
R Cas b 5.0 3.8 x 1014 1300 2.0 x 1015 490 0.40 
VY CMa c  30 d 2.5 x 1015 400 1.0 x 1016 230 0.62 
NML Cyg c 25 3.0 x 1015 400 1.0 x 1016 270 0.50 

       
Notes.       
a From Decin, L. et al. 2010.     
b From Truong-Bach et al. 1999.     
c From Zubko, V. et al. 2004.     
d For the spherical component     

 
 
 
 

Table 4.4 
Abundance and Distribution for PN and PO in O-rich Circumstellar Envelopes 

Source ƒ [PN]/[H2] rshell,PN ('') router,PN ('') ƒ [PO]/[H2] rshell,PO ('') router,PO ('') 

TX Cam 9 x 10-9 ------ 7.5 x 1015 3.5 x 10-7 ------ 3.0 x 1015 
IK Tau 2 x 10-8 ------ 5.0 x 1015 3.0 x 10-7 ------ 3.0 x 1015 
R Cas 1 x 10-8 ------ 2.5 x 1015 2.0 x 10-7 ------ 2.5 x 1015 

NML Cyg 3 x 10-8 ------ 5.0 x 1015 4 x 10-7 2.5 x 1015 5.0 x 1015 
VY CMaa 

       Spherical Wind 4 x 10-8 5.0 x 1015 2.5 x 1015 2 x 10-7 2.5 x 1015 5.0 x 1015 
 Red Outflow 2 2 x 10-10 7.0 x 1016 6.0 x 1016 6 x 10-9 6.0 x 1016 7.0 x 1016 
 Red Outflow 3 2 x 10-10 3.5 x 1016 2.0 x 1016 4 x 10-9 2.0 x 1016 3.5 x 1016 
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Figure 4.8: Radial abundance profiles for PN and PO in stars IK Tau, R Cas, TX Cam, 
NML Cyg, and VY CMa as modelled using ESCAPADE. The data is in Table 4.4. The x-
axis is the log of distance from the star in cm and the y-axis is fractional abundance 
relative to H2. In all cases PO is more abundant than PN by roughly 10:1. Both molecules 
appear to be generated in or close to the photosphere, and both are depleted near 100 R*. 
In the case of VY CMa the material is also swept up into two of the asymmetric outflows, 
Red Outflow 2 and Red Outflow 3. 
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4.2.3 Discussion of Phosphorus in O-rich Envelopes 

 PO and PN were detected in the CSE's of five O-rich sources, with similar 

abundances at roughly a 10:1 ratio. The molecules are generated in or near the 

photosphere for all sources and drop significantly in abundance near 100 R*. This 

signifies that the method of production and depletion is likely equivalent for both AGB 

and RSG envelopes. Additionally, this implies that the asymmetric outflows from VY 

CMa are likely not the cause of the surprising abundance of PO and PN. Therefore, a 

chemical model for phosphorus molecules in O-rich CSE's should be able to determine 

the PO and PN abundances without consideration of asymmetric effects. Models, to date, 

do not match the molecular abundances. 

 The thermochemical and thermodynamical model of MacKay & Charnley (2001) 

placed PO in the portion of the outer envelope closer in toward the star. They predicted a 

fractional abundance at roughly 10-10. The work presented here shows PO abundances 

that are greater than those predicted by three orders of magnitude. The role that PO plays 

closer in to the photosphere is important to understanding the circumstellar phosphorus 

chemistry. 

 Agúndez et al. (2007) used a thermochemical equilibrium model to look close in 

to the star. They found that under 5 R* PO had an abundance of about 10-7, which 

matches observation. However, by 10 R* the PO abundance had completely depleted with 

P4O6 taking over as the major molecular carrier of phosphorus. This model aligns with 

what has been found in the work presented here. Gas phase PN and PO are abundant very 

near to the star, but are depleted well before the outer envelope. Chemistry beyond LTE 

must occur near the photosphere across the sample of AGB and RSG envelopes. 
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 While the abundance of PN and PO are likely due to a combination of LTE and 

shock driven chemistry, some likely reactions for their production are known. In the 

model of Agundez et al (2007) PN was produced just beyond the photosphere by the 

reactions: 

    N+ CP → PN+ C     (4.1) 

    P+ CN → PN+ C     (4.2) 

Possible mechanisms for the formation of PO include: 

    P+ O! → PO+ O     (4.3) 

    O+ PH! → PO+ H!     (4.4) 

However, the role of stellar pulsation shock chemistry may also be important. 

 There are two likely scenarios for the depletion of PN and PO near 100 R*. Highly 

refractory molecules may condense onto grains as they travel further into the envelope. 

Another mechanism is that PN and PO could act as parent species for the photochemistry 

occuring in the outer envelope. There is much that could be learned by further modelling 

using ESCAPADE for molecules in the O-rich envelopes of NML Cyg and VY CMa 

(Tenenbaum et al. 2010; Edwards & Ziurys unpublished). 

 

4.3 Conclusions on Circumstellar Chemistry 

 The chemistry of CSE's has been explored using the ARO telescopes, the SMT 

and 12m Telescope, to uncover small organic molecules and their roles in the ISM. CCN 

emission was detected in the envelope of IRC+10216 through the observation of three 

pairs of Λ-doublets. Modelling the emission of CCN and similar nitrogen-bearing carbon 

chain molecules shows that CCN is produced and destroyed in a shell of the outer 
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envelope and participates in photochemical reactions. The circumstellar detection was 

aided by essential laboratory work using the FTmmW and Direct Absorption 

Instrumentation of the Ziurys Laboratory. Methods for generating CCN in order to 

measure its rotational fingerprint were explored. 

 The molecules PO and PN were searched for in three O-rich AGB CSE's, IK Tau, 

R Cas, and TX Cam. Emission was detected from both molecules in all sources. The 

spectra from these sources and two O-rich RSG's, VY CMa and NML Cyg, were 

modelled using the non-LTE radiative transfer code ESCAPADE. This revealed that PO 

and PN were generated near the photosphere and depleted out near 100 R*. This work 

shows that PO and PN likely participate in the same chemical and physical networks in 

the inner envelopes for both AGB and RSG envelopes. Also, this highlights that PO and 

PN are key carriers of gas-phase phosphorus in CSE's and that their role in chemical 

models needs to be reassessed. 
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CHAPTER 5: INTERSTELLAR MOLECULES IN EXTREME ENVIRONMENTS 

 Extreme interstellar environments are as varied as they are beautiful. Their beauty 

is produced by catastrophic physical forces, such as participation in shocks, explosive 

radiation, and stellar birth and death. For this work, the chemistry within two extreme 

environments of the ISM were explored: the young planetary nebula NGC 7027 and the 

high-mass star-forming region (HMSFR) Orion-KL. Both sources have dense shocked 

gas as traced by H2*, but differ significantly in overall structure and composition. 

 This work determined that NGC 7027, a young planetary nebula, and similar 

sources make be likely laboratories for the synthesis of CH+. Spectral maps of emission 

from CH+, C+, and CO in NGC 7027 were generated and the velocity structure was 

analyzed. From this, the environment was found to be suitable for CH+ formation. Shocks 

between the ionized region and the surrounding dense molecular cloud provide 

vibrationally excited molecular hydrogen, H2*. The hydrogen likely reacts with C+ to 

form CH+. 

 The second extreme environment studied was Orion-KL (OKL), a high-mass star 

forming region (HMSFR). A spacially extended chemistry was observed using the Band 

8 and 9 emission of HCN, HCO+, and SiO. The mid- and high-J transitions for all 

molecules trace a region continuing along the full H2* region. Further away from the 

OKL source low-J transitions of HCN, HCO+, and SiO appear to trace different 

substructures. HCO+ emission, and to a lesser degree HCN emission, was particularly 

extended. Based on the velocity structure of the spectral lines, HCO+ appears to extend 

outward from the U-shaped ridges observed in complex organic species. This suggests 
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that smaller molecules may continue in the pattern of chemical differentiation extending 

outward into the full nebula.  

 

5.1 CH+ in the Young Planetary Nebula, NGC 7027 

 A manuscript has been prepared for the publication of this work. A copy of the 

manuscript can be found in Appendix C. A brief overview of the experiment is given 

here, focusing mostly on motivation. 

 The observation of spectral line emission from CH+ was one of the earliest 

molecular detections in space. In 1940 an observation of ζ Ophiuchi was observed with 

the Coude Spectrograph at the Mount Wilson Observatory (Adams 1941). They quickly 

identified CH in the spectrum, but also published an unidentified line. Due to its 

proximity to the equivalent CH line, they thought it could be due to CH+ (1Π - 1Σ), so 

they went into the laboratory to measure the fingerprint for CH+. They found they were 

correct, but were surprised at the unlikely case of CH+ existing in interstellar clouds. The 

reaction of H2 and C+ to form CH+ would need 4,300 K to push the reaction forward, but 

interstellar clouds are very cold at about 10 K. Since their measurement, CH+ has been 

observed in clouds across the galaxy, yet the question of its formation has been an 

enigma since this early observation. 

 Chernicharo et al. (1997) detected the rotational transition J = 1 → 0 for CH+ 

(X1Σ) in the young planetary nebula NGC 7027 using the Long Wavelength Spectrometer 

on the Infrared Space Observatory. This observation brought back the question of CH+ 

formation. Wedged between an ionic nebula and a cool extended molecular envleope, 

NGC 7027 hosts a shock region. The shocks contain vibrationally excited molecular 
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hydrogen, H2*, which can be seen from its v = 1→0 S(1) transition. H2* could provide 

the energy needed for its reaction with C+ to generate CH+. It was unclear from the low-

resolution data whether CH+ was associated with the H2* region. 

 To study the CH+ enigma in NGC 7027, observations of emission from the 

transitions CH+ J = 1 → 0 and C+ 2P3/2 → 2P1/2 were mapped using the HIFI on board the 

HSO. Details of the instrument are presented in Section 3.3.3. It was found that the CH+ 

emission and C+ emission traces the velocity structure of the shock region. Additional 

information was attained through Band 8 and 9 maps of CO around the shock region. 

 

5.2 HCN, HCO+, and SiO in the Star Forming Region, Orion-KL 

 The Orion Kleinmann-Low Nebula (Orion-KL or OKL), which is part of a larger 

Orion complex, is a High Mass Star Forming Region. It is a region of high density and 

physical complexity that is embedded internal to a less dense gas envelope. A diagram 

that gives a recent picture for part of the OKL region is found in Figure 9 of Peng et al. 

(2013) and traces the inner 20'' x 20'' portion. Sometime near 500 years ago young stars 

interacted explosively at the location known as "Source I". The explosion generated a 

"butterfly" morphology clearly seen in the map of H2* v = 1 - 0 S(1) emission (Kaifu et 

al. 2000). Along the two explosive bursts from the northwest to the southeast are high 

velocity outflows (30 - 100 km/s). Low-velocity outflows are seen stemming from a line 

from the northeast to the southwest that is near tangential to the high velocity outflows (it 

would make the body of the butterfly). The relation and morphology of these lobes is still 

under debate. 
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 A great abundance of organic molecules is present in the central region of OKL. 

The abundance could be the result of shocks between the ISM and the high-velocity gas. 

These molecules appear to be chemically differentiated through structures near Source I. 

Maps of complex organic molecules such as acetone (Peng et al. 2013) and other more 

complex species (see e.g. Feng et al. 2015) show two U-shaped ridges that reveal 

preferential chemistry with either more N- or O- bearing species, depending on the 

location. This difference could be caused by differences in physical conditions or due to 

age. An intricate network of substructures in the forms of jets and hotspots is evident in 

the H2* emission (Nissen et al. 2007) and may produce the differentiation. 

 Molecular map observations found in the literature are inteferometric maps for 

complex organic molecules. Interferometers have high spatial resolution, but filter out 

larger-scale structures and suffer from radiation loss. Additionally, complex organic 

species appear to be confined to an approximately 10'' x 10'' region surrounding source I, 

while the region expands as much as four times beyond this area. Lower-J transitions for 

molecules such as that of HCN (Schilke et al. 1992) have been mapped in the region. 

These represent cooler and less dense parts of the material. While the OKL region is a 

well studied source, there is great potential in further molecular study, particularly at high 

J transitions. 

 The goal of this work was to scan a ~ 50 x 50'' region of OKL for three small 

molecules, HCN, HCO+, and SiO in mid- and high- J transitions using the Band 8 and 

Band 9 receivers of the ARO SMT. The emission from these transitions should probe 

dense, warm, and hot molecular material, that may as yet remain uncovered. The maps 



	 63	

served as a probe for molecular material, shock chemistry, and high temperatures. were 

used for the study. 

 
5.2.1 Observations and Results 

 The ARO SMT on Mount Graham was used for high frequency spectral map 

observations of rotational emission (X1Σ) for HCN (J = 8 → 7), HCO+ (J = 8 → 7), SiO 

(J = 16 → 15), SiO (J = 11 → 10), and  SiO (J = 10 → 9) toward the OKL region 

between 2013 February and 2013 April. Optimal weather conditions were neccessary for 

using the ALMA Band 8 and Band 9 receivers (see Sect. 3.2). Five 5 x 5 spectral maps 

were generated with a 10.7'' sample size. Due to time restrictions, two positions in the 

HCO+ map in the north-east region were not observed. The map was centered at the 

brightest position toward the "hot core" of OKL that has been the point of spectral 

surveys (α = 5h32m47s.0; δ = -5°24'24''.0 (B1950.0)) and that contains Source I. 

Observations were conducted in position-switching mode +10'. Telescope pointing and 

focus were determined using Jupiter. Molecular line points toward OKL were also run to 

check the pointing. Parameters of the observations are given in Table 5.1. 

 
Table 5.1 

Frequency and Telescope Parameters of Observed Transitions 

Molecule Transition ν Receiver θb 

  
(MHz) 

 
('') 

HCN J = 8 → 7 708877.0 Band 9 30 
HCO+ J = 8 → 7 713341.2 Band 9 30 
SiO J = 16 → 15 694294.1 Band 9 31 

 
J = 11 → 10 477504.6 Band 8 16 

  J = 10 → 9 434120.2 Band 8 17 
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 Spectral maps for all observed emission are given in Figures 5.1 through 5.5. 

Each map was generated with a full beam sampling relative to the beam. For Band 9 

observations, the maps were sampled at 10.7''. The x-axes are the LSR velocities and the 

y-axes are the antenna temperatures, TA* (K). The spectral resolution is 1 MHz for all 

maps. The upper left corner of each map shows the beam size for the SMT at that 

frequency (~1.22λ/D). The spectra are overlayed on the H2* v = 1-0 S(1) emission (Kaifu 

et al. 2000), which was changed to a grayscale for ease of viewing. There is a spectral 

line shape that is observed in many of the spectra for the maps of HCN (J = 8 → 7), 

HCO+ (J = 8 → 7), SiO (J = 11 → 10), and SiO (J = 16 → 15) emission. This will be 

referred to as a "semi-conical shape" and refers to a shape containing one component that 

is narrow and is surrounded by a broad component. These components are from a slow 

flow that varies in velocities near 5 km/s, and a faster flow that varies in velocities near 

15 km/s. There is often a visibly sharp decrease in slope when moving from the central to 

the edge portion of this spectral line. 

 The spectral map for HCN (J = 8 → 7) emission is in Figure 5.1. The spectra have 

a semi-conical shape that is more pronounced in positions toward the edge of the map. 

The emission is strongest at the center of the map and at one step north, but drops down 

to about 33% by the edge of the map. The shape of the line depends largely on position. 

The spectra with the strongest HCN emission are contaminated by emission from HCN 

(v2 = 1; J = 8 → 7) and CH3OH (E; 190 → 181), but structure can still be seen in the red-

shifted emission. These two positions show spectral broadening at points near 1/3rd and 

2/3rd down from the peak. Several positions in the south-eastern portion of the map, and 

one in the west, have two peaks topping the conical outflow. Other positions, to the east 
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and west of center, have an asymmetric peak in velocity with more emission that is red-

shifted. There is a pattern in a slight difference among the central and wing intensity 

depending on cardinal direction. There is more blue-shifted material in the south-east and 

more red-shifted material in the northwest. 

 The spectral map for HCO+ (J = 8 → 7) emission is in Figure 5.2. Two positions 

are missing in the north-east due to time constraints and the need for dry weather. The 

map is quite dissimilar to the map for HCN. The emission is not strongest in the center, 

but in the position just south of center, and also to the east and northeast. Additionally, 

the emission intensities have dropped to only about 50% along the edges of the map. The 

spectral lines for HCO+ are quite narrow as compared to all other maps observed. The 

emission at the central position broadens as it reaches the edges of the spectra, looking 

very much like a triangle. Other emission across the nebula has conical shapes. Some 

spectra show a third broadening that occurs in the middle, as was seen for some of the 

HCN spectra. This can best be seen in the position just north and north-west of center. 

Several positions in the south have twin peaks topping the conical outflow, and many 

share the same position with the HCN emission. The strongest emission for HCO+ is just 

south of center and has a twin peak. The emission is very close to symmetric, however 

across the nebula there appears to be more blue-shifted material relative to HCN. 

 The spectral maps for the J = 10 → 9, 11 → 10, and 16 → 15 transitions of SiO 

are in Figures 5.3 through 5.5. None of the maps show the twin peaks or sharp 

asymmetric peaks seen in the HCN and HCO+ maps. All maps show several peaks in 

emission that are blue-shifted. 
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 The spectral map for SiO (J = 10 → 9) emission is in Figure 5.3. The emission is 

strongest in the center and drops off to about 10% by the map edges. The emission is very 

broad compared to the rest of the spectral maps. The spectra at the central position and 

those surrounding in an arc from the west, north, and to the east, have the broad wings 

also observed in the HCN spectra, with the more intense wing being red shifted. Those 

that are south-central do not have distinct wings, but appear to have more material blue-

shifted.  

 The spectral map for SiO (J = 11 → 10) emission is in Figure 5.4. The emission is 

much narrower than the broad emission from the J = 10 → 9 transition. This difference is 

not due to beam sizes since they differ by ~1''. The lineshapes for this transition appear to 

be some mixture between that of the SiO (J = 10 → 9) and HCO+ (J = 8 → 7) emission. 

There is a clear conical shape in much of the spectra with some broadening. The 

spectrum for the central position in the map appears to have two slight peaks, one red and 

one blue-shifted. The central spectrum has the greatest intensity and the drop in intensity 

depends greatly on cardinal direction. The emission drops off by about 50% in the north-

northwest and south-southeast directions, but drops to near 0% in the north and 

southwest. 

 The spectral map for SiO (J = 16 → 15) emission is in Figure 5.5. There is 

significant emission at the central position, and the position just to the north has about 

50% of the central emission. Elsewhere in the map the emission has dropped to about 

10% and is near 0% in the southern edge of the map. The central position has a shape 

very reminiscent of the central position for SiO (J = 11 → 10) with a semi-conical shape 

with two extra peaks, one each red or blue-shifted. 
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 Figure 5.6 is an overlay for the spectra observed at the center of the maps, 

covering Source I. All spectral lines show wings that extend outward to -24 and 38 km/s. 

The spectrum for HCN emission peaks at 11 km/s. The spectra for HCO+ emission, and 

the Band 8 SiO emission from J = 10 → 9 and J = 11 → 10 peak at 9 km/s. The SiO (J = 

16 → 15) emission peaks at 7 km/s. The HCN and SiO (J = 10 → 9) emission have 

similar broad spectral lines. The emission for HCN appears to have three-tiered 

broadening, while the SiO (J = 10 → 9) emission has a two-tiered broadening. The blue-

shifted wing of the SiO (J = 10 → 9) emission matches the same wing for the HCN 

emission in height with respect to peak slope. The red-shifted wing cannot be compared 

due to contamination by HCN (v2 = 1) and CH3OH. The HCO+ emission has a semi-

conical shape that is much smoother than observed in other positions of that map. There 

is also a small peak at 2 km/s. The emission for the SiO J = 11 → 10 and 16 → 15 

transitions have similar conical shapes with partial broadening in the wings. Additionally, 

both have two low intensity peaks in the wings. The blue-shifted peak is near -8 km/s and 

the red-shifted peaks are near 16 and 12 km/s respectively. 

 In the 1 GHz bandwidth available at the telescope, emission from other molecules 

was also observed. Some of this emission can be seen in Figure 5.6. The HCN emission 

is blended with HCN (v2 = 1; J = 8 → 7) and CH3OH (E; J = 190 → 181) emission. On 

the edge of the spectrum for SiO (J =  16 → 15) is an emission line from the J = 381,37 → 

372,36 transition of SO2. Visible in the spectrum for SiO (J = 10 → 9) are two U-lines and 

a line identified as CH3OCH3 (J = 95,4 → 84,5). 
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Figure 5.1. Spectra of the J = 8 → 7 transition of HCN toward the Orion-KL region. The 
spectra were measured using the ALMA Band 9 receiver of the ARO SMT. The x-axis is 
the LSR velocity and the y-axis is the antenna temperature, TA* (K). The spectral 
resolution is 1 MHz. The spectral map has a spacing of 10.7'' and the beam size (10.6'') is 
roughly the size of the spectra (10.7''). Emission drops down to 50% or less at the edges 
of the map, particularly in the north-east and south-west regions. The spectra are 
dominated by a semi-conical shape, where the majority of the material has wings out to 
±30 km/s. Spectra show differences in shape depending on positions where some show 
two peaks, some show an asymmetry in the peak, and some positions such as the center 
position appear to have at least three components. 
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Figure 5.2. Spectra of the J = 8 → 7 transition of HCO+ toward the Orion-KL region. 
The spectra were measured using the ALMA Band 9 receiver of the ARO SMT. The x-
axis is the LSR velocity and the y-axis is the antenna temperature, TA* (K). The spectral 
resolution is 1 MHz. Time constraints left a hole in the eastern portion of the map. The 
spectral map has a spacing of 10.7'' and the beam size is roughly the size of the spectra 
(10.6''). The spectra are dominated by an extreme semi-conical shape, where the majority 
of the material has wings out to ±30 km/s. Spectra are very narrow, but show differences 
in shape depending on position. Some show two peaks, some show an asymmetry in the 
peak, and some positions such as the position above center appear as a subtle three tiered 
line. 
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Figure 5.3. Spectra of the J = 10 → 9 transition of SiO toward the Orion-KL region. The 
spectra were measured using the ALMA Band 8 receiver of the ARO SMT. The x-axis is 
the LSR velocity and the y-axis is the antenna temperature, TA* (K). The circle in the 
upper left corner is the beam size (17.4''). The spectral resolution is 1 MHz. The spectral 
map has a spacing of 10.7''. The spectra are much more gaussian in shape relative to the J 
= 8 → 7 emission from HCN and HCO+. At positions close to center, the majority of the 
material has wings out to ±30 km/s. The emission drops significantly into the noise, 
particularly as moving north-east and south-west. There is an asymmetry in faster 
material, where the red shifted material is brighter than the blue shifted material. Much of 
the emission is shifted toward the blue. 
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Figure 5.4. Spectra of the J = 11 → 10 transition of SiO toward the Orion-KL region. 
The spectra were measured using the ALMA Band 8 receiver of the ARO SMT. The x-
axis is the LSR velocity and the y-axis is the antenna temperature, TA* (K). The circle in 
the upper left corner is the beam size (15.8''). The spectral resolution is 1 MHz. The 
spectral map has a spacing of 10.7''. The spectra show a broad conical shape with wings 
out to ±30 km/s. The emission drops significantly into the noise, particularly as moving 
north-east and south-west. At some positions the peak is blue shifted as was seen for SiO 
(J = 10 → 9) emission. 
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Figure 5.5. Spectra of the J = 16 → 15 transition of SiO toward the Orion-KL region. 
The spectra were measured using the ALMA Band 9 receiver of the ARO SMT. The x-
axis is the LSR velocity and the y-axis is the antenna temperature, TA* (K). The spectral 
resolution is 1 MHz. The spectral map has a spacing of 10.7'' and the beam size is near to 
the size of the spectra (10.8''). The central spectrum shows a broad conical shape with 
wings out to ±30 km/s, similar to the other maps. Emission drops 50% and greater as the 
position moves off center. The weak signals clearly show peaks that are blue shifted, as 
was seen for many SiO (J = 11 → 10) spectra and some of the SiO (J = 10 → 9) spectra. 
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Figure 5.6. Spectra for the HCN (J = 8 → 7), HCO+ (J = 8 → 7), SiO (J = 16 → 15), SiO 
(J = 11 → 10), and  SiO (J = 10 → 9) emission toward the center (Source I) of the OKL 
region. The x-axis is the LSR velocity and the y-axis is the antenna temperature, TA* (K). 
All spectra are at 1 MHz resolution. The Band 9 emission, HCN (J = 8 → 7), HCO+ (J = 
8 → 7), and SiO (J = 10 → 9), have a beam size near 30'', while the Band 8 emission has 
a beam size near 16''. All central emission has wings that extend from -24 to 38 km/s. The 
Band 8 emission for SiO and the HCO+ (J = 8 → 7) emission peak at 9 km/s. The 
emission for SiO (J = 16 → 15) peaks toward the blue at 7 km/s and the emission for 
HCN (J = 8 → 7) peaks toward red at 11 km/s. The emission for HCO+ (J = 8 → 7) has a 
sharp conical shape with concave sides that differs in structure from the other emission. 
The emission for HCN and SiO at Band 9 have broad gaussian wings, with greater 
intensity toward the red shift. The Band 8 emission for SiO is semi-conical with two 
small peaks to each side. 
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5.2.2 Line Profile Analysis 

 The properties of the spectral lines, frequency, line temperature, and full width at 

half maximum (ΔV1/2) for the spectral maps for HCN (J = 8 → 7) and HCO+ (J = 8 → 7), 

toward OKL are given in Tables 5.2 and 5.3 below. A general discussion of line profiles 

can be found in Sect 3.3.1. A full analysis of all spectral maps is still underway, though 

the profiles for the HCN and HCO+ emission have been analyzed via Gaussian fitting. 

 The most common shape found in the spectral maps was conical. There are two 

distinct variations in this type of outflow. There is the narrow peak at the center with 

broad wings. The wings extend from -22 to 39 km/s in all maps for the spectrum at the 

central position (see Fig. 5.6). The transition between the narrow peak and broad wings 

can be subtle, as it is for the central spectrum of HCO+ (J = 8 → 7), SiO (J = 11 → 10), 

and SiO (J = 16 → 15). Yet many spectra show a clear point of changeover, particularly 

in the rest of the map for HCO+. The spectra for HCN and HCO+ emission were fit with 

two gaussians, one narrow and one broad. This method worked for most spectra, but did 

ignore effects from double peaks. This method matches with the known velocity 

components in the source (see e.g. Peng et al. 2013 or Feng et al. 2015). 

 
Table 5.2 

Observed Line Parameters for HCN ( J = 8 → 7 ) in OKL 

Position TA* ΔV1/2 VLSR 
  (K) (km s-1) (km s-1) 

(21.4, 21.4) 1.027 ± 0.650 3.6 ± 4.6 8.8 ± 3.2 

 
0.579 ± 0.650 27.6 ± 4.6 6.4 ± 3.2 

(10.7, 21.4) 0.970 ± 0.705 4.0 ± 1.5 9.6 ± 2.0 

 
1.175 ± 0.705 14.7 ± 1.5 8.7 ± 2.0 

(0, 21.4) 1.213 ± 0.660 4.1 ± 1.7 9.0 ± 1.8 

 
2.069 ± 0.660 14.3 ± 1.7 7.4 ± 1.8 

(-10.7, 21.4) 2.476 ± 0.580 8.3 ± 4.3 9.1 ± 3.8 

 
1.522 ± 0.580 23.5 ± 4.3 10.5 ± 3.8 
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(-21.4, 21.4) 1.747 ± 0.495 10.3 ± 1.4 9.1 ± 3.1 

 
0.812 ± 0.495 28.9 ± 1.4 9.8 ± 3.1 

(21.4, 10.7) 0.921 ± 0.535 7.7 ± 3.0 9.3 ± 4.0 

 
1.229 ± 0.535 26.9 ± 3.0 9.4 ± 4.0 

(10.7, 10.7) 5.727 ± 0.450 10.2 ± 1.1 9.1 ± 0.4 

 
6.004 ± 0.450 30.3 ± 1.1 10.7 ± 0.4 

(0, 10.7) 2.184 ± 0.635 3.9 ± 4.2 10.4 ± 2.3 

 
10.981 ± 0.635 27.8 ± 4.2 10.8 ± 2.3 

(-10.7, 10.7) 2.832 ± 1.010 10.4 ± 1.5 -0.6 ± 2.3 

 
9.019 ± 1.010 33.3 ± 1.5 13.0 ± 2.3 

(-21.4, 10.7) 1.348 ± 0.585 2.2 ± 2.7 10.1 ± 2.3 

 
4.242 ± 0.585 23.2 ± 2.7 8.7 ± 2.3 

(21.4, 0) 2.182 ± 0.605 2.4 ± 2.6 9.5 ± 1.7 

 
2.824 ± 0.605 23.8 ± 2.6 11.2 ± 1.7 

(10.7, 0) 6.666 ± 0.760 19.7 ± 2.4 9.0 ± 3.5 

 
2.891 ± 0.760 47.8 ± 2.4 10.6 ± 3.5 

(0, 0) 2.102 ± 0.405 3.5 ± 2.9 11.1 ± 2.1 

 
14.039 ± 0.405 29.3 ± 2.9 11.9 ± 2.1 

(-10.7, 0) 2.006 ± 0.725 5.6 ± 3.1 11.1 ± 2.1 

 
6.946 ± 0.725 34.0 ± 3.1 11.9 ± 2.1 

(-21.4, 0) 1.368 ± 0.490 6.3 ± 1.4 11.2 ± 2.4 

 
4.365 ± 0.490 24.8 ± 1.4 6.3 ± 2.4 

(21.4, -10.7) 0.761 ± 0.670 4.2 ± 3.3 10.0 ± 2.5 

 
2.488 ± 0.670 22.7 ± 3.3 9.6 ± 2.5 

(10.7, -10.7) 5.658 ± 0.600 18.1 ± 1.3 8.4 ± 2.4 

 
1.513 ± 0.600 39.7 ± 1.3 18.0 ± 2.4 

(0, -10.7) 3.521 ± 0.795 20.2 ± 2.6 11.3 ± 2.1 

 
2.929 ± 0.795 38.7 ± 2.6 11.6 ± 2.1 

(-10.7, -10.7) 3.448 ± 0.600 6.7 ± 3.2 11.9 ± 2.7 

 
4.176 ± 0.600 27.5 ± 3.2 12.7 ± 2.7 

(-21.4, -10.7) 2.660 ± 0.680 7.1 ± 3.5 11.7 ± 2.3 

 
4.062 ± 0.680 24.4 ± 3.5 6.5 ± 2.3 

(21.4, -21.4) 1.572 ± 0.780 10.5 ± 2.7 9.8 ± 2.0 

 
1.560 ± 0.780 26.0 ± 2.7 8.6 ± 2.0 

(10.7, -21.4) 4.062 ± 0.460 11.3 ± 1.9 8.5 ± 2.0 

 
2.298 ± 0.460 36.1 ± 1.9 10.0 ± 2.0 

(0, -21.4) 4.577 ± 0.580 14.1 ± 2.3 10.1 ± 2.7 

 
3.175 ± 0.580 31.7 ± 2.3 8.2 ± 2.7 

(-10.7, -21.4) 3.686 ± 0.475 9.7 ± 0.9 11.7 ± 2.0 

 
1.904 ± 0.475 32.2 ± 0.9 10.9 ± 2.0 

(-21.4,-21.4) 2.556 ± 0.360 9.2 ± 3.0 10.7 ± 1.3 
  1.767 ± 0.360 32.1 ± 3.0 7.9 ± 1.3 
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Table 5.3 
Observed Line Parameters for HCO+  ( J = 8 → 7 ) in OKL 

Position TA* ΔV1/2 VLSR 
  (K) (km s-1) (km s-1) 

(21.4, 21.4) 1.302 ± 0.385 3.7 ± 1.0 8.6 ± 1.0 

 
0.554 ± 0.385 15.2 ± 1.0 9.1 ± 1.0 

(10.7, 21.4) 1.675 ± 0.350 3.5 ± 1.5 8.6 ± 0.9 

 
1.074 ± 0.350 12.7 ± 1.5 8.4 ± 0.9 

(0, 21.4) 3.270 ± 0.420 3.3 ± 0.5 8.1 ± 0.9 

 
1.185 ± 0.420 14.2 ± 0.5 7.5 ± 0.9 

(-10.7, 21.4) 4.932 ± 0.360 4.4 ± 0.6 8.6 ± 1.4 

 
0.869 ± 0.360 25.8 ± 0.6 8.9 ± 1.4 

(-21.4, 21.4) 3.163 ± 0.375 4.2 ± 0.5 8.2 ± 0.4 

 
0.645 ± 0.375 21.8 ± 0.5 9.3 ± 0.4 

(10.7, 10.7) 2.677 ± 0.530 7.3 ± 0.9 9.4 ± 0.9 

 
0.814 ± 0.530 27.9 ± 0.9 15.2 ± 0.9 

(0, 10.7) 2.966 ± 0.450 6.2 ± 1.3 8.5 ± 0.9 

 
2.324 ± 0.450 18.6 ± 1.3 8.6 ± 0.9 

(-10.7, 10.7) 4.238 ± 0.390 4.5 ± 1.0 8.8 ± 1.1 

 
2.422 ± 0.390 26.1 ± 1.0 7.3 ± 1.1 

(-21.4, 10.7) 3.293 ± 0.465 4.3 ± 1.0 8.6 ± 1.2 

 
1.389 ± 0.465 26.1 ± 1.0 9.2 ± 1.2 

(10.7, 0) 2.666 ± 0.605 6.8 ± 2.5 9.4 ± 2.0 

 
1.373 ± 0.605 22.9 ± 2.5 6.5 ± 2.0 

(0, 0) 2.303 ± 0.325 7.8 ± 1.9 9.0 ± 1.2 

 
3.737 ± 0.325 26.5 ± 1.9 6.6 ± 1.2 

(-10.7, 0) 4.320 ± 0.305 5.1 ± 2.3 9.7 ± 0.7 

 
2.784 ± 0.305 26.9 ± 2.3 10.7 ± 0.7 

(-21.4, 0) 2.208 ± 0.400 5.2 ± 2.9 8.4 ± 2.0 

 
1.428 ± 0.400 21.3 ± 2.9 6.0 ± 2.0 

(21.4, -10.7) 1.749 ± 0.415 4.8 ± 1.0 9.4 ± 1.4 

 
0.799 ± 0.415 19.2 ± 1.0 9.2 ± 1.4 

(10.7, -10.7) 4.036 ± 0.585 5.7 ± 1.2 9.3 ± 1.5 

 
1.511 ± 0.585 18.3 ± 1.2 10.1 ± 1.5 

(0, -10.7) 7.251 ± 0.505 7.1 ± 1.1 10.3 ± 1.2 

 
1.680 ± 0.505 27.9 ± 1.1 6.7 ± 1.2 

(-10.7, -10.7) 4.390 ± 0.500 6.2 ± 1.1 10.1 ± 1.1 

 
0.960 ± 0.500 43.1 ± 1.1 8.1 ± 1.1 

(-21.4, -10.7) 3.490 ± 0.830 6.5 ± 1.0 9.7 ± 1.1 

 
0.458 ± 0.830 24.7 ± 1.0 5.5 ± 1.1 

(21.4, -21.4) 1.452 ± 0.405 3.5 ± 1.4 9.6 ± 1.0 

 
1.021 ± 0.405 12.5 ± 1.4 8.8 ± 1.0 
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(10.7, -21.4) 1.633 ± 0.440 1.4 ± 1.2 8.2 ± 2.3 

 
3.457 ± 0.440 8.4 ± 1.2 9.7 ± 2.3 

(0, -21.4) 3.779 ± 0.355 6.4 ± 1.1 10.2 ± 1.2 

 
1.152 ± 0.355 17.6 ± 1.1 7.2 ± 1.2 

(-10.7, -21.4) 2.370 ± 0.500 5.3 ± 1.8 9.8 ± 1.3 

 
0.540 ± 0.500 32.1 ± 1.8 12.2 ± 1.3 

(-21.4,-21.40) 1.364 ± 0.525 3.9 ± 2.4 8.8 ± 1.6 
  1.183 ± 0.525 18.1 ± 2.4 7.8 ± 1.6 

 
 
 
 
5.2.3. Discussion of Orion-KL's Chemistry and Physics 

 The observations are rich with information about Orion KL. A full analysis is still 

underway, but much can already be said. Observations of emission from HCN, HCO+, 

and SiO Band 8 and 9 emission show that the hot and dense chemistry in the Orion-KL 

region is extended. The emission from the higher temperature tracer (Band 9 SiO 

emission; ~300 K) is more confined, but the shocks traced by HCO+ extend with 

significant intensity across the entirety of the ~50'' x 50'' map. 

 The chemically selective outflows that have been traced by complex organic 

molecules appears to continue into the extended maps of this work. The velocity structure 

of HCO+ is slightly blue-shifted with much of its emission seeming to come from low-

velocity material. This could mean that it is associated with the O-bearing U-shaped ridge 

that has been previously observed (see e.g. Peng et al. 2013). SiO emission also appears 

to trace this region. The HCN emission traces higher velocities similar to the N-bearing 

U-shaped ridge, but has complex structures traced across the nebula that hint at different 

unknown structures. 

 Large scale structures have been observed that, to the author's current knowledge, 

have not previously been traced by molecular emission. For instance, HCN and HCO+  
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have bipolar outflows in the south-east portion of OKL, which may trace new regions of 

shock chemistry. Additionally asymmetric structures were observed in the emission of 

HCN that point to discontinuities in the structures on the western side of the nebula. 

Further investigation of these features is needed. Comparison to recent publications on 

molecular emission in the source taken by the Atacama Large Millimeter/submillimeter 

Array (ALMA), which show different angular resolutions, could prove interesting. 

 

5.3. Conclusions on Extreme Interstellar Chemistry 

 Extreme environments are regions rich in undiscovered chemistries. The shock 

region of the young planetary nebula NGC 7027 was found to be a likely source for the 

production of interstellar CH+. Additionally, Band 8 and Band 9 spectra from CO and 

HCO+ emission appear to trace regions of transition from shocks to the remnant 

envelope. 

 The explosive region extending out from the Orion-KL source, shows chemistry 

complex in its richness and in its ubiquity. Band 8 and Band 9 emission from HCN, 

HCO+, and SiO in the Orion-KL region probe the known explosive portions of OKL, and 

may probe before unseen arms. The emission appears to trace substructures and may 

participate in complex chemical differentiation. 
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Introduction: 

 NGC 7027 is a young planetary nebula (PN), which has garnered much attention 

due to its array of rich chemical and physical properties. Planetary nebulae (PNe) are the 

remnants of stars along the asymptotic giant branch. In this stage, the white dwarf star 

emits an intense UV field into the residual molecular envelope. PNe envelopes were 

originally expected to be composed completely of ionized material, due to the intense 

radiation field. However, the UV field does not destroy the molecular envelope as can be 

seen in examples across the galaxy, such as the recent detections of HCO+ and HCN in 

17 PNe (Schmidt & Ziurys 2016). Molecular material persists and develops in the 

envelopes as the PNe age. HCO+ and H2CO has been detected in the dense clumps of the 

old PN NGC 7293 (the Helix; Zack & Ziurys 2013). However, to date, due to its close 

proximity and young age, NGC 7027 has one of the richest molecular envelopes observed 

around a PN, with molecules including HCO+, HCN, CN, C2H, and CO+ (Hasegawa & 

Kwok 2001). 

 The molecular material in the envelope of NGC 7027 is protected from the UV 

radiation by a dense photodissociation region (PDR; e.g. Latter et al. 2000). The ionic 

region at the center of the nebula is a spheroid, but the PDR region, traced by lines from 

vibrationally excited H2, has a complex shape: quadrupolar with perforations at the edges 

of each pole (Cox et al. 2002). These perforations may be caused by on-axis jets, that 

likely generated this shape through two major events, one for each bi-pole (Latter et al. 

2000). Theories have been made regarding multiple or precessing jets, but a model by 

Nakashima et al. (2010) did not find any hint for this type of structure. The quadrupolar 

shape is also seen in the inner regions of the molecular envelope through emission from 
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HCO+ and HCN (Huang et al. 2010). Santander-García, Bujarrabal & Alcolea (2012) 

have found clear evidence for a shock front in the production of this nebular shape. They 

concluded that water was either produced in this shock front or through photo-induced 

chemistry relating to the central star. 

 While much of the molecular material appears to be present in PNe due to the 

shielding from the PDR, there are still some questions as to the presence of the CH+ 

molecular ion, which was detected in NGC 7027 (Cernicharo et al. 1997). CH+ was one 

of the first molecules observed in space. It was first observed in ζ Ophiuchi back in 1941 

at the Mount Wilson Observatory (Adams 1941), and since then has been found to be a 

pervasive molecule in cold molecular clouds. Its ubiquity is a surprise, as the reaction of 

C+ and H2 occurs at 4,300 K, making most of space far too cold for its formation. 

 Determining the mechanisms behind the interstellar presence of CH+ is a topic 

still under heavy debate. The observed abundance of CH+ in molecular clouds can be 

reproduced when a constant H2 molecular fractional abundance is used throughout the 

cloud (Myers et al. 2015). However, molecular clouds house complex microphysical 

structures, where turbulent mixing creates regions of hot gas embedded within the cold 

molecular clouds (Falgarone et al. 1995). When these dynamic conditions are taken into 

consideration (using Magnetohydrodynamical simulations; Valdivia et al. 2017), the 

generated CH+ abundance underpredicts the observed values. 

 A recent paper by Goicoechea et al. (2019), traced CH+ along the Orion Bar. The 

observations showed that CH+ was spatially correlated with C+ and FUV-pumped H2. 

They concluded that CH+ emission arises from extended PDR gas and not from fast 

shocks. 
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 In this paper, we present an observation- based analysis of the chemistry for CH+ 

occurring within the planetary nebula, NGC 7027. We find that CH+ is spatially 

correlated with the excited H2 produced and traces the shocked gas. We also trace the 

density and structure of the molecular gas by measuring high frequency lines of CO and 

HCO+. 

 

2. OBSERVATIONS 

2.1 Herschel Space Observatory 

 The data presented here were obtained using the Heterodyne Instrument for the 

Far-Infrared (HIFI) on board the Herschel Space Observatory (Pilbratt et al. 2010) 

between 2010 May and 2012 May. Spectral On-the-fly (OTF) maps were taken for CH+ 

(J = 1 → 0) and C+ (J = 2P3/2 → 2P1/2) across NGC 7027 using the dual-polarization wide 

band spectrometer (WBS ) centered at the reference coordinate, α = 21h07m01s.59; δ = 

42°14'10''.2 (J2000.0). The WBS has a spectral resolution of 1.1 MHz and was conducted 

in position-switching mode. More detailed information on the instrument is presented by 

de Graauw et al. 2010. All data was reduced up to the level-2 processing using the 

Herschel Interactive Processing Environment (HIPE) version 12.1.0 (see Roelfsema et al. 

2012 for details). The H and V polarization data was merged, and spectral cubes were 

made using the do gridding task of HIPE to give the final spectra. Forward spillover, ηl, 

is accounted for in the level-2 processing, and main beam efficiencies were measured and 

reported by Mueller et al. 20141. Main beam temperature is Tmb = x (ηl /ηmb) where 

ηmb is the main beam efficiency. Observational parameters are listed in Table 1. 

 

ΤΑ
*
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2.2 Arizona Radio Observatory 

 Ground-based observations of CO (J = 4→3), CO (J = 6 → 5), and HCO+ (J = 8 

→ 7)  were conducted at the Sub-millimeter Telescope (SMT) of the Arizona Radio 

Observatory (ARO) on Mount Graham between 2014 December and 2015 March. 

Frequency coverage came through the use of two receivers. The single sideband ALMA 

Band 8 receiver covers the range from 385 to 500 GHz. Rejections for the observations 

were between 15 and 20 db. The ALMA Band 9 receiver covers a range of 650 to 720 

GHz. It operates in dual polarization mode with double sideband coverage. The backend 

used has 2048 channels that were operated in parallel mode (2 x 1024 channels) at a 

resolution of 1 MHz. At the SMT, the intensity scale is TA
*, the standard chopper-wheel 

antenna temperature. Radiation temperature is defined as TR = /ηmb. 

 The CO and HCO+ observations were conducted in position-switching mode 

+10', to completely get off of the source. HCO+ (J = 8 → 7) was observed at the central 

position for NGC 7027 (α = 21h07m01s.6; δ = 42°14'10''.2 (J2000.0)). CO (J = 4 → 3) and 

CO (J = 6 → 5) were observed at several positions surrounding the central position with a 

nyquist sample relative to CO (J = 4 → 3) of 6.3''. CO (J = 4 → 3) had a total of 16 

positions and CO (J = 6 → 5) had a total of 9 positions. Telescope pointing was checked 

using the CO lines on well-known sources such as W3(OH). Parameters of all the 

observations are given in Table 1. 

 

 

 

1 http://herschel.esac.esa.int/twiki/pub/Public/HifiCalibrationWeb/ 
HifiBeamReleaseNote_Sep2014.pdf 

ΤΑ
*
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3. RESULTS 
 Spectral maps for for CH+ (J = 1 → 0), C+ (2P3/2 → 2P1/2), CO (J = 4 → 3), and 

CO (J = 6 → 5) across the planetary Nebula NGC 7027 are given in Figures A through D. 

The sampling across the nebula determined the spectral spacing for CH+ (J = 1 → 0) and 

C+ (2P3/2 → 2P1/2), while CO (J = 4 → 3) and CO (J = 6 → 5) were sampled at a nyquist 

rate (with respective to the beam size for CO (J = 4 → 3)). The values are listed in Table 

1.  X-axes are given in LSR velocities, where the VLSR of NGC 7027 is 25 km/s. In all 

spectra the velocity structure is clearly centered on this value. The y-axes are TA* (in 

units of Kelvin), and appropriate equations are provided in Section 2. Additionally, in the 

upper right corner of the map, the beam size of the telescope at that frequency (~1.22λ/D) 

is illustrated by a circle. The spectra are overlayed on top of a three-color composite 

HST/NICMOS image, where yellow/white is the central ionic nebula (mapped in the Brϒ 

line), and red is the vibrationally excited molecular hydrogen (H2*) region (Latter et al. 

2000). 

 In order to discuss the spectral maps, the known structures of the H2* region and 

its parts should be quickly discussed. The ionic region of the nebula, as measured by Brϒ 

emission is an oblong ellipsoid. The H2* region encapsulates the ionic nebula within its 

hourglass-like shape, with a tilt to its major axis of 28°. The hourglass shape is mainly 

due to limb-brightening and is really more of a semi-quadrupolar shape with four lobes, 

where much symmetry is seen with respect to the star. A line moving through the north-

west lobe down to the south-east lobe shall be referred to as "L1", as it is the line along 

which Latter et al. 2000 proposed a past event for a jet and labelled it "1". Also, a similar 

past event structure that is almost along the major axis, but runs somewhat from the 
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northern lobe down into the southern lobe will be referred to as "L2". Further details 

discussing structural characteristics can be found in Cox et al. 2002. 

 Due to use of On-the-fly-mapping, the spectra for CH+ (J = 1 → 0) across NGC 

7027 were sampled at a rate (10.7'') much smaller than the beam size (25.8'') generating a 

42.8'' by 64.2'' map. The intensities of the spectra are distributed quasi-symmetrically 

about an area straddling the major axis and L1 of the H2* region, with the greatest 

intensity at the center, and the emission intensity dropping to zero as the spectra move off 

of the H2* region. In evaluating the spectra, four velocity components were observed. 

The two fast components near 5 and 40 km/s are particularly distinct and two slow 

components, near 20 and 30 km/s, were also visible in the spectra. 

 In part due to its higher frequency, spectra with higher spatial sampling were 

obtained for C+ (2P3/2 → 2P1/2). A large portion of the sky was mapped, but Figure B 

shows those spectral rows and columns that showed emission out of the noise (emission 

greater than 1 K). The map shown extends from 28.8'' by 28.8''. However, the emission 

extends 21.3'' east and 7.2'' west of nebula center. Unlike the emission of CH+ (J = 1 → 

0), the C+ (2P3/2 → 2P1/2) emission is distributed more sporadically across the nebula. The 

strongest emission lies east and south of the nebula center, with the strongest emission 

coming from the south-east lobe. The emission decreases significantly as the position 

moves away from the south-east lobe. Similar to the spectra for CH+ (J = 1 → 0), four 

distinct velocity components are visible, two fast components near 5 and 40 km/s, and 

two slow components near 20 and 30 km/s. 

 The spectral map for CO (J = 4 → 3) covers a 25.2'' by 25.2'' grid over NGC 

7027, just slightly smaller than that for C+ (2P3/2 → 2P1/2). The spectral map for CO (J = 6 
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→ 5) is the smallest at 12.6'' by 12.6'', covering just the H2* region. The spectra for CO (J 

= 4 → 3) clearly extend beyond the H2* region and show a strong similarity to a 5 x 5 

map at 28'' by 28'' of CO (J = 3 → 2) emission across NGC 7027 (Jaminet et al. 1991). 

There is more CO emission to the east of the nebula than to the west of the nebula. This 

difference is particularly distinct in the CO (J = 6 → 5) spectra. Both spectral maps 

appear to have emission from three slow components near 15, 25, and 35 km/s, while also 

having less intense high velocity components near 5 and 40 km/s in the wings. The lower 

transitions of J = 4 → 3 tend to have the most emission near 25 km/s, however in the 

higher rotational transition of J = 6 → 5, greater intensities are seen in the component 

near 35 km/s. This difference is due not to excitation, but is due to the differences in 

beam size as was found in observations of CO in NGC 7027 by Santander-Garcia et al. 

2012. It appears that the CO (J = 4 → 3) emission is probing more extended material, 

while the CO (J = 6 → 5) emission is focused more to local regions. 

 Additional high frequency data was observed using the ARO SMT in order to 

probe the shock region of NGC 7027. Emission from HCO+ (J = 8 → 7) was observed for 

the central position of the nebula. The spectrum is shown in Figure E along with spectra 

for CH+ (J = 1 → 0), C+ (2P3/2 → 2P1/2), CO (J = 4 → 3), CO (J = 6 → 5) at the central 

position. The spectrum for CH+ (J = 1 → 0) is convolved to an area of the four central 

spectra from Figure A and therefore it covers a circular region with diameter 21.4''. All 

spectra peak at a high velocity and then decrease in intensity as the velocity decreases 

toward the blue end. Spectra for CH+ (J = 1 → 0), and HCO+ (J = 8 → 7) clearly peak at 

a fast and high LSR velocity near 40 km/s. For CH+ (J = 1 → 0), there is almost a linear 

drop-off as velocity decreases. C+ (2P3/2 → 2P1/2) is the same, except the strongest peak is 
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at a slower velocity near 30 km/s. CO (J = 4 → 3) peaks near 25 km/s, while CO (J = 6 

→ 5) peaks near 35 km/s. Other than the component peak at the LSR velocity of NGC 

7027, the CO (J = 6 → 5) spectra are reminiscent of the CH+ (J = 1 → 0) spectra. The 

asymmetry of the spectra where the emission drops of steeply toward 5 km/s is likely an 

effect of radiative transfer. 

 

4. ANALYSIS 

 All spectra from the maps for NGC 7027, those of CH+ (J = 1 → 0), C+ (2P3/2 → 

2P1/2), CO (J = 4 → 3), and CO (J = 6 → 5) were fit with Gaussians. A MATlab program 

that ran a non-linear least squares fit to the profile was used to fit the components. The 

data is in Tables A, B, C, and D respectively. The peak of the gaussian is TA* as defined 

by that telescope (see section 2 for definition). The center of the gaussian is VLSR and the 

full width at half maximum is denoted as ΔV1/2. Errors for the values are based off of the 

program fits, except the TA* errors are based on signal noise. Offsets from the center of 

the nebula are given in units of arcseconds. 

 For CH+ (J = 1 → 0) and C+ (2P3/2 → 2P1/2), four velocity components were fit. 

For discussion purposes the fast components were labelled as "Blue 1" and "Red 1" for 

the components near 5 and 40 km/s respectively, and the slow components were labelled 

"Blue 2" and "Red 2" for the components near 20 and 30 km/s respectively. For CO (J = 

4 → 3) and (J = 6 → 5) spectra the fastest components were unable to be fit by the 

program due to blending of the lines. This may bloat the velocity widths of the slower 

components to some degree, but it is probably a small effect. Tables C and D contain fits 

for the slow velocity components in CO (J = 4 → 3) and (J = 6 → 5). The components 



	 106	

are labelled as "Comp 1", "Comp 2", and "Comp 3" for velocity components near 15, 25, 

and 35 km/s respectively. 

 To better visualize the chemistry of CH+ in NGC 7027, contour plots of the CH+ 

(J = 1 → 0) component data were generated and are shown in Figure F. Contours were 

incremented between 20% and 33% of the highest intensity contour. Both contours are 

placed over the Hubble composite image of Brϒ emission in yellow-white and H2* 

emission in red (Latter et al. 2000). On the left is a plot of the slow components, Blue 2 

and Red 2. They are the solid blue line and the dashed red line in the figure respectively. 

Both components show emission intensity that is quasi-symmetrical about an area of the 

major axis and L1, elongating along the H2* emission. The Blue 2 emission peaks around 

the waist, particularly on the western side, which is where emission near 20 km/s peaks in 

H2* emission. Similarly, the Red 2 emission peaks over the south-eastern lobe of the 

nebula, in the same location that the emission near 30 km/s peaks in H2*. On the right are 

the contour plots for the fast components, Blue 1 and Red 1. They are the solid blue line 

and the dashed red line in the figure respectively. It should be noted that Blue 1 emission 

had low signal-to-noise and therefore will have the most error in the contours. However, 

both contours show clear alignment with the corresponding velocity components in H2* 

emission. The Blue 1 emission peaks around the eastern portion of the waist, which is 

where emission near 5 km/s peaks in H2* emission. Similarly, the Red 1 emission peaks 

over the eastern waist of the nebula, in the same location that the emission near 40 km/s 

peaks in H2*. 

 Gaussians fits for the same four velocity components of the C+ (2P3/2 → 2P1/2) 

emission is in Table B. Component velocities match very well with the velocity 
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components observed in the CH+ (J = 1 → 0) spectra. Emission for Blue 2, Red 2, and 

Red 1 is strongest at the south-eastern lobe. This lobe, then, is the region of greatest 

abundance for the C+ molecule. This position is the proposed position of a recent jet 

event along the L1 line where fast ionic emission (speeds up to about 60 km/s) were 

observed in Brϒ emission. 

 CO (J = 4 → 3) and CO (J = 6 → 5) emission was mapped at the spacing of 6.3''. 

The CO (J = 4 → 3) emission at a larger beam size (16'') appears to show the more 

extended CO emission from the nebula, while the CO (J = 6 → 5) emission at a smaller 

beam size (11'') appears to show more localized emission. Gaussian fits for the three slow 

components are in Tables C and D, respectively. Spectra from both maps show a 

component at the source LSR velocity, Comp 2, seen to have strong emission throughout 

the spectra, especially in CO (J = 4 → 3) emission. In the map for CO (J = 4 → 3)  

emission, Comp 1 has stronger emission in the south and eastern nebula, while Comp 2 

has stronger emission in the north and east of the nebula. These correspond to the blue 

and red shifted portions of the torus seen in interferometer maps of CO (J = 1 → 0) (Fong 

et al. 2006; Graham et al. 1993). The spectra for the slow components of the CO (J = 6 → 

5) emission are much different, where the torus shape is not as clearly correlated with the 

Comp 1 and Comp 3 peaks. There are two fast velocity peaks that were distinct in several 

of the spectra of both CO maps. The fast red component near 40 km/s appears in both CO 

maps toward the southern lobe, while the slow component near 5 km/s appears towards 

the northern lobe. This emission corresponds well with those velocity components in H2* 

along the L2 line.  
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 A gaussian was fit to the spectrum of HCO+ (J = 8 → 7) observed at the center of 

the source (spectrum is in Figure E). The peak intensity, full width half maximum 

velocity, and LSR velocity were fit as 0.102 ± 0.030 K, 17.06 ± 0.003 km/s, and 38.62 ± 

0.005 km/s respectively. This matches the fast component Red 1 fit in both the CH+ (J = 

1 → 0) and C+ (J = 2P3/2 → 2P1/2) emission. A beam size of 11'' for HCO+ (J = 8 → 7) at 

the SMT places this spectrum over the ionized nebula and the waist of the H2* region. 

Both H2* and HCO+ (J = 3 → 2) show emission near this velocity over the northern 

position of the nebula just above the waist. 

 

5. DISCUSSION 

5.1. Molecular Ions: Velocity Structure and Physical Conditions 

 The CH+ (J = 1 → 0) data shows that the molecule, CH+ is in the same material as 

the H2* region observed by Latter et al. 2002 and plotted as velocity channel maps by 

Cox et al. 2002. From this, we can conclude that CH+ is associated with the H2* shock 

region of NGC 7027 and that CH+ coincides with the vibrationally excited H2 molecule. 

 The C+ (2P3/2 → 2P1/2) data shows that C+ is likely associated with the ionized 

region, particularly with the south-east lobe. This position correlates with the possible 

recent jet event along L1 and could be the result of either a jet blast or a hole produced by 

other means allowing more UV light to penetrate into this region. The similarity of the 

components between the C+ (2P3/2 → 2P1/2) and the CH+ (J = 1 → 0) emission makes it 

likely that they are mixed in the same gas. However, the C+ (2P3/2 → 2P1/2) emission 

appears more extended and is likely interacting with the neutral molecular envelope as 

well. 
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 Observation of the HCO+ (J = 8 → 7) spectral line shows that the molecular 

density reaches ncrit ~ 108 cm3 in the shock region. The strongest feature for the emission 

was near 40 km/s, which matches with the strongest CH+ (J = 1 → 0) emission in Red 1. 

Therefore, it is likely that this density is for the northern lobe along L2. This region has 

the potential to be a hot-bed for further rich shock chemistry. 

5.2. Velocity Structure of CO 

 The structure of the CO spectra depends more on beam size than it does on 

frequency (see Santander-García et al. 2012). This is why the spectrum of CO (J = 1 → 

1) observed using Herschel-HIFI (beam size of 12'') appears more similar in structure to 

CO (J = 6 → 5) observed at the SMT (beam size of 11'') than the lower J transition 

spectrum of CO (J = 4 → 3). Interferometric mapping observations of CO (J = 1 → 0) 

show that CO appears to wrap in a torus around the waist of the H2* region in NGC 7027 

(Fong et al. 2006; Graham et al. 1993). SMT observations of emission at a larger beam 

size shows association with the molecular torus, while the smaller beam size CO 

emission shows different, perhaps more localized associations. It is that the structure of 

the CO molecular material is more complex for localized regions of the nebula. 

 Additionally, high velocity components of CO appear to be associated with the 

H2* region. This shows that the molecular nebula is interacting on some level with the 

shock region. Perhaps the local structures seen in the CO (J = 6 → 5) emission 

correspond then to some transition region from the inner shocks to the outer neutral 

molecular region. 
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5.3. Shock Chemistry 

 The chemical reaction, CH+ + H2 → CH+ + H, normally occurs at a temperature 

of 4,300 K. The discovery of CH+ in NGC 7027 hinted that the molecule may be 

generated by some reaction in the nebula. There is an apparent association of CH+ and C+ 

with the H2* region. Due to this relation, it can be concluded that the molecular enigma, 

CH+, is made by the chemical interaction between C+ can and the vibrationally excited 

H2. In NGC 7027, it appears that the shock plays a significant role in the production of 

CH+. 

 

Table A 
Frequency and Telescope Parameters of Observed Transitions 

Molecule Transition ν Telescope θb ηmb Sampling 

  
(MHz) 

 
('') 

 
('') 

CH+ J = 1 → 0 835137.5 NASA HIFI 25.8 0.63 10.7 

 
J = 2 → 1 1669281.3 NASA HIFI 12.9 0.58 5.3 

C+ 2P3/2 → 2P1/2 1900536.9 NASA HIFI 11.3 0.59 7.2 
CO J = 4 → 3 461040.8 ARO SMT 16.4 0.76 6.3 

 
J = 6 → 5 691473.1 ARO SMT 10.9 0.76 6.3 

HCO+ J = 8 → 7 713341.2 ARO SMT 10.6 0.76 ---- 
	

 
Table B 

Observed Line Parameters for CH+ ( J = 1 → 0 ) in NGC 7027 

Position Component TA* ΔV1/2 VLSR 
    (K) (km s-1) (km s-1) 

(-5.4, 26.8) Blue2 0.220 ± 0.060 10.69 ± 0.01 21.82 ± 0.03 

 
Red 2 0.148 ± 0.060 6.58 ± 0.01 34.15 ± 0.02 

 
Red 1 0.095 ± 0.060 10.91 ± 0.01 44.26 ± 0.01 

(-16.1, 26.8) Blue 2 0.325 ± 0.100 13.60 ± 0.01 22.56 ± 0.02 

 
Red 2 0.199 ± 0.100 5.57 ± 0.01 34.65 ± 0.02 

 
Red 1 0.192 ± 0.100 9.44 ± 0.01 44.03 ± 0.01 

(16.1, 16.1) Blue 1 0.094 ± 0.110 21.58 ± 0.002 6.48 ± 0.004 

 
Blue 2 0.117 ± 0.110 10.56 ± 0.004 21.85 ± 0.01 

 
Red 2 0.145 ± 0.110 14.35 ± 0.004 36.89 ± 0.01 
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(5.4, 16.1) Blue 1 0.138 ± 0.075 12.24 ± 0.004 9.52 ± 0.01 

 
Blue 2 0.215 ± 0.075 7.40 ± 0.01 20.73 ± 0.02 

 
Red 2 0.279 ± 0.075 14.69 ± 0.01 31.31 ± 0.02 

 
Red 1 0.201 ± 0.075 8.70 ± 0.01 41.76 ± 0.01 

(-5.4, 16.1) Blue 1 0.060 ± 0.060 7.75 ± 0.002 4.97 ± 0.005 

 
Blue 2 0.293 ± 0.060 18.39 ± 0.01 22.13 ± 0.01 

 
Red 2 0.240 ± 0.060 8.18 ± 0.01 33.99 ± 0.02 

 
Red 1 0.270 ± 0.060 8.98 ± 0.01 42.02 ± 0.02 

(-16.1, 16.1) Blue 1 0.131 ± 0.100 7.64 ± 0.01 3.62 ± 0.01 

 
Blue 2 0.279 ± 0.100 13.51 ± 0.01 21.34 ± 0.02 

 
Red 2 0.254 ± 0.100 8.02 ± 0.01 33.08 ± 0.02 

 
Red 1 0.199 ± 0.100 6.91 ± 0.01 42.82 ± 0.02 

(16.1, 5.4) Blue 1 0.173 ± 0.075 6.62 ± 0.01 4.41 ± 0.01 

 
Blue 2 0.319 ± 0.075 13.20 ± 0.01 17.59 ± 0.02 

 
Red 2 0.449 ± 0.075 17.84 ± 0.01 35.10 ± 0.02 

 
Red 1 0.125 ± 0.075 4.54 ± 0.01 43.51 ± 0.01 

(5.4, 5.4) Blue 1 0.183 ± 0.075 5.60 ± 0.01 4.81 ± 0.02 

 
Blue 2 0.524 ± 0.075 15.22 ± 0.02 19.01 ± 0.03 

 
Red 2 0.510 ± 0.075 10.89 ± 0.02 30.80 ± 0.03 

 
Red 1 0.673 ± 0.075 10.72 ± 0.02 40.84 ± 0.04 

(-5.4, 5.4) Blue 1 0.123 ± 0.050 6.29 ± 0.01 5.21 ± 0.01 

 
Blue 2 0.477 ± 0.050 17.42 ± 0.01 20.51 ± 0.02 

 
Red 2 0.507 ± 0.050 12.20 ± 0.02 33.27 ± 0.03 

 
Red 1 0.539 ± 0.050 8.95 ± 0.02 41.73 ± 0.04 

(-16.1, 5.4) Blue 1 0.134 ± 0.100 7.64 ± 0.01 3.80 ± 0.01 

 
Blue 2 0.425 ± 0.100 18.78 ± 0.01 22.52 ± 0.02 

 
Red 2 0.297 ± 0.100 8.26 ± 0.01 32.99 ± 0.02 

 
Red 1 0.426 ± 0.100 7.74 ± 0.02 41.66 ± 0.03 

(16.1, -5.4) Blue 1 0.067 ± 0.080 4.57 ± 0.004 2.72 ± 0.01 

 
Blue 2 0.442 ± 0.080 23.12 ± 0.01 21.71 ± 0.02 

 
Red 2 0.197 ± 0.080 7.55 ± 0.01 32.73 ± 0.02 

 
Red 1 0.433 ± 0.080 11.48 ± 0.01 42.53 ± 0.03 

(5.4, 0-5.4) Blue 1 0.181 ± 0.075 7.05 ± 0.01 4.92 ± 0.01 

 
Blue 2 0.483 ± 0.075 11.41 ± 0.02 16.49 ± 0.03 

 
Red 2 0.667 ± 0.075 13.88 ± 0.02 28.91 ± 0.04 

 
Red 1 0.703 ± 0.075 11.24 ± 0.02 41.89 ± 0.05 

(-5.4, -5.4) Blue 1 0.097 ± 0.075 7.26 ± 0.004 5.00 ± 0.01 

 
Blue 2 0.444 ± 0.075 14.23 ± 0.01 18.91 ± 0.03 

 
Red 2 0.563 ± 0.075 12.69 ± 0.02 31.73 ± 0.03 

 
Red 1 0.624 ± 0.075 9.38 ± 0.02 42.14 ± 0.04 

(-16.1, -5.4) Blue 1 0.108 ± 0.100 9.17 ± 0.004 10.95 ± 0.01 

 
Blue 2 0.326 ± 0.100 7.17 ± 0.01 20.70 ± 0.03 

 
Red 2 0.356 ± 0.100 9.33 ± 0.01 31.05 ± 0.03 
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Red 1 0.386 ± 0.100 7.23 ± 0.02 40.94 ± 0.03 

(16.1, -16.1) Blue 2 0.164 ± 0.100 28.15 ± 0.003 22.23 ± 0.01 

 
Red 2 0.071 ± 0.100 47.83 ± 0.001 31.71 ± 0.002 

 
Red 1 0.216 ± 0.100 10.36 ± 0.01 41.61 ± 0.01 

(5.4, -16.1) Blue 2 0.315 ± 0.075 23.06 ± 0.01 20.23 ± 0.01 

 
Red 2 0.152 ± 0.075 10.57 ± 0.01 32.02 ± 0.01 

 
Red 1 0.362 ± 0.075 9.95 ± 0.01 42.60 ± 0.02 

(-5.4, -16.1) Blue 2 0.160 ± 0.075 16.34 ± 0.004 19.68 ± 0.01 

 
Red 2 0.175 ± 0.075 10.88 ± 0.01 31.85 ± 0.01 

  Red 1 0.274 ± 0.075 8.65 ± 0.01 42.14 ± 0.02 
 
 
 

Table C 
Observed Line Parameters for C+ ( 2P3/2 → 2P1/2 ) in NGC 7027 

Offset Component TA* ΔV1/2 VLSR 
(R.A.'', decl. 

'')   (K) (km s-1) (km s-1) 
(21.3, 14.4) Blue 2 0.496 ± 0.750 7.32 ± 0.03 22.67 ± 0.06 
(14.4, 14.4) Blue 2 0.526 ± 0.600 27.78 ± 0.02 24.99 ± 0.03 
(7.2, 14.4) Blue 2 1.043 ± 0.600 21.64 ± 0.04 18.90 ± 0.07 
(0, 14.4) Blue 2 0.982 ± 0.500 23.86 ± 0.03 20.51 ± 0.07 
(-7.2, 14.4) Blue 2 0.904 ± 0.600 27.75 ± 0.03 23.65 ± 0.06 
(21.3, 7.2) Blue 2 0.497 ± 0.500 23.20 ± 0.02 24.77 ± 0.03 
(14.4, 7.2) Blue 2 0.157 ± 0.600 25.63 ± 0.05 24.66 ± 0.10 
(7.2, 7.2) Blue 1 8.629 ± 0.500 11.10 ± 0.44 10.62 ± 0.84 

 
Blue 2 6.312 ± 0.500 6.73 ± 0.41 19.02 ± 0.79 

 
Red 2 7.789 ± 0.500 17.10 ± 0.32 29.83 ± 0.61 

 
Red 1 5.320 ± 0.500 16.27 ± 0.22 33.80 ± 0.43 

(0, 7.2) Blue 1 0.507 ± 0.500 9.93 ± 0.03 9.02 ± 0.05 

 
Blue 2 7.396 ± 0.500 21.08 ± 0.27 17.79 ± 0.52 

 
Red 2 1.520 ± 0.500 4.78 ± 0.12 29.76 ± 0.23 

 
Red 1 6.508 ± 0.500 14.25 ± 0.29 35.21 ± 0.56 

(-7.2, 7.2) Blue 2 1.396 ± 0.750 22.26 ± 0.05 21.62 ± 0.10 
(21.3, 0) Blue 2 3.335 ± 0.500 20.95 ± 0.12 25.66 ± 0.24 

 
Red 2 1.140 ± 0.500 8.97 ± 0.06 33.45 ± 0.12 

(14.4, 0) Blue 2 4.951 ± 0.375 23.19 ± 0.17 26.06 ± 0.33 

 
Red 2 1.578 ± 0.375 10.00 ± 0.08 33.50 ± 0.16 

(7.2, 0) Blue 1 1.441 ± 0.375 18.09 ± 0.57 16.24 ± 1.10 

 
Blue 2 1.071 ± 0.375 13.08 ± 0.10 20.45 ± 0.20 

 
Red 2 1.330 ± 0.375 11.11 ± 0.67 30.82 ± 1.30 

 
Red1 8.790 ± 0.375 10.95 ± 0.45 40.20 ± 0.86 

(0, 0) Blue 2 4.986 ± 0.500 22.44 ± 0.18 21.17 ± 0.34 

 
Red 2 2.143 ± 0.500 15.11 ± 0.09 35.90 ± 0.18 

(-7.2, 0) Blue 2 4.063 ± 0.600 20.70 ± 0.15 20.98 ± 0.29 
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Red 2 1.487 ± 0.600 17.15 ± 0.06 34.72 ± 0.12 

(14.4, -7.2) Blue 2 2.985 ± 0.750 24.94 ± 0.10 26.70 ± 0.19 

 
Red 2 0.639 ± 0.750 9.15 ± 0.04 34.16 ± 0.07 

(7.2, -7.2) Blue 1 5.427 ± 0.500 7.71 ± 0.33 8.48 ± 0.64 

 
Blue 2 17.31 ± 0.500 12.60 ± 0.82 16.76 ± 1.59 

 
Red 2 21.21 ± 0.500 14.09 ± 0.96 30.62 ± 1.84 

 
Red 1 10.73 ± 0.500 9.51 ± 0.59 42.09 ± 1.13 

(0, -7.2) Blue 1 5.363 ± 0.500 11.86 ± 0.26 11.74 ± 0.51 

 
Blue 2 10.19 ± 0.500 15.43 ± 0.44 20.54 ± 0.84 

 
Red 2 10.92 ± 0.500 11.26 ± 0.55 31.72 ± 1.06 

 
Red 1 7.866 ± 0.500 9.82 ± 0.42 41.57 ± 0.82 

(-7.2, -7.2) Blue 2 1.723 ± 0.750 15.44 ± 0.07 18.45 ± 0.14 

 
Red 2 1.752 ± 0.750 17.44 ± 0.07 32.18 ± 0.14 

(14.4, -14.4) Blue 2 2.363 ± 0.600 22.08 ± 0.09 23.69 ± 0.16 

 
Red 2 1.691 ± 0.600 16.52 ± 0.07 35.60 ± 0.14 

(7.2, -14.4) Blue 2 3.794 ± 0.600 14.71 ± 0.17 18.07 ± 0.32 

 
Red 2 3.874 ± 0.600 11.12 ± 0.20 30.47 ± 0.38 

 
Red 1 2.772 ± 0.600 9.32 ± 0.15 41.22 ± 0.30 

(0, -14.4) Blue 2 3.526 ± 0.750 16.02 ± 0.15 18.75 ± 0.29 

 
Red 2 2.678 ± 0.750 8.83 ± 0.15 29.45 ± 0.30 

 
Red 1 2.763 ± 0.750 11.55 ± 0.14 39.39 ± 0.26 

(-7.2, -14.4) Blue	1	 0.947 ± 0.750 9.57 ± 0.05 15.84 ± 0.10 

 
Blue 2 0.365 ± 0.750 12.20 ± 0.02 21.93 ± 0.03 

 
Red 2 1.528 ± 0.750 16.44 ± 0.06 29.48 ± 0.12 

  Red 1 0.669 ± 0.750 7.68 ± 0.04 41.83 ± 0.08 
 

 
Table D 

Observed Line Parameters for CO ( J = 4 → 3 ) in NGC 7027 

Offset Component TA* ΔV1/2 VLSR 
    (K) (km s-1) (km s-1) 

(12.6, 12.6) Comp 2 1.969 ± 0.250 19.40 ± 0.04 24.92 ± 0.08 

 
Comp 3 0.549 ± 0.250 4.73 ± 0.02 36.68 ± 0.04 

(6.3, 12.6) Comp 1 0.653 ± 0.200 11.52 ± 0.02 13.18 ± 0.03 

 
Comp 2 2.141 ± 0.200 9.96 ± 0.06 23.39 ± 0.11 

 
Comp 3 1.471 ± 0.200 11.88 ± 0.04 34.22 ± 0.07 

(0, 12.6) Comp 2 2.486 ± 0.250 18.70 ± 0.05 26.11 ± 0.10 

 
Comp 3 1.780 ± 0.250 8.60 ± 0.03 38.16 ± 0.05 

(-6.3, 12.6) Comp 1 0.598 ± 0.200 15.64 ± 0.01 18.56 ± 0.03 

 
Comp 2 1.541 ± 0.200 11.72 ± 0.04 27.23 ± 0.08 

 
Comp 3 0.800 ± 0.200 8.88 ± 0.02 37.90 ± 0.05 

(-12.6, 12.6) Comp 1 1.281 ± 0.250 27.90 ± 0.001 11.79 ± 0.003 

 
Comp 2 0.336 ± 0.250 14.64 ± 0.03 26.31 ± 0.06 

 
Comp 3 0.079 ± 0.250 8.15 ± 0.01 39.07 ± 0.02 
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(12.6, 6.3) Comp 2 1.831 ± 0.750 18.43 ± 0.04 25.37 ± 0.07 

 
Comp 3 0.561 ± 0.750 4.85 ± 0.02 35.75 ± 0.04 

(6.3, 6.3) Comp 2 2.664 ± 0.250 23.79 ± 0.05 25.88 ± 0.09 

 
Comp 3 0.994 ± 0.250 3.83 ± 0.04 37.12 ± 0.09 

(0, 6.3) Comp 1 1.233 ± 0.200 13.93 ± 0.03 13.20 ± 0.06 

 
Comp 2 3.257 ± 0.200 11.94 ± 0.08 25.64 ± 0.16 

 
Comp 3 2.929 ± 0.200 8.83 ± 0.09 36.68 ± 0.17 

(-6.3, 6.3) Comp 1 2.517 ± 0.200 17.11 ± 0.02 15.56 ± 0.04 

 
Comp 2 2.524 ± 0.200 9.99 ± 0.07 25.57 ± 0.13 

 
Comp 3 0.924 ± 0.200 10.64 ± 0.07 35.60 ± 0.13 

(-12.6, 6.3) Comp 2 1.768 ± 0.200 13.69 ± 0.04 25.24 ± 0.08 

 
Comp 3 0.931 ± 0.200 15.06 ± 0.02 33.98 ± 0.04 

(12.6, 0) Comp 2 2.440 ± 0.750 18.78 ± 0.05 25.04 ± 0.09 

 
Comp 3 0.386 ± 0.750 8.63 ± 0.01 34.95 ± 0.02 

(6.3, 0) Comp 1 2.563 ± 0.200 15.83 ± 0.06 19.05 ± 0.11 

 
Comp 2 1.990 ± 0.200 7.21 ± 0.06 26.40 ± 0.12 

 
Comp 3 2.844 ± 0.200 10.58 ± 0.08 35.88 ± 0.15 

(0, 0) Comp 1 3.268 ± 0.100 16.52 ± 0.05 16.76 ± 0.10 

 
Comp 2 3.722 ± 0.100 9.48 ± 0.09 25.82 ± 0.18 

 
Comp 3 2.467 ± 0.100 10.61 ± 0.10 35.06 ± 0.19 

(-6.3, 0) Comp 1 3.087 ± 0.250 18.46 ± 0.06 10.28 ± 0.05 

 
Comp 3 1.857 ± 0.250 10.28 ± 0.05 36.37 ± 0.10 

(-12.6, 0) Comp 2 2.500 ± 0.250 15.69 ± 0.06 26.10 ± 0.11 

 
Comp 3 0.728 ± 0.250 10.16 ± 0.02 37.03 ± 0.04 

(12.6,	-6.3)	 Comp 2 2.135 ± 0.750 18.42 ± 0.04 24.52 ± 0.08 

	
Comp 3 0.246 ± 0.750 34.65 ± 0.004 32.82 ± 0.01 

(6.3,	-6.3)	 Comp 1 2.865 ± 0.200 11.14 ± 0.08 17.03 ± 0.14 

	
Comp 2 3.375 ± 0.200 8.02 ± 0.10 26.04 ± 0.02 

	
Comp 3 2.653 ± 0.200 11.31 ± 0.07 36.06 ± 0.13 

(0,	-6.3)	 Comp 1 2.897 ± 0.200 12.35 ± 0.07 17.67 ± 0.14 

	
Comp 2 2.751 ± 0.200 7.22 ± 0.09 26.39 ± 0.17 

	
Comp 3 3.640 ± 0.200 10.95 ± 0.10 35.73 ± 0.18 

(-6.3, -6.3) Comp 2 2.143 ± 0.250 15.09 ± 0.05 21.11 ± 0.09 

 
Comp 3 2.229 ± 0.250 15.23 ± 0.05 33.80 ± 0.10 

(-12.6, -6.3) Comp 2 2.372 ± 0.750 15.63 ± 0.05 25.81 ± 0.10 

 
Comp 3 0.800 ± 0.750 7.88 ± 0.02 35.11 ± 0.05 

(12.6, -12.6) Comp 1 1.886 ± 0.750 10.67 ± 0.03 18.41 ± 0.06 

 
Comp 2 0.684 ± 0.750 7.03 ± 0.06 26.42 ± 0.12 

 
Comp 3 1.131 ± 0.750 33.60 ± 0.01 28.25 ± 0.02 

(6.3, -12.6) Comp 2 2.180 ± 0.250 17.34 ± 0.05 22.09 ± 0.09 

 
Comp 3 1.113 ± 0.250 21.90 ± 0.02 32.34 ± 0.04 

(0, -12.6) Comp 1 2.226 ± 0.750 11.91 ± 0.06 16.94 ± 0.11 

 
Comp 2 2.034 ± 0.750 9.58 ± 0.07 25.67 ± 0.13 
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Comp 3 2.384 ± 0.750 12.84 ± 0.05 35.85 ± 0.10 

(-6.3, -12.6) Comp 1 1.526 ± 0.750 13.89 ± 0.01 18.72 ± 0.02 

 
Comp 2 1.152 ± 0.750 13.45 ± 0.04 23.18 ± 0.07 

 
Comp 3 0.517 ± 0.750 11.10 ± 0.03 34.50 ± 0.06 

(-12.6, -12.6) Comp 2 1.129 ± 0.250 14.37 ± 0.03 22.85 ± 0.05 
  Comp 3 0.692 ± 0.250 12.12 ± 0.02 32.01 ± 0.03 

 
 
 

Table E 
Observed Line Parameters for CO ( J = 6 → 5 ) in NGC 7027 

Offset TA* ΔV1/2 VLSR 
  (K) (km s-1) (km s-1) 

(6.3, 6.3) 1.696 ± 0.375 14.80 ± 0.05 15.62 ± 0.09 

 
3.240 ± 0.375 9.19 ± 0.10 26.02 ± 0.19 

 
2.836 ± 0.375 7.96 ± 0.12 35.67 ± 0.24 

(0, 6.3) 2.532 ± 0.375 14.38 ± 0.07 15.04 ± 0.14 

 
3.913 ± 0.375 9.75 ± 0.13 29.39 ± 0.26 

 
4.467 ± 0.375 8.09 ± 0.17 37.71 ± 0.32 

(-6.3, 6.3) 2.912 ± 0.375 11.08 ± 0.01 9.70 ± 0.02 

 
9.871 ± 0.375 11.26 ± 0.05 25.40 ± 0.10 

 
2.025 ± 0.375 14.36 ± 0.04 33.50 ± 0.08 

(6.3, 0) 3.073 ± 0.125 11.89 ± 0.10 12.60 ± 0.18 

 
3.305 ± 0.125 13.09 ± 0.10 26.04 ± 0.19 

 
4.846 ± 0.125 9.38 ± 0.17 37.73 ± 0.03 

(0, 0) 3.154 ± 0.375 15.22 ± 0.09 13.27 ± 0.02 

 
3.799 ± 0.375 13.00 ± 0.11 27.80 ± 0.22 

 
6.411 ± 0.375 7.84 ± 0.25 37.42 ± 0.47 

(-6.3, 0) 2.080 ± 0.375 27.89 ± 0.004 20.27 ± 0.01 

 
0.176 ± 0.375 15.98 ± 0.06 28.96 ± 0.11 

(6.3, -6.3) 2.719 ± 0.375 10.66 ± 0.10 14.95 ± 0.20 

 
2.715 ± 0.375 8.84 ± 0.10 25.54 ± 0.19 

 
3.162 ± 0.375 14.73 ± 0.08 37.79 ± 0.15 

(0, -6.3) 2.740 ± 0.375 15.39 ± 0.07 20.86 ± 0.14 

 
2.795 ± 0.375 13.88 ± 0.08 34.24 ± 0.15 

 
0.485 ± 0.375 2.89 ± 0.03 45.30 ± 0.06 

(-6.3, -6.3) 0.595 ± 0.375 18.97 ± 0.02 18.62 ± 0.03 

 
1.205 ± 0.375 9.88 ± 0.04 24.13 ± 0.08 

  1.205 ± 0.375 11.17 ± 0.04 34.06 ± 0.07 
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Figure A. Spectra of the J = 1 → 0 transition of CH+ measured toward NGC 7027. The 
spectra were measured using the HIFI instrument on board the HSO (spectral resolution 
1.1 MHz). The circle in the upper right corner denotes the beam size of 25.8''. Four 
velocity components were distinct; two fast components (near 5 and 40 km/s) and two 
slow components (near 20 and 30 km/s) were observed and the data is in Table B. 
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Figure B. Spectra of the 2P3/2	→ 2P1/2	transition of C+ measured toward NGC 7027. The 
spectra were measured using the HIFI instrument on board the HSO (spectral resolution 
1.1 MHz). The circle in the upper right corner denotes the beam size of 11.3''. Four 
velocity components were distinct; two fast components (near 5 and 40 km/s) and two 
slow components (near 20 and 30 km/s) were observed and the data is in Table C. 
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Figure C. Spectra of the J	=	4	→ 3	transition of CO measured toward NGC 7027. The 
spectra were measured using the ALMA Band 8 receiver of the ARO SMT (spectral 
resolution 1 MHz). The circle in the upper right corner denotes the beam size of 16''. Five 
velocity components were distinct; three central components (near 15, 25, and 35 km/s) 
and two fast components (near 5 and 40 km/s) were observed. The three central 
components were fit and the data is in Table D. 
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Figure D. Spectra of the J	=	4	→ 3	transition of CO measured toward NGC 7027. The 
spectra were measured using the ALMA Band 9 receiver of the ARO SMT (spectral 
resolution 1 MHz). The circle in the upper right corner denotes the beam size of 11''. Five 
velocity components were distinct; three central components (near 15, 25, and 35 km/s) 
and two fast components (near 5 and 40 km/s) were observed. The three central 
components were fit and the data is in Table E. 
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Figure E: The spectra at the central position of NGC 7027 for CH+ (J = 1 → 0), C+ (2P3/2	
→ 2P1/2), CO (J = 6 → 5), CO (J = 4 → 3), HCO+ (J = 8 → 7). The spectrum for CH+ (J 
= 1 → 0) differs from Figure B in that the data was reduced with 21.4'' sampling over the 
center of the source. The spectra for CH+ (J = 1 → 0) and C+ (2P3/2	→ 2P1/2) have a 
resolution of 1.1 MHz and show two fast (near 5 and 40 km/s) and two slow velocity 
components (near 20 and 30 km/s). The spectra for CO (J = 6 → 5) CO (J = 4 → 3) have 
a resolution of 1 MHz and show the two fast components (near 5 and 40 km/s) and three 
slow components (near 15, 25, and 35 km/s). The HCO+ (J = 8 → 7) spectrum has a 
resolution of 4 MHz and the signal peaks near 40 km/s. 
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ESCAPADE SUPPLEMENTAL       Julie K. Anderson 
 
 This document is about the radiative transfer program ESCAPADE (ESCApe Probability 
rADiative transfEr) and is supplemental to the information written down by Gilles Adande in his 
"ESCAPADE write up.pdf". As I was learning to use this program, I found that there were many things 
that I needed to learn beyond what was provided to me in this write up and in the publication using the 
program (Adande et al. 2013). This includes details on the calculations involved in running and 
generating files, and the basic use of various programs and data files that are used within those 
programs. Additionally, I found it useful for my graduate work to generate some short fortran programs 
for use alongside ESCAPADE. In this document I cover the information for all of these items. This 
document is not a complete discussion on ESCAPADE and is aimed toward a target audience of future 
Ziurys group members, but is available to everyone. This document will discuss those aspects of 
ESCAPDE that I needed to interface with in order to run the program during the course of my graduate 
career. The projects include the study of CCN in IRC+10216 (Anderson & Ziurys 2014) and PN and PO 
in oxygen-rich stars (see Thesis: Sect. 4.2). I will begin by giving useful details and explanations of all 
the ESCAPADE files that I interfaced with and generated. Then I will discuss the spectroscopic science 
behind the calculations of the ESCAPADE files. Lastly, as a bonus, I will discuss all the programs that I 
needed to use in order to work successfully with ESCAPADE. It is recommended that Thesis: Section 
2.3.2 of my Thesis is read before reading this supplemental material. 
 
 
 Outline: 
 Overview, Fortran, and Data Files 

Chpt 1: ESCAPADE Files 
 1.1 Overview of the ESCAPADE Files 
 1.2 Elevels.dat: Energy Levels 
 1.3 Acoeff.dat & Air.dat: Einstein A Coefficients 
 1.4 Obtaining or Building Elevels.dat, Acoeff.dat, & Air.dat 
  1.4.1 Ebuilder.f 
  1.4.2 CDMS 
 1.5 Collrates.dat, temperature.dat, & Cbuilder.f: Collisional Rates 
 1.6 input.f 
 1.7 Modeling with Multiple Outflows 
 1.8 TAadd.f 
 1.9 POsplit.f 
 1.10 Running and Troubleshooting ESCAPADE 
Chpt 2: Useful Programs 
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Fortran and Data Files 
 Fortran files are those files that end with ".f" and contain source code to run functions and 
calculations. Data files are those that end with a ".dat" and are read by the fortran files. My Fortran 
knowledge came from a mixture of Prof. Adamowicz's Quantum II course, and through reading "Fortran 
90 for Scientists and Engineers". If you have access to these resources, I suggest that you take 
advantage. To run Fortran 90 on your computer you will need to download the free package online, or 
you can create a hamms account (speak to Tom Folkers). 
 In the figure below I have a full flow chart for those ESCAPADE programs and data files that 
are used to complete the calculations of shell.f and brightness.f. Most of the fortran files need never be 
opened by a user, except input.f, which is always editted depending on the molecule and star to be 
modelled. Additionally, SBRshellparameters is editted if there are multiple outflows around the star. All 
data files (Acoeff.dat, Air.dat, Elevels.dat, Collrates.dat, and temperature.dat) pertain to the molecule in 
the model and are generated by the user (unless someone has previously generated the files). I created 
two programs, Ebuilder.f and Cbuilder.f, to aid in making the data files. 
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Chpt 1: ESCAPADE Files 
 
Sect 1.1: Overview of the ESCAPADE Files 
Format 
 The format for the data files is from the Leiden Atomic Molecular DAtabase (LAMBDA; 
http://home.strw.leidenuniv.nl/~moldata/). The files contain energy levels (Elevels.dat), Einstein A 
coefficients (Acoeff.dat), and information for collisional rates (Collrates.dat). You can sometimes 
directly get data files from LAMBDA. But, more often, you will need to generate your own files. 
 *SBR.f are subroutines. 
A Note for MAC Computer Users 
 It is important to quickly note that if the user generated a data file on a MAC, when it is 
uploaded into a folder running Fortran, the last line will need to be deleted. There are some 
compatability issues with how MAC's format files, and most of these can be circumvented by using a 
good editor (like TextWrangler) and checking invisibles. But, in my experience, the last line always 
needed to be edited out. It is simple to do, just cntrl+v down to the bottom, hit backspace, and then exit 
and save the file. 
 
Sect 1.2: Elevels.dat: Energy Levels 
 Elevels.dat contains at minimum all energy levels to be considered by the model for the 
molecule. Therefore, the user should make sure that all levels that could be populated are included in 
this file. A good estimate is to assume thermal equilibrium and use the temperature of the interstellar 
environment as the rotational temperature of the molecule. Then calculate the partition function at each 
level until the population is negligable. 

Q = (2J +1)e−ΔEgd /kTrot  
For CCN, the partition function had dropped down to 0.13 by J = 13.5 at a temperature of 21 K that was 
derived from the CCN rotational diagram (Rotational diagrams are discussed in Thesis: Sect. 2.3.1). 
This was convenient, because if the temperature was hotter, the higher Ω ladder would need to have 
been included in the model. Information on ground state energy levels and rotational diagrams can be 
found in the body of my thesis (Thesis: Sect. 2.1). 
 The format of the file is: 
[Level Index (L.I.)] [E (cm-1)] [g] [q.n.1] [q.n.2]... 
where the L.I. starts at 1 and counts numerically to the last level. The indeces are how the program reads 
the levels and are also referenced in Acoeff.dat and Air.dat. The file also includes the Energy level in 
wavenumbers, the degeneracy, and the quantum numbers (q.n.) associated with that state. The quantum 
numbers in the file depend on the electronic ground state of the molecule 
 Linear:   J v 
 Symmetric top: J K v 
 Asymmetric top: J Ka Kc v 
 Hund's case a:  J par v -or- Ω J par v (for small SO coupling, A) 
 Hund'a case b:  N J v 
Depending on the atoms, hyperfine may also be a significant factor for the energy level diagram (as in 
the case of CN). Handling of the hyperfine depends on the observational frequency resolution, the 
strength of the hyperfine splitting, and the line strength of the components. If hyperfine is to be included, 
then Elevels.dat would include a space for the quantum number F before v. For instance, in my CCN 
paper the format for the Elevels.dat file for CN was: 
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 Hund's case a:  J par F v 
 Often the molecule is located in the outer envelope of the star (Thesis: Chpt 4), as in the case of 
CCN. Therefore, no consideration of higher vibrational states is needed. But, if the molecule is 
generated in or near the photosphere of the star, as in the case of PN, then higher vibrational levels may 
be populated due to infrared pumping. The v=1 level can often be approximated by adding v0 to the v=0 
rotational levels. 
 
Sect. 1.3: Acoeff.dat & Air.dat: Einstein A Coefficients 
 These files holds information at minimum about all the strongest transitions to be considered in 
the model and their spontaneous emission rates (Einstein A coefficients). Information on the rates is in 
Thesis: Section 2.2. Acoeff.dat contains the rates for all rotational transitions. Air.dat contains the rates 
for all ro-vibrational transitions, if these are being considered in the model. 
 The format for Acoeff.dat is: 
[A Index] [L.I. upper] [L.I. lower] [A (s-1)] [Frequency (GHz)] [Energy upper (K)] 
 and the format for Air.dat is: 
[A Index] [L.I. upper] [L.I. lower] [A (s-1)] [Frequency (GHz)] 
where the A Index starts at 1 and counts numerically to the last transition. L.I. upper and lower are the 
indeces for the energy levels found in Elevels.dat. Lastly the files give the Einstein A coefficient, 
transition frequency, and in the case of Acoeff.dat, the Energy of the upper level for the transition. 
 
Sect. 1.4: Obtaining or Building Elevels.dat, Acoeff.dat, & Air.dat 
 Several molecules that are pervasive in the interstellar medium already have data files in 
LAMBDA. For these molecules, the files only need be copied from the website. However, most 
molecules are not included in this database. 
 One method to generating these data files is to use Herb Pickett's catalog, the Cologne Database 
for Molecular Spectroscopy (CDMS). This is only recommended for molecules with a simple ground 
state. The use of CDMS is explained in Section 1.4.2. 
 For anything more complicated than a 1Σ, I recommend using my program, Ebuilder.f, which is 
explained in Section 1.4.1. With Ebuilder.f, the user can build the energy levels and Einstein A 
coefficients themselves. I highly recommend using this method, and then checking with CDMS to make 
sure that the calculations have reached a desireable precision. Additionally, I recommend checking the 
generated files with known files for other molecules that have the same or similar ground state. 
 
Sect. 1.4.1: Ebuilder.f 
 I wrote Ebuilder.f. The program calculates the energy levels and Einstein A coefficients for 
molecules in Σ and Π states of any multiplicity. Inputs come from the user generated file 
Ebuilder_input.dat, which has information about the desired quantum levels, the electronic parameters 
of the ground state, and the molecular spectroscopic constants of the molecule. The quantum levels are 
determined based upon the environmental conditions and the rest are gathered from the literature. In a 
single column the file includes the electronic orbital angular momentum about the internuclear axis (Λ), 
the total electronic spin (S), the total angular momentum of the electrons about the internuclear axis (Ω), 
nuclear spin for one atom if present (I), the dipole moment for the molecule (µ), the vibrational 
transition dipole (Rvib

2), the number of desired rotational transitions, the ground rotational quantum 
number, the ground state sign for parity, harmonic constant (ωe), the anharmonicity constant (ωeχe), 
rotational constant (Be), centrifugal distortion constant (De), rovibrational coupling constant (αe), lambda 
doubling parameters (p, q, o), and spin-orbit coupling constant (A). The dipoles are in units of debye and 
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the constants are in untis of wavenumber (cm-1). Higher order rotational constant impact the energy 
levels by less than a Kelvin and were therefore omitted as unneccessary for the purpose of this 
modelling. The file Ebuilder_input_constant.dat is a good quick reference for the desired inputs. A 
literature search for molecular constants may be hastened by looking at the Catalog Directory 
documentation from CDMS (http://www.astro.uni-koeln.de/cdms/entries). I recommend checking 
calculations with a sample of energy levels calculated by CDMS to make sure that the calculations have 
reached a desireable precision. 
 The language to run the program in a command terminal is: 
gfortran -o Ebuild -llapack Ebuilder.f; ./Ebuild 
 
Sect. 1.4.2: CDMS 
 High precision data files can be generated through the use of the Herb Pickett's files in the 
CDMS catalog (http://www.astro.uni-koeln.de/cdms/catalog). Using the database to generate the 
neccessary data files may seem simple upfront, but there are many places in which to make mistakes. 
For instance, be careful and check on the use of quantum numbers. For instance, in the 2Π state, the q.n. 
J is inconsistent and flips from 2J-1 to 2(J+1)-1 at some point. I am unsure of why this was written into 
the files.  
 If Pickett is used, print out the levels being considered and get to know them and their notation. 
Information about most of the notation can be found on the page given. To get the levels, use the search 
feature on the sidebar. Choose the frequency range that will include all the states that will be populated 
(see section on Energy levels) and grab your molecule (its numbered and ordered by molecular weight) 
and check "A" after "Calculate the" and uncheck "Output as" "log". This will give you the Einstein A's 
in your output instead of Line Strengths. How to generate data files from here depends on the molecule, 
and for anything more complicated than a 1Σ can be time consuming. Perhaps a person with more 
programming experience than I could better simplify that process. Although, before any programming 
can be done, edits to generate space between quantum numbers is absolutely neccessary. A good text 
editing program can simplify this process (like TextWrangler for MAC where holding 'alt' allows for a 
column to be highlighted). Lastly, make sure that you carefully check that all information is indeed for 
the level that is desired, and that no switch in quantum numbers occurred between the columns. A 
graduate student had generated data files for PO using CDMS. Many mistakes were made, including 
missing the switch between J and Ω. Make sure that my PO files are used if you ever run a model 
including this molecule. 
 
Sect. 1.5: Collrates.dat, temperature.dat, & CBuilder.f: Collisional Rates 
 These are the collision rates between every energy level in the ground vibrational state. You can 
find them in BaseCol for many molecules. If your molecule is not there, find them for the molecule that 
is most similar to yours and then scale them by a weight factor. For instance I used NO's for PO. In their 
program you can choose the temperatures. I sampled more at lower temperatures, because most of our 
population tends to be there and the collision rates vary more at lower temperatures. Also, BaseCol 
sometimes does not have the collision rates for the hyperfine, but it is a good approximation that it 
would be the same rate for each level. 
 Format: 
[Collision Index] [L.I. upper] [L.I. lower] [Rate T1] [Rate T2]... 
where the collision rate changes with temperature. ESCAPADE interpolates, but it is still recommended 
to get a good sample of temperatures. These temperatures are then listed downward in temperature.dat. 
To make the dat file first make a collrates_raw.dat file. Chose the levels and temperatures that you want 
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in BaseCol, then copy these over to a good Text Pad (like TextWrangler). Delete the columns for the 
levels of the collider (columns 3 and 4). Then to run the program, go to your molecular folder in your 
ESCAPADE file in hamms (or make your own folder, running F90 with the library llapack) and type: 
gfortran -o Cbuild -llapack Cbuilder.f; ./Cbuild 
This should turn the raw into the one read by ESCAPADE. 
 
Sect. 1.6: input.f 
 The format for input.f has been changed such that constants and variables are grouped according 
to stellar or molecular parameters and then by subsets within these categories. This section explains the 
fortran file as it is layed out for a spherical envelope. If the model includes asymmetrical outflows, then 
input_asym.f, which is explained in Sect. 1.7, should be used. The equations for the calculation of the 
input parameters is given in Thesis: Sect. 2.3.2. First are the parameters for the molecular abundance 
through the circumstellar envelope. These variables will be optimized in order to reach a model that best 
fits the observational spectra. These variables are from the radial abundance equation. Next are the 
parameters of the circumstellar envelope. This starts with the calculation of shell distance and size. Then 
the hydrogen abundance profile 
 Next in input.f are three groupings of different parameters that often will need not be changed. 
These relate to the asymmetry of the envelopes, turbulent velocities, and convergence limits. Of these, 
only the asymmetry parameters were tweaked for this research, and these will be discussed in the next 
section. For a spherical envelope both values should equal 10. 
 The next section are parameters that deal with the number of rotational and vibrational levels and 
transitions. These are explicitly explained in the commented portion of the code just above the 
parameters, and are easily double-checked by comparing the values of a known input.f molecular 
parameter set with the number of states and transitions in the dat files for that molecule. The very last 
parameter, fracmin, need not be changed. However, iconv and "it" (the latter is in quotations for clarity) 
will need to change depending on how many and which transitions the user is modelling. iconv is a 1D 
matrix containing the Aindeces (see Sect. 1.3) for the desired transitions. Make sure that both the 
dimension of the matrix and the parameter "it" are defined as the size of the matrix (equal to the number 
of transitions/Aindeces). 
 The second to last section includes some switches for calculations that can be turned on or off, 
but which were kept the same for all studies herein. They are explicitly explained in the commented 
portion above the switches. To make sure they are working properly, you may run the code with them on 
and off and compare the model results. Finally, the last section contains known constants that are used 
throughout ESCAPADE, and should not be changed for any reason. 
 
Sect. 1.7: Modeling with Multiple Outflows 
 You may need to use multiple outflows for one source. This includes for both the well-studied 
VY CMa and also for NML Cyg. There is a plethora of observational data for both just waiting to be 
analyzed and published. Having multiple outflows slightly changes the way that the source is modelled. 
To streamline this process (to a degree, some things could still be improved if the desire and capacity is 
there) changes have been made to the files input.f and SBRshellparameters.f. The changes are due to the 
fact that the total envelope will now include one or more asymmetric envelopes in addition to the main 
spherical circumstellar envelope. Slight changes in file generation were also made to brightness.f and 
shell.f. Additionally, a program TAadd.f was created in order to sum the model spectra into a final fit. 
First, though, Section 1.6 should be read. 
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 The file input.f has changes that will interface with the user. The parameters psiL, psiC, V, n0, 
fpeak, rpeak, and routflow are all included in the first group of parameters in the input file for multiple 
outflows (see, for example, input_VY_PO.f). This impacts the angles, psiL and psiC (see Thesis: Sect. 
2.3.2) associated with the envelope expansion. The values for psiL and psiC will have to correspond to 
the position angle and vertex angle of the source respectively. If these values are not known, they will 
need to be discovered through modeling attempts and comparison to spatially resolved observations of 
the source. Additionally, each envelope will have a new escape velocity, V, associated with it. The first 
group of parameters in input.f is for the spherical envelope and the rest describe the outflow for each 
asymmetric outflow. A comment above each group denotes whether the parameters are for the spherical 
envelope or are for an asymmetric outflow. The way the code was run was that parameters for outflows 
not being currently used were commented out, while parameters for the outflow being optimized were 
left uncommented. Additionally, four parameters were added in to the input file. shnumber numbers the 
outflow to differentiate the output files, that are named, for example, TA[shnumber].out. Each outflow is 
written into TA0.out, TA1.out, etc. The parameters ta1, ta2, and ta3 were added to limit the x-range of 
the output file. They are used along with shnumber at the end of the shell.f and brightness.f programs. 
 Second, a change to SBRshellparameters.f was neccessary, in order to account for changes to the 
hydrogen density law within the asymmetric outflow. Originally this was done in conjunction with some 
changes to input.f, but it was found to be much simpler to keep it to SBRshellparameters.f alone. This 
file is called by numerous other files during calculations, because it calculates a couple unit conversions, 
as well as calculating the dimensions of the envelope shells, the temperature profile for the shells, the 
fractional abundance profile, and the hydrogen density profiles.  
 When running the multiple outflows programs, make sure to use shell_outfl.f, brightness_outfl.f, 
and outfl_SBRshellparameters.f as opposed to the programs shell_sph.f, brightness_sph.f, and 
sph_SBRshellparameters.f that are for the spherical envelope. If you are in the same folder where a 
spherical model was just run, you will need to recompile input.f (see Sect. 1.10). 
 
Sect. 1.8: TAadd.f 
 TAadd.f is a program I wrote to add all of the outflows together into one spectra. Each outflow is 
written into TA0.out, TA1.out, etc. in the order that they are entered into input.f. This program just adds 
them up. It bases the first half of the x-axis on the line number for that x value as taken from TA1.out 
(because this spectrum starts the furthest into the negative). As in, the length of TA1.out goes from 1 to 
171. Therefore, that is where its do loop goes. But for TA0.out, I had to find where -19.4 (its first 
velocity) was in TA1.out. It was on line 18 (found using cntrl+c), so this is where its do loop starts the 
iteration. The second half of the x-axis is taken as the line number in TA3.out. This program really could 
be more stream-lined, but I just don't have the time. I wish I did. It would be a good exercise for a 
budding, strapping, young thing such as yourself. Although, once you set this up, the values shouldn't 
change. This was also edited for the PO spectra that were split by hyperine. Have that named TA_sph.f, 
but should change that to something else. 
gfortran -o TAadd -llapack TAadd.f; ./TAadd 
 
Sect. 1.9: POsplit.f 
gfortran -o POsplit -llapack POsplit.f; ./POsplit 
 I wrote two programs. One for when there are multiple outflows (POsplit.f) and one for when 
there aren't (POsplit_sph.f). This program works specifically for splitting hyperfine components in PO. I 
assumed that each Λ-doublet for PO (since the molecule has a 2Πr ground state) would split into two 
hyperfine components that are equal height (so, half of the total height). See Thesis: Sect. 2.2 for details. 
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 In the file you will need to make sure that row = # of rows in the TA.out file. Accordingly, 
sometimes the variables fbeg, fend, ebeg, and eend will also need to be varied. These are simply where 
in the rows the calculations should cover, so that the run-time matrices for the program cover the 
approriate e and f velocity ranges. There are two quick ways to choose these numbers. You can either 
look in your TA.out file to see where they are, or you can guess and check if you know the numbers are 
already close. I admit, I usually did the latter. It was faster. 
 
Sect. 1.10: Running and Troubleshooting ESCAPADE 
 If you really want to have control within these programs, I recommend getting the book "Fortran 
90 For Engineers & Scientists". It is very useful for looking up a command in the index and figuring out 
how it is used. 
 To run the main program there are two functions. You run each within the folder by typing: 
gfortran -o shell -llapack SBR*.f input.f shell.f; ./shell 
gfortran -o TA -llapack SBR*.f input.f brightness.f; ./TA 
[call fortran] [generate outputs] [name program] [fortran library] [functions to compile]; [run program] 
A TA.out file will be generated. 
 If when you compile you get a glitch about input.f (a Fortran runtime error referencing input.f), 
you may have to recompile input.f separately: 
gfortran -c input.f 
This happened to me quite often. For instance, if I had the brightess_sph.f as brightness.f when running 
an asymmeric outflow. 
 Another common error will relate to one of the data files (similarly a Fortran runtime error 
referencing the data file). If things just aren't working, then perhaps the last line was not erased in the 
data file the last time that it was uploaded. 
 You may also have the desire to check on how a specific transition is performing during the 
radiative transfer process in each shell. You will need to know the quantum numbers as given in 
Elevels.dat for the transition, because the code will request it. 
gfortran -o profile -llapack SBR*.f input.f profile.f; ./profile 
 
Chpt 2: Useful Programs 
 
TextWrangler 
 According the interwebs a lot of these good Text Editors act the same. If you end up using 
TextWrangler and these codes a lot I recommend inverting your screens. If you're editing Fortran in 
TextWrangler you'll want to keep your decent colors, so download Midnight Blue for your 
Preferences>Text Colors. Or, if you're like me and you invert your screen, make your own in the 
inverted mode that looks like Midnight Blue. 
 One of the best thing these editors have is their characters are blocked out (as opposed to free-
form like Word). Blocks of text can be highlighted as opposed to paragraphs by holding down 'alt'. If 
you hold 'shift' and 'alt' you can click where the text goes to instead of scrolling with it. You can delete a 
whole line using 'control' + 'k'. This was how I built my first collisional rate file. It was uphill both ways. 
 
Terminal: Running ESCAPADE 
 If you have windows, its called command prompt. Either, you can download the Fortran 90 
package, or you can get a hamms account with Tom. I recommend the latter. Then you can get to hamms 
through ssh. Type into the terminal  
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ssh -Y user@hamms.as.arizona.edu 
More UNIX commands are below. 
 The figure below shows an example of my securely grabbing a file using sftp. You can also use 
also use a program like fiSSH. But, what I do, is open up a terminal and put it to my Desktop (cd 
Desktop - see below). I exchange my files here instead of in whatever folder I am working in because 
when you've been working for hours on this stuff it is so easy to mix up typing "put" and "get", and then 
you would very quickly erase your work. Don't sftp from the folder you're working in, trust me!! Then, 
to get into hamms type: 
sftp yourusername@hamms.as.arizona.edu 
entering your password and then navigating to the molecule directory (sftp = secure file transfer 
program). 
 

 
 
UNIX Command Lines 
cd - move to that directory that is within the current directory 
 cd ../ - move back a directory 
ls - list what is in the current directory 
 ls *.dat - list all the dat files 
nano [file] - opens the file in the text editor nano (instructions on use at bottom of nano window) 
mv [old file/directory] [new file/directory] - change the name of file/directory 
mkdir [directory] - make a directory 
cp [file] [new file] - copy a file 
 cp ~/[current directory]/[a directory]/*.* ~/[current directory]/[another directory] 
  - copy all files from one directory to another 
rm [file] - delete a file 
 rm [directory]/* - delete all files in a directory 
 rmdir [directory] - remove empty directory 
 
Gnuplot: Looking at your Modelled Spectra 
 Congrats! You are the proud new owner of a modelled spectra... if you did everything right. 
Gnuplot is available in hamms. To open type 
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gnuplot 
To plot your modelled spectra: 
plot "TA.out" using 1:2, "TA.out" using 1:3... 
Extend to as many columns as you have, which depends on how many transitions you specified in 
input.f. If you need to resize the plot: 
set yrange [#:#]; replot 
To exit the program 
exit 
 
Good luck, and may the force be with you. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


