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ABSTRACT

Methylidyne (CH) is one of the most common molecules in the interstellar medium, and is an excellent
tracer of molecular hydrogen using optical observations. Unfortunately, radio observations of CH at 3.3
GHz require long integration times and, for analysis, the excitation temperature (%) must be known or
assumed. The excitation temperature of the ground state, hyperfine, main line transition of CH at 3335
MHz is often assumed to be —15 K (Rydbeck et al. 1976).

Based on comparisons of radio and optical/uv observations from the literature, using 7¢x = —15
K for the 3335 MHz line may be overestimating the CH column density on average. By comparing the
N(CH)/N(H3) ratio and N(CH)/E(B-V) ratio for both data sets, we determine 7%, may be approximately
—4 K on average. We calculated the excitation temperature of the CH main line at 3335 MHz for 16 lines
of sight with optical/UV and radio observations of CH, and we found 7¢ varies significantly between
the lines of sight. For example, for HD 24534, T, = —3.1 K, while for HD 24398 T, = —27 K.

CH production in the ISM is closely linked to the production of Hy, so we compare CH observations

with CO in the diffuse clouds MBM 16 and MBM 53. In MBM 16, CH is able to trace the CO-faint gas



which surrounds a CO-bright clump. In CH the molecular gas in the sampled region is roughly uniform,
but the CO observations suggests there is a compact clump surrounded by far less dense gas, a suggestion
which is not supported by HI and extinction observations. CH and CO observations in MBM 53 seem
to also support that CH is able to trace CO-faint gas, but due to the faint CH 3335 MHz signal, CH
is able to trace gas surrounding CO-bright gas only if the column density of Hy is greater than ~ 10%0
cm 2. In very diffuse regions of MBM 53, CO was able to be detected, but the signal was too faint for

CH to be detected with the integration times used.
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CHAPTER I

INTRODUCTION

Although the regions between stars in the night sky appear to contain nothing, they are far from empty.
This seemingly vacant void, known as the interstellar medium (or ISM), is filled with baryonic matter,
radiation, cosmic rays, magnetic fields, and neutrinos. There is also non-baryonic dark matter which does
not interact with the objects we are interested in studying and so will be ignored for the remainder of this
thesis. The ISM is home to a large amount of baryonic matter, about an order of magnitude less than the
mass contained in stars, but still on the order of 109 solar masse for a galaxy like the Milky Way. In large
spiral galaxies the ISM accounts for approximately 10% of the total baryonic mass. The ISM is composed
of a nearly homogeneous mixture of gas and dust, with a mass ratio of gas to dust of approximately 100 to
1. The gas is about 3/4 hydrogen and 1/4 helium by mass with less than 1% in metals (elements heavier
than helium according to astronomical parlance). The conditions in the ISM vary greatly across space,
with a wide range of densities and temperatures from 10~ particles cm ™ at 10° K in the hot ionized

medium to 107 cm ™ at 10 K inside dense molecular cores. Some regions of the colder ISM are exposed

"The unit of mass in the ISM is typically the solar mass, equal to 1.988 x 1030 kg and denoted by the symbol M,



to harsh radiation which breaks apart molecules shortly after they are formed, while others are shielded,
allowing for complex molecules to form. The ISM is divided into 4 equilibrium phases, the hot ionized
medium (HIM), the warm ionized medium (WIM), the warm neutral medium (WNM), and the region
of interest in this dissertation, the cold neutral medium (CNM). A fifth component, not in pressure

equilibrium, is mostly molecular and is even colder and denser than the CNM.

1.1 Molecular Clouds in the Interstellar Medium

In the denser regions of the cold neutral medium, harsh dissociative radiation is absorbed by both H,
molecules and dust, creating "pockets” of material known as molecular clouds. This molecular medium is
composed of very large objects known as giant molecular clouds with M > 105 M, and smaller entities
known as diffuse clouds, translucent clouds, and dark (or dense) clouds. This categorization scheme for
the smaller clouds was devised by Van Dishoeck and Black (1989) who defined clouds based on the line
of sight extinction, where objects with an extinction (Ay’) less than 2 mag are diffuse clouds, clouds with
an extinction greater than 10 mag are dark clouds, and clouds in between are translucent clouds. The
bounds of the cloud types are not consistent through the literature. For example, Magnani and Shore
(2017) defined molecular clouds with line of sight extinction less than 1 mag as diffuse clouds, those with
an extinction greater than 5 mag as dark clouds, and those in between as translucent clouds. The complex
structure of the ISM, the long path lengths and the great variation in radiation and magnetic fields make
it difficult to determine characteristic properties of the local cloud conditions for a classification system
based on the line of sight extinction through the cloud. For example, a dark line of sight may be the sum

of many diffuse clouds aligned so they effectively overlap from our point of view, instead of being due



to a single dark cloud. Additionally, a dark cloud will be encased in an envelope of less dense diffuse and
translucent gas, visible distinctly at the edges of a dark cloud. Another classification system by Snow and
McCall (2006) classifies the objects based on the local conditions in the cloud, where the different cloud
types are classified by the local abundance ratios of H to Hy and C* to CO. The density and temperature
of the diffuse to dark clouds range from 10 cm ™ and 100 K to 10" cm ™2 and 10 K. In this thesis we will
be primarily focused on diffuse and translucent clouds.

Diffuse clouds are divided into diffuse atomic and diffuse molecular clouds, although in both objects
Ay is less than 1 and/or the majority of carbon is in C+ ions, depending on the classification scheme
described above. Diffuse atomic clouds are, as the name suggests, primarily composed of hydrogen and
helium atoms, and any molecules which form are quickly dissociated by the ambient radiation field so
the equilibrium abundance remains very low. For example, molecular hydrogen typically accounts for less
than 10% of the hydrogen in this region. The destruction of Hy molecules in the diffuse atomic clouds
gradually attenuates the radiation field in the cloud, at least at the wavelengths capable of dissociating
molecular hydrogen. The attenuated radiation field allows the Hy to "self-shield", a situation when there
is enough sacrificial molecular hydrogen produced to absorb the majority of the incoming dissociating
radiation thereby shielding the interior regions from dissociating radiation (see figure 1.1). The dustin the
ISM also absorbs UV radiation, further attenuating the radiation field and aiding in molecule formation
by providing nucleation sites for the formation of Hy. The cloud is referred to as a diffuse molecular
cloud once more than 10% of the hydrogen is contained in Hy. While this region is shielded from much
of radiation which dissociates Hy, there are enough photons that can dissociate other molecules, such as

CO. With the large abundance of molecular hydrogen and the reduced radiation field, other molecules



such as CH can be produced in larger quantities. Within diffuse clouds, the hydrogen density ranges
between 10 to 500 cm ™2, and the temperature ranges from 30 to 100 K.

As the radiation field becomes more attenuated, carbon increasingly becomes bound into neutral
carbon and CO instead of carbon ions. The region where the majority of carbon is no longer in carbon ions
and up to the point where 90% of the carbon is in CO, is referred to as the translucent regime (Snow and
McCall 2006). Within this region, the hydrogen density increases, ranging between approximately 500
to 5000 cm™* and the temperature drops to between approximately 50 to 15 K. Similar to self-shielding
of molecular hydrogen, CO becomes self-shielding in the translucent cloud region as the radiation field is
gradually attenuated in the wavelengths which dissociate CO. The self-shielding of CO is assisted by the
overlap in frequency ranges of the radiation which dissociates Hy and CO, which greatly helps increase the
abundance of CO. Dense clouds are regions of a cloud where almost all (greater than 90%) of the carbon
isin CO. In dense clouds the density is (unsurprisingly) much higher than the surrounding regions, often
exceeding 10* cm 3. The temperature continues to drop because molecules are excellent coolants, and
ranges between 10 to 50 K. Within these dense regions, stars are sometimes able to form when a dense
region becomes gravitationally unstable and collapses.

Each of the clouds categories listed above is surrounded by lower extinction gas. For example, a dark
cloudis surrounded by a translucent region which, in turn, is surrounded by a layer of diftuse molecular gas,
which is again surrounded by a layer of diffuse atomic gas. Therefore, any observation of the translucent
material from outside the cloud will not only see the translucent material in the heart of the cloud, but

will also see the diffuse layers which surround it.



1.2 Tracing Molecular Gas

The most abundant molecule in the ISM, by atleast four orders of magnitude, is molecular hydrogen (Hy).
Composed of two hydrogen atoms, the molecule is the simplest and lightest form a neutral molecule can
be. Unfortunately, Hy is very difficult to observe directly as it is symmetric and thus has no permanent
dipole moment, which means the electric dipole rotational and vibrational transitions are not allowed,
leaving the slower quadrupole transitions . Earth’s atmosphere is opaque in ultraviolet, necessitating space
observatories to observe molecular hydrogen’s electronic transitions in the Lyman and Werner bands. In
addition, ultraviolet absorption observations of Hj are limited to nearby diffuse and translucent clouds
with background early-type stars. Molecular hydrogen may also be observed in absorption via the infrared
rotational lines, although the gas needs to be warm (T 2 80 K) in order to be detectable, leaving most of
cold molecular clouds invisible in these transitions (Habart et al. 2005).

The next most abundant molecule is carbon monoxide (CO). CO, significantly heavier than Ho, is
asymmetrical and has a permanent dipole moment, which means that, unlike Hy, electric dipole rotational
and vibrational transitions are allowed. The rotational levels are arranged in a simple ladder structure with
the] =1 — 0 ground rotational state as 115.3 GHz, the ] =2 — 1 at 230.5 GHz, the ] = 3 — 2 at 345.8
GHz, and so on. It is the most commonly used tracer of molecular hydrogen as its abundance (as high
as 10~* in dense molecular cores) makes the lower rotational levels bright and thus does not require long
integration times for detection (typically on the scale of minutes with modern 3-mm receivers). The
velocity integrated antenna temperature for CO (defined in this thesis as W(CQO)) is nearly linear with
N(H>) over a wide range of conditions in the ISM (Pety, Liszt, and Lucas 2011). For the last four decades

Pat Thaddeus, Tom Dame, and coworkers have been mapping the sky using the ] =1 — O line at 115.271



GHz in a survey that at the time of writing was still ongoing (see, e.g., Dame, Hartmann, and Thaddeus
2001; or the group’s websitd?). The two lowest rotational lines are almost always optically thick, which
would normally prevent them from being used as a mass tracer. However, W(CO) can be employed in
this fashion for reasons that are complex, but have been primarily attributed either to an empirical linear
relation between the CO luminosity and W(CO) (Solomon, etal. 1987), or the size-linewidth relationship
(Larson 1981) likely stemming from turbulence in the clouds (Maloney 1990). The CO X-factor [X(CO)
defined as N(Hz)/W(CO)] is used to convert the observed quantity, W(CO), to N(H3), and is determined
tobe 2 £ 0.6 x 10*° cm~?/ K km s™! for dark and diffuse gas (Bolatto, Wolfire and Leroy 2013). CO
electronic lines may also be observed in absorption in ultraviolet (e.g., Sheffer, Federman, and Andersson
2003).

Another common tracer, hydroxyl (OH), is the third most abundant molecule in the interstellar
medium and is considered to be an excellent tracer of diffuse molecular gas (Magnani and Shore 2017).
It was first detected by observations of the 1667 and 1665 MHz lines in Cassiopeia A by Weinreb et al.
(1963), making it the first molecule to be detected by radio observations. It is among the few molecules
which can be observed in visible wavelengths (e.g., Crutcher and Watson 1976) and radio wavelengths.
The ground state of OH has 4 hyperfine transitions, with the main transitions at 1665 and 1667 MHz
and the satellite lines at 1612 and 1721 MHz. Since these lines are at approximately 1.7 GHz, close to
the HI line at 1.4 GHz, OH has the situational advantage of being observable simultaneously with the
HI line at 1.4 GHz for most modern L-band receivers. For example, the L-band receiver on the Arecibo

305-m telescope had a bandwidth wide enough to allow for both species to be simultaneously observed.

*https://lweb.cfa.harvard.edu/mmw/Milky WayinMol Clouds.html



The HI data used in chapter 7 was collected at the same time as the OH observations for the MBM 53
molecular cloud.

Methylidyne (CH) at low extinctions is an excellent tracer for Hy but is unfortunately hampered by
a weak signal strength in the hyperfine, ground state transitions at 3.3 GHz requiring long integration
times. These lines are optically thin and the excitation temperature needs to be known or assumed for
determinations of N(CH) (see, e.g., Magnani and Shore 2017). Additionally, the receiver required (S-
high, or upper S band) is seldom a part of the arsenal of low frequency receivers at radio observatories.
For example, the only one in operation at a single dish telescope in the western hemisphere at the time
of writing being at Arecibo (no longer in operation after the platform collapsed in late 2020). As this
molecule is the primary focus of this dissertation, it will be discussed in greater detail throughout the rest
of this work.

Cyanogen (CN) is the last of the 4 major molecules that are observable in radio and optical wave-
lengths, it has a very strong correlation with HCN and HNC, and has been used to determine the cosmic
microwave background radiation temperature at 2.7 mm (Liszt and Lucas 2001). However, the abun-
dance of CN varies greatly with respect to Hy, preventing it from being useful as a tracer of Hy (van
Dishoeck and Black 1989). CN, along with CH and CH™, were the first molecules found in the interstel-
lar medium as interstellar absorption lines superimposed on the spectra of background stars (Dunham
1937, McKellar 1940, Adams 1941, Douglas and Herzberg 1941).

Recent work has shown that Hydrogen Fluoride (HF) is also able to effectively trace Hy (Gerin,
Neufeld, Goicoechea 2016), and has been predicted to be capable of detecting molecular gas at Hy column
densities of less than 10'° cm =2 (Neufeld, Wolfire, Schilke 2005). Due to the small moment of inertia for

the molecule, it is difficult to detect HF from ground based observatories (Neufeld et al. 2010). It was first



detected using the far infrared ] = (2 — 1) transition at 2463.43 GHz (Neufeld et al. 1997), and was later
observed using the ] = (1 — 0) line at 1232.48 GHz (Neufeld et al. 2010) and the near infrared v =1 — 0
R(0) and R(1) lines at 2.499385 pum and 2.475876 pm (Indriolo et al. (2013). It may also be observed
in the ultraviolet (Tashiro, Ubachs, and Zare 1989). Finally, the 4.83 GHz line of Formaldehyde (H,CO)
is able to trace the lower density core regions of diffuse and translucent molecular clouds (Magnani and
Shore 2017), although it tends to trace denser gas than the CO(1 — 0) line at 115 GHz or the OH and
CH hyperfine, main line transitions.

On average, the gas-to-dust ratio in the ISM is fairly constant, so the column density of molecular
hydrogen may also be determined from extinction or color excess along with observations of neutral atomic
hydrogen (HI) to obtain the column density of Hy. Up to a color excess of 0.5 mag, Bohlin, Savage, and
Drake (1978) determined the ratio of total neutral hydrogen to color excess to be N(H) / E(B-V) = 5.8
x 10?* atoms cm ™2 mag ™! (where N(H) = N(HI) + 2 N(Hs)) using a sample of 100 stars. We explore
this issue further in chapter 2. Extinction may be determined from dust maps such as the recalibrated
SFD dust maps (Schlafly and Finkbeiner 2011). In the absence of HI observations, the extinction sets an
upper limit on the amount of Hj along a line of sight. Unfortunately, the dust maps do not contain any
velocity information so the determined Hy column density will not contain any kinematic information.

Complicating the above discussion, Grenier, Casandjian, and Terrier (2005) demonstrated that HI
and CO observations of the ISM do not account for a significant amount of the atomic and molecular
gas, discovering clouds of "HI and CO-dark” gas. They claimed that the amount of molecular gas missed
by CO(1 — 0) observations was equivalent to that detected by the large scale surveys. To discover the
HI and CO dark gas, they used gamma rays with energies greater than 100 MeV as a tracer of the gas.

The HI observations used were from the Leiden/Dwingeloo survey (Burton and Hartmann 1994) along



with observations below 6 = —30° from Dickey and Lockman (1990). HI was assumed to be optically
thin, so the presence of HI-dark gas could suggest that the 1420 MHz HI line is not always optically
thin. However, Grenier et al. (2005) used CO observations from the Dame, Hartman, and Thaddeus
(2001) survey which has integration times between 20 to 300 seconds. This is insufficient for detecting
faint diffuse clouds which may require much longer integration times (e.g. Donate and Magnani 2017).
Although Hj that is unable to be traced by CO is expected to some extent (figure 1.1 shows that Hy will
begin forming in relatively large quantities before CO becomes abundant enough to be visible in radio
observations with practical integration times), producing regions around CO-bright gas that contain Hy
but cannotbe seen in CO observations, the amount of this dark gas is under intense debate (see discussion

in Magnani and Shore 2017).

1.3 CH in the Interstellar Medium

The molecule Methylidyne (CH) was detected in the ISM early in the 20" century by Dunham (1937),
although he could not identify the absorption line at 4300 A. The molecule was soon identified by Swings
& Rosenfeld (1937), making it the first molecule discovered in the ISM. The violet 4300.3 A line of CH
is from the CH A-X band (Weselak et al. 2014), and is actually two closely spaced lines [4300.3235 and
4300.3030 A (Black and van Dishoeck 1988)] which can be seen individually under some conditions
(e.g., Crane 1995, discussed further in chapter 4). The 4300.3 A main lines can often become saturated,
so the lines from the B-X band are usually observed as well. The B-X band gives rise to 3 lines in the low

ultraviolet at 3890.217, 3886.409, and 3878.774 A (Weselak et al. 2014). Observation of the A-X and



B-X bands of CH have shown that the column density of CH is well correlated with the column density
of Hj (e.g., Weselak 2019; also see chapter 2 of this dissertation).

The development of radio astronomy in the 1950s opened up the possibility of detecting rotational
and hyperfine emission lines from cold molecular gas. The first molecule to be detected through radio
emission was Hydroxide (OH) via its 18 cm lines (Weinreb et al. 1963). Despite the early detection of CH
in optical observations, the radio lines of CH were not detected until approximately 4 decades after its
optical detection because of the difficulty in predicting the frequency of the 3 GHz CH transitions. The
CH 3 GHz lines were estimated indirectly by measuring the spacing between the two A-X band lines at
4300.3 A, for example, Baird and Bredohl (1971) measured the separation of the lambda-doubled ground
state to be 3374 £ 20 MHz. Direct laboratory measurements of the CH radio lines were difficult due
to complications associated with producing and maintaining a large enough sample of a highly reactive
gas for the 3 GHz radio emission to be detectable (Evenson, Radford, and Moran 1971). Late estimates
of the 3 GHz line of CH, before it was detected in 1973, used the separation of the more easily detected
4300 A lines to determine the separation of the lambda doubled levels of the ground state. It was finally
detected by Rydbeck, Elldér, and Irvine (1973), making CH one of the few molecules, along with OH,
CN, and CO which is readily detectable in optical and radio observations. Astronomical observations
of CH provided the most accurate measurements of the ground state hyperfine energy levels up until
measurements conducted by Truppe et al. (2014).

This thesis will be primarily focused on the hyperfine levels of the ground state of CH at 9 cm. The
rotational levels of CH are split by spin-orbit interaction, so each N level is split into two states, with
J =N =+ 1/2 (Herzberg 1971). The lowest energy level is the N=1, J=1/2 level, which is further split

into two levels due to A-doubling. The level splitting is caused by the interaction between the rotation
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of the molecule and the orbital motion of the electrons splitting the energy level into two levels, each
level corresponding to one of the two directions of rotation of the electrons around the internuclear axis
(Herzberg 1971). The two levels have opposite parities, where the upper level has a negative parity, and
the lower level has a positive parity. The upper and lower levels of the A-doubled ground state are then
turther split by hyperfine splitting, with F = J £ 1/2. This results in the ground state of CH having four
levels (see figure 1.2) at 0 eV, 5.671 x 1078 eV, 1.355 x 107° eV, and 1.385 x 107> eV. There are three
allowed transitions, the main line F = (1 — 1) at 3335.479 MHz, and the two satellite lines F = (1 — 0)
and F=(0 — 1) at3349.193 MHz and 3263.793 MHz respectively (Truppe et al. 2014). The transition
F = (0 — 0) is absolutely forbidden by selection rules. (Herzberg 1971). The levels of the ground state
transitions are shown in figure 1.2.

The radio lines of CH originating from the ground state hyperfine levels have been used as a tracer for
the notoriously elusive molecular hydrogen, due to a robust linear relation between the column density
of CH and Hj (see Chapter 2). However, while optical observations are able to directly determine the
column density of CH, determining the column density using radio observations requires knowing or

assuming the excitation temperature.

1.3.1 CH Excitation Temperature

Excitation temperature (1) is a representation of the relative populations of two quantum states, defined

as

Tex = —AE [k [In((nug) /(mga)] ™ (1)

II



where AE is the difference in energy between the two states, ki, is the Boltzmann constant, n, and n
are the densities of the particles in the upper and lower states, and g, and g; are the statistical weights
of the upper and lower states. Despite its name, excitation temperature, it is only related to the physical
temperature when the gas is in thermodynamic equilibrium. 75y can even be negative in some cases if the
upper state is more populated than the lower state, such as in a maser, and this situation is very common
for the 3335 MHz main CH line (e.g., Rydbeck et al. 1976; Hjalmarson 1977; Genzel et al. 1979). Asn,,
and n are terms in the ratio of the population of the upper and lower states, they may be replaced with
an easily measured quantity, column density, N, and N;. As a consequence of using the column densities
instead of the density for determining 7y, the excitation temperature determined by column densities is
an "average" Tey, based on the sum of the upper and lower states through a region and does not represent
the local population ratio in a cloud.

The excitation temperature for the CH ground state main line transition at 3335 MHz has been
measured before along many lines of sight using a variety of methods. For example, Rydbeck et al. (1976),
Hjalmarson et al. (1977), and Genzel et al. (1979) used on-oft radio observations of continuum sources
to determine 7t for the main line and satellite lines (described in more detail in chapter 4). Lien (1984)
and Jura and Meyer (1985) used optical observations to determine Ty for a few lines of sight toward
stars. Lien (1984) also used a hybrid method using both optical and radio observations 7¢,. Each of these

methods will be discussed in more detail in chapter 3 of this thesis.
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1.4 Column Density from Radio Frequency Observations

Column density is a measurement of the number of particles along a line of sight within a given unit
area. In professional astronomical work, the default units are CGS so column density (denoted by N)
is measured in particles cm™2. The relationship between molecules which are absorbing a background
continuum and an observable quantity like the column density is based on expressing the absorption
coefhicient for a given transition and the number of molecules in that state with the optical depth of the

transition (e.g. Magnani and Shore 2017). We may express this as
/ o = 075N A (1 — exp|—hur(kp Tow) 1) (87) (12)

which comes from the solution of the radiative transfer equation in the limit where hv < kT and the
quantum mechanical description of the absorption coefficient, where A is the wavelength of the emitted
radiation. Ty is the excitation temperature of the transition, A;; is the emission coefficient of the F =
¢ — j transition, and NV is the column density of the lower half of the ground state A-doublet. The

radiative transfer equation may be written as

Ta = np(1 — exp[=7])[J(Tex) — J(Tig)] (13)

where T is the antenna temperature, 1) is the beam efficiency, 7 is the optical depth, T¢ is the excita-

tion temperature, Tj, is the background temperature, and J(7T') is (hv/k)(exp[(hv/(kT)—1])~'. At the
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Rayleigh-Jeans limit (hv < kT), J(Tex) becomes Tey and J(T4,4) becomes Tig, so that

Ta = np(1 — exp[—7])[ Tex — Tig] (1.4)

A,;j is determined by equation 9 from Pickett et al. (2003) using data for the ground state CH transi-

tions from the Jet Propulsion Laboratory Molecular Spectroscopy Database:

Ay = L;(T)v*(Q/g)(exp[—E/ (kg T)] — exp[—E,/ (kg T)]) ' x2.7964 x 107 "% sec™  (vs)

where [;; is the line intensity, () is the rotation-spin partition function, g is the degeneracy of the state,
Ej and E), are the energies of the lower and upper levels respectively, kg is the Boltzmann constant, and
T is the temperature. The emission rate does not change significantly between 30 — 300 K. For the 3335
MHz, F = 1—1 main line, A;; = 2.0456 s~ 1. For the 3264 MHz, F = 0—1 satellite line, Ag; = 2.8761
s~ 1. For the 3349 MHz, F = 10 satellite line, A;p = 1.0359 s~ 1.

Assuming a small optical depth and Rayleigh-Jeans limit,

(1 —exp|[—7]) =~ T (1.6)
J(T) = (hw/k)(exp[(hr/(kT) 1))~ =~ T (17)
TA = T]BT[TQX — Tbg} (1.8)
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Plugging this into equation 1.2 results in

(B[ Tex — The)) ™" / Tadv = 0.75 NN Ayjhw (kg T ) (87) 7! (1.9)
N~ N(CH)/2 (r.10)
N(CH) = [(167/0.75) (N> Ayjhv) " 'kp] Tex (B[ Tex — Tog)) ™" / Tadv (r.11)

For each of the three ground state lines the column density can be written in terms of the excitation

temperature, the background temperature, and the intensity of the line as:

N(CH)3z335 = (2.82 x 10™) T (5[ Texe — Tiog]) ™" / Tadv (112)
N(CH)z064 = (1.92 x 10™) T ([ Toxe — Tiog]) ™ / Tadv (r.13)
N(CH)3349 = (5.61 x 10") Tor (5] Tex — Thog]) ™" / Tadv (114)

Given the value of the constants, T dv are in units of K km s~! and N(CH) is in cm 2. As none of the

transitions go between the same states, each line may have a different excitation temperature.

1.5 Outline of Thesis

After this introduction, the outline of this thesis is as follows: chapter 2 focuses on the relation between
the CH column density and both color excess and Hy column density for optical and radio observations

separately using data collected from the literature. Chapter 3 is a paper that was published in MNR AS
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(Dailey et al. 2020) and discusses the excitation temperature of the CH 3335 MHz transition for 16
lines of sight in a sample of translucent and dark molecular clouds. Chapter 4 examines the method of
determining 7¢x by radio/optical observations toward stars and radio on/off observations of continuum
sources. The question of whether or not the CH 3335 MHz line can trace a diffuse and translucent low-
density molecular component surrounding a clump that is seen with CO(1 — 0) is explored in chapter 5.
Chapter 6 compares CH observations with CO and OH observations in MBM 53, a diffuse cloud with
very low expected Hy column densities. In chapter 7 we study a collection of very high signal to noise HI
data collected by Donate and Magnani while they were studying OH in MBM 53 (Donate, White and
Magnani 2019). In chapter 8 we discuss the computational project studying the excitation of the CH
ground state using the 3D-PDR code (Bisbas et al. 2012). Finally, this thesis concludes in chapter 9 with

a brief summary of the results and prospects for future work.
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Diagram of the hyperfine structure of the CH ground state. The F=(1 — 1),F=(1 — 0),and F =
(0 — 1) transitions are marked with solid lines, and the forbidden F = (0 — 0) transition is marked with
a dotted line. The frequency separation of the hyperfine splitting is marked on the right. The spacing

of the energy levels is not to scale. e allowed transition frequencies were determine ruppe et al.
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(2014).

Figure 1.1: Photodissociation Region Schematic
The sections of the photodissociation region are shown, according to the characteristics described by
Snow and McCall (2006) and Magnani and Shore (2017). The area separating each section is labeled with
the characteristics that separate them, for example, the transition between translucent and dark clouds is
labeled with CO accounting for 90 percent of the local carbon, and Ay = 5 mag to account for the two
ways to categorize the cloud.
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Figure 1.2: CH Ground State Structure
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CHAPTER 2

THE RELATION BETWEEN CH, COLOUR

ExceEss, AND HYDROGEN

'Dailey, E.M., Magnani, L., and Doppel, J.E. Submitted to Monthly Notices of the Royal Astronomical Society,
04/07/2020
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Abstract

The relationship between N(CH) and E(B — V') is studied along with the relation between
N(CH) and N(H2), distinguishing between two common methods for obtaining the three quanti-
ties. The first method relies on optical and UV absorption lines of CH and reddening data to stars be-
hind diffuse molecular clouds, and the second relies on observations of the 3335-MHz, ground state,
hyperfine, main line transition of CH and dust column densities [calibrated to E(B — V)] based on
infrared data. The two methods sample different galactic environments and lead to different slopes
for N(CH)/E(B — V') and N(CH)/N(H2). We argue that the stellar method yields more reliable es-
timates for N(CH), and use that to determine the average excitation temperature for the 3335-MHz
transition. Using optical and UV data from the literature, we determine N(Hiot)/E(B — V') =5.78
+2.33 x 10?! cm™2 mag™!. In contrast, radio observations of the HI 21-cm line for 15, 385 lines
of sightat [b| > 30°, yield a value of 7.8 £ 3.1 x 10%! cm™2 mag ™!, similar to that of Liszt (2014a).
We find the N(HI)/E(B — V) ratio begins to decrease at lower E(B — V) in the outer Galaxy

compared to the inner Galaxy.
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2.1 Introduction

One of the principal goals of molecular spectroscopy of the ISM is to determine the column density
of molecular hydrogen using transitions of molecules that are more easily detectable. Optical and radio
surveys of CH in diffuse and translucent clouds have found that the column density of CH is proportional
to that of Hy up to Ag < 5 mag [e.g., Danks, Federman, & Lambert (1984); Mattila (1986); Weselak
(2019)]. In a related study, Lang & Willson (1978) determined, using primarily radio observations of
CH at 9 cm (optical observations were used in place of non-detection upper limits of the 3335-MHz CH
transition) that, at low colour excess [E/(B — V') < 0.6 mag], the column density of CH is proportional
to E(B — V'), but the slope decreases for high colour excess lines of sight through dark clouds. Similarly,
Mattila (1989) observed several lines of sight through dark clouds and determined there is no single N(CH)
versus colour excess relationship from diffuse to dark molecular clouds. These findings were extended by
Liszt & Lucas (2002) who compiled an extensive set of optical and radio CH observations and found that
even at relatively low colour excess [E(B — V') < 2 mag] there was no single-valued or linear relationship
between N(CH) and E(B — V).

Optical studies of the CH optical and UV lines in absorption lead directly to N(CH) (e.g., Lien
1984). Radio observations of the ground state, hyperfine, transitions at 9 cm can also lead to N(CH),
but only if the excitation temperature, Ty, is known or assumed. Traditionally, for the 3335-MHz main
line, it is assumed that |Tex| > Tj,, where Ty is the background temperature at 3.3 GHz, in which
case N(CH) is proportional to the velocity-integrated brightness temperature of the line. However, that
assumption has been called into question (Lien 1984; Dailey et al. 2020). To address the issue, Dailey

etal. (2020) combine optical and radio measurements for the same lines of sight to solve for Ty of the
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3335-MHz transition. But for this method to work, it is assumed that the two techniques produce the
same value of N(CH) for a given line of sight. This assumption can be tested by comparing N(CH) versus
E(B — V) studies using optical and radio observations. Moreover, this ratio, when coupled with the
N(HtotE’ (B — V) ratio, leads directly to the CH abundance that can then be studied as a function
of gas density or molecular fraction. Although there is more consensus in the N(Hyot )/ E(B — V) ratio
than is the case for CH, there are studies that possibly indicate a latitude dependence (e.g, Knapp & Kerr
1974), and breaks in the slope at low extinction (e.g., Liszt 2014b). However, the many studies that look
at global gas-to-dust ratios involve different techniques and parameters which need to be considered.

In this paper the relationships of CH and N(Hj,) with colour excess are determined from data in
the literature paying particular attention to factors such as whether the CH column density is obtained
from radio or optical observations, the Galactic latitudes being considered, and whether or not the line
of sight in question terminates at a stellar surface. The latter criterion involves the path length, which
we will distinguish as (1) ste/lar, meaning the lines of sight for both quantities truncate at the star, or (2)
galactic, where the lines of sight extend through the Galactic disk and even into the cold neutral gas of the
halo. Clearly, the two methods probe different Galactic environments. Besides the path length, the stellar
method probes a column of nearly infinitesimal solid angle whereas the galactic method probes regions
of angular size on the order of 1 to 10 arcminutes.

The paper is organized as follows: §2 discusses some of the results of previous studies of the column
density of hydrogen or CH versus the colour excess distinguishing between the various methodologies
used in establishing the relationships. In §3 we describe the data sets from the literature that are used

to obtain our results. In compiling the HI, CH, and E(B — V') data we emphasize homogeneity and

*N(Hiot) = N(HI) + 2N(Hy)
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high-quality observations. The relations between hydrogen and colour excess under various criteria are
obtained in §4 and compared to the previous work, and the same is done for CH in §5. Section 6 explores
the relation between N(CH) and Hj, distinguishing between the different techniques used to obtain the

two quantities. The results of our investigation are discussed in §7.

2.2 Previous work

We briefly review some of the previous work in establishing the N(H;ot)/E(B — V) ratio (which we
will alternatively refer to as the “gas to dust ratio”). This review is not meant to be comprehensive but

highlights previous results that we will address directly with our data.

2.2.1  N(H;.) versus Colour Excess

In two classic studies analyzing UV absorption line data from the Copernicus satellite, Savage et al. (1977)
and Bohlin, Savage, & Drake (1978) established a relation between N(Hyot) and E(B — V). Surveying
over 100 stellar lines of sight, they obtained N(HI) from Lo and N(Hy) from the J=0 and J=1 rotational
levels of the ground vibrational state, which allowed them to determine N(Hj,) accurately for the path
length to the star. This technique is what we refer to as the stellar method. Combining these data with

well-established E(B — V') values for each of the program stars, they obtained the classic result

N(Hyt)/E(B —V) =58 x 10*" atoms cm 2 mag ™" (2.1)

This program was continued by Diplas & Savage (1994) using JUE. Their study was limited to HI and

resulted in a slope 0f 4.93 x 10*! atoms cm™2 mag ™! (we drop the units in the rest of the paper for brevity).
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Later, Rachford et al. (2002) used data from the FUSE satellite to get nearly the same slope (5.6 x 10%!)
as Bohlin et al. (1978). These studies differed in the space-borne telescopes and spectrometers used and
in the stellar sample. Moreover, in all cases, the relevant line of sight only traversed a limited portion of
the Galactic plane, ending at the stellar surface.

A different approach (i.c., the galactic method described in §1) was taken by Liszt (2014a) who used
the Schlegel, Finkbeiner, & Davis (1998) dust maps with 6’ resolution to estimate £(B — V') for lines of
sight where data from low- and high-resolution 21 cm surveys (with 36" and 4’ resolution, respectively)
provided N(HI). Lines of sight with |b| > 20° and E(B — V') < 0.1 mag were chosen to avoid opacity
effects and regions with significant molecular gas. Thus, for this study, N(HI) is effectively N(Hyot). The
slope he obtained, 8.3 X 1021, is greater than the ones obtained previously at higher colour excesses using
the stellar method. A break in slope (to lower values) for £(B — V') > 0.1 mag is noted in a subsequent
paper (Liszt 2014b) and is attributed to the onset of Hy formation. He also notes that the ratio decreases
to 5 — 6 x 10?! for |b] < 30° forall E(B — V'), but, interestingly, the opposite trend occurs for |b| < 20°
and E(B — V') <0.075 mag [see Figure 5 from Liszt (2014b)].

Liszt’s result as far as the latitude dependence for unrestricted values of E(B — V'), is reminiscent of
the early work by Knapp & Kerr (1974) which, using the reddening towards globular clusters and HI 21
cm observations, found an increase in the N(HI)/E(B — V') ratio as a function of |b| with values as low
as4 x 10?" at [b] ~ 10° and as high as 4 x 10*? at |b] ~ 75°.

A study using the galactic method by Lockman & Condon (2005) examined a small field (3° x 3°) at
high Galactic latitude using the 100-meter GBT. The beam size of the GBT (9.4’) is smaller than that used
by the Leiden-Argentina-Bonn (LAB) survey (Kalberla et al. 2005) which forms the basis for many of the

gas to dust studies using the galactic method. Moreover, the GBT beam is relatively free of stray radiation
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without needing to resort to bootstrapped corrections. Their study revealed that, when HI high-velocity
data is excluded in determining the gas-to-dust ratio, the correlation between N(HI) and E(B — V) is
tighter and the slope (i.e, the gas to dust ratio) is shallower. This implies that high-latitude studies using
the galactic method with sightlines extending into the Galactic halo might show a larger gas-to-dust ratio

when regions with HVCs are considered (see discussion in §7).

2.2.2  N(CH) versus Colour Excess or Extinction

Many studies have examined the relationship between N(CH) and either colour excess or extinction; they
are reviewed by Mattila (1986), Magnani & Onello (1995), and Liszt & Lucas (2002). Here we focus on
some of the issues discussed by previous work that we will address in this paper. Liszt & Lucas (2002)
summarize many previous optical observations of CH absorption at A4300 and CH emission using the
3335-MHz ground state, hyperfine, main line. Their Figure 1 shows N(CH) as a function of E(B — V)
and indicates that for (B — V') < 0.3 mag there is no single linear relationship. Even if only data using
the stellar method are considered, there may be two separate relationships one with clearly higher values
of N(CH) at a given colour excess. Liszt & Lucas (2002) argue that the difference involves the presence
of substantial molecular gas along the line of sight. If this is present, as indicated, for example, by the
detection of the CO(1 — 0) transition, then there is substantially more (factor of 3) N(CH) than for those
lines of sight with similar colour excess but no CO emission. This result can also be seen in Figure 12b
of Penprase et al. (1993) which shows N(CH) versus E/(B — V') using the stellar method for three data
sets: Two from Danks et al. (1984; 1990) based on observations to stars behind traditional diffuse clouds;
and their own CH spectroscopic data towards stars located behind or near high-latitude molecular clouds.

The possibility of significant molecular gas towards stars in the Penprase et al. (1993) sample is much
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higher than towards the Danks et al. (1984; 1990) sample. Thus, there are two distinct relationships for

N(CH)/E(B — V') depending on whether or not the line of sight contains significant molecular gas.

2.3 The CH, hydrogen, and colour excess data sets

The data we use to derive the various gas to dust ratios are divided into two groups, depending on whether
they were compiled using the stellar or galactic method. The stellar method uses lines of sight with high
quality A — X or B — X band observations of CH and corresponding observations of Hy with uncertain-
ties listed in the literature. The stellar CH column densities are from Weselak (2019), Mookerjea (2016),
Smoker et al. (2014), Dahlstrom et al. (2013), Thorburn (2003), and Andersson, Wannier & Crawford
(2002); in the case of duplicate lines of sight, the column density from the latest paper takes precedence.
The 87 lines of sight are shown in Table 2.1, where the first column lists the target star, and the second
and third columns give the galactic longitude and latitude of the corresponding line of sight. Column 4
lists the CH column density, column 6 lists the colour excess, column 8 lists the HI column density, and
column 10 lists the Hy column density. All uncertainties and upper limits listed are for 1o.

The second group, based on the galactic method, is comprised of observations compiled from the
literature of the ground-state, hyperfine, main line transition of CH at 3335 MHz which were collected
using the defunct NR AO 43-m telescope to ensure a data set with a homogeneous beam size. Additionally,
to be included in this data set, the publication must also list column density uncertainties. The radio CH
data includes a total of 83 observations from Mattila (1986), Lang & Willson (1978), Mattila (1989),

Magnani, Sandell, & Lada (1992), Magnani & Onello (1993), and Liszt & Lucas (2002). As the colour
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excess is determined from Schlafly et al. (2011), observations with a line of sight along the galactic plane
(6] < 5°) are not included.

The colour excess and N(HI) are used to determine N(Hy), using the relation

N(Hy) = [5.78+2.33 x 10* E(B—~V) — N(HI)]/2 cm? (2.2)

where the value of the slope is justified in §4. Because of the high standard deviation in the gas to dust
ratio and the subtraction of N(HI), it is possible to get a negative value for N(Hy), as was the case for one
line of sight in the sample. The column density uncertainty covers positive values as well, so the point is
kept. The HI column densities are determined from EBHIS|and GASSIIIF| and are assumed to have 3
percent errorg] The assumed uncertainties in N(HI) are dwarfed by the 40 percent standard deviation
in the N(Hyot)/ E(B — V') relation. The colour excess is determined from the SFD dust maps (Schlafly
& Finkbeiner 2011). The data are listed in Table 2.2, where column 1 lists the name of the line of sight,
and columns 2 and 3 lists the galactic longitude and latitude of each line of sight. Column 4 lists the CH
column density, column 6 lists the colour excess, and column 7 lists the calculated molecular hydrogen
column density.

All of the data that are used for linear fits in this paper have measured or estimated uncertainties, so the
fitting is done with weighted orthogonal distance regression (WODRﬂ since it is one of the best methods
for determining a fit line using data with x and y uncertainties (Wu & Yu 2018). The non-detections are

considered to be half of the original one sigma limit, and the uncertainties are half of the one sigma limit.

3Effelsberg-Bonn HI Survey (Winkel et al. 2016)

4Parkes Galactic All-Sky Survey III (Kalberla & Haud 2015; McClure-Griffiths et al. 2009)

Ssee website: https://www.astro.uni-bonn.de/hisurvey/AllSky_profiles/

®The linear fits are made in Python using the ODR package of the SciPy Python library (Virtanen et al. 2020).
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For determining the gas to dust ratio using the galactic method, we use the Magnani et al. (2000) and
Hartmann, Magnani, & Thaddeus (1998) high-latitude CO(1 — 0) surveys. Those authors sampled with
an 8 beam the high-latitude sky (|b| > 30°) every degree in latitude and longitude for all points that rose
to an elevation > 30° from Cambridge, MA, the site of the CO observations. This led to a data set with
more than 10000 points in the northern Galactic hemisphere and nearly 5000 in the south. Only 170
lines of sight of the total 15, 555 lines of sight had CO(1 — 0) emission. Thus, for the remaining lines of
sight we can ignore the contribution from N(Hj) and obtain a robust estimate of the N(HI)/E(B — V)
ratio. The HI data come from the Leiden-Argentina-Bonn survey (Kalberla et al. 2005) and the E(B—V)
data are from the Schlafly & Finkbeiner (2014) dust maps. The beam sizes vary from 6’ for the Schlafly &
Finkbeiner (2014) data to 36 for the 21 cm observations. We averaged the Schlafly & Finkbeiner (2014)

data to 18’ resolution in a compromise to matching the HI and CO data (8') resolution.

2.4 The N(H.,)/ E(B — V) ratio revisited

We begin by determining the gas to dust ratio using the galactic method for |b| > 30°. Figure 2.1 shows
the general relationship between N(HI) and (B — V) forall 15, 385 points in our data set along with the
best fitline. Our value, 7.2 X 10%!, is more consistent with that of Liszt (2014a) than with the Bohlin et al.
(1978) value that was derived with the stellar method. Figure 2.2 shows the same data but for (B — V)
< 0.8 mag for a more direct comparison with the work of Liszt (2014a). Our value, 7.8 x 10%, is fairly
close to his (8.3 x 10?!). Figures 2.3 and 2.4 break down the data for the inner and outer Galaxy. The
two data sets show slightly different slopes (8.4 x 10%! for the outer Galaxy and 7.0 x 10*! for the inner),

perhaps indicating a difference in the gas to dust ratio, averaged over large scales, at high Galactic latitudes.
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More intriguingly, the inner Galaxy data (270° < ¢ < 90°) show a break in the slope at a higher colour
excess (~0.7 mag) in the inward data set compared to the outward data set (~0.4 mag}}

Our study and the previous ones described in §2 use four basic approaches to analyzing their data sets:
The atomic hydrogen is determined either for a line of sight that truncates on a star (stellar method), or
continues through the entire Galactic disk and even the lower halo (galactic method). The other pair of
options in organizing the data involved a latitude cutoff so that the data are either along the Galactic plane
or at high Galactic latitudes. The latitude cutoffs are chosen somewhat arbitrarily at |b| < 20° or 30° for
low latitude and |b] > 20° or 30° for high Galactic latitudes. The N(H;o1)/E(B — V') slope for each of
the studies categorized as just described is shown in Table 2.3.

The other data set involves the stellar method, uses substantially less points and includes lines of sight
with latitudes |b| < 24°, as well as lines of sight with detectable levels of molecular hydrogen. The sample
of stars is listed in Table 2.1.

Figure 2.5 shows the total hydrogen column density versus the colour excess, with 1o error bars.

Assuming the intercept is negligible, the relation

N(Hit)/E(B = V) =5.78 £ 2.33 x 10*' cm > mag ™" (23)

is determined from the fit for colour excess between 0.07 and 1.08 mag, where the uncertainty is the
standard deviation of the fit. Our value is virtually the same as that from Bohlin et al. (1978), with the

two data sets sharing 38 of the 87 lines of sight.

7The color excess values of 0.7 and 0.4 mag in the submitted version of the paper should be 0.07 and 0.04 mag.
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Figure 2.6 illustrates the effect the fractional abundance of Ho, f(Hg has on the N(H;o )/ E(B—V)
relationship. It appears the lines of sight with a high fractional abundance of Hj have a slightly reduced
N(Hiot)/ E(B—V'). This may suggests that gas and dust in regions with high amounts of H, may produce
increased reddening, lowering the gas to dust ratio. However, because this data set does not include many
observations with a fractional Hy abundance greater than 0.5, this conclusion is tentative and warrants

further investigation.

2.5 N(CH) versus F/(B — V)

Observations of the 9 cm ground state CH hyperfine transitions require assuming or knowing the excita-
tion temperature to determine the column density, while observations of the optical and UV A-X and B-X
CH absorption lines do not. Assuming that the two methods are sampling similar material on average, we
can estimate the CH excitation temperature by comparing N(CH) versus £/(B — V') for the two types
of observations. The CH column density can be determined from radio observations of the 3335-MHz

emission line by:

N(CH) =2.82 x 10" (ng) " Tox/(Tex — Tig)] W(CH) (2.4)

where W(CH) is the velocity integrated antenna temperature of the 3335-MHz line, 7p is the beam
efficiency, and T, is the background temperature at 3.3 GHz. If T.., is much greater than 73,4, then the
factor, [Tex/(Tex — Thg)] = Fir, approaches 1 and N(CH) can be determined directly from the observed

W(CH). However, | Te| has previously been determined to not be much greater than Ty, for several lines

*f(Hz2) = 2 N(Hz)/N(Hot)
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of sight [e.g., Lien (1984); Jura & Meyer (1985); Dailey et al. (2020)] , indicating that the CH excitation
temperature cannot always be assumed to be much greater than the background temperature.

By comparing stellar and galactic plots of N(CH) versus E(B — V'), with the latter using the assump-
tion |Tox| > Ti,g, we can see how the two CH-to-dust relationships directly compare. If the slopes of the
stellar and galactic relationships do not match, then the likely culprit would be the assumption for 7¢y.
We can then vary the factor Frr until the galactic slope more closely matches the stellar one.

Unfortunately, the comparison between the galactic and stellar data is somewhat problematic. The
stellar data are collected over an almost infinitesimal beam that extends only to the star, while the galactic
data are all from the NRAO 43-m radio telescope which had 2 9’ beam at 3.3 GHz. Additionally, the
colour excess for the stellar observations is also determined from a nearly infinitesimal beam that extends
only to the background source, while the galactic colour excess is determined from a 6’ beam and extends
all along the line of sight. Comparisons between the two data sets are further complicated by the diftering
fractional abundances of Hy. N(CH) has a strong correlation with N(Hy) (e.g. Liszt & Lucas 2002;
Weselak 2019), but N(Hz) only partially contributes to N(Ho ), which is correlated with E(B — V') (e.g.
§4; Bohlin et al. 1978). Therefore, as the galactic data set contains lines of sight with an average f(Hy)
greater than that for the stellar data set, the galactic N(CH) estimate for a given F(B — V') may be greater
than the stellar one due at least in part to the variation in f(Hs) instead of problems with estimating 7.

Figure 2.7 shows N(CH)/ E(B — V) versus f(Hs) for the stellar data, and Figure 2.8 is the same for the
galactic data. The N(CH)/E(B — V') galactic relation does not appear to have any strong relation with
f(Hg while the stellar data indicate a trend between an increasing N(CH)/E(B — V) ratio and f(Hs),

which has also been noted by Fan et al. (2017). Similarly, N(Hs)/E(B — V') versus f(Hs) for the stellar

?defined for galactic data as f(H2) = 1 - N(HI)/N(H¢ot )
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data is shown in Figure 2.9, and a clear dependence on f(Hy) is evident. In contrast, N(CH)/E(B — V)
for the galactic data shows no such dependence, despite the strong correlation between N(CH) and H(s).
Galactic values of f(Hy) rely on an estimate of N(Hyot) from the relation given in equation 2.2, which
may be the reason that Figure 2.8 does not show the same behaviour as Figures 2.7 and 2.9.

Figure 2.10 shows the stellar CH column densities versus colour excess for the 87 lines of sight in
Table 2.1, with E(B — V') between 0.01 and 1.08 mag. The stellar observations show a CH column

density versus colour excess relation:

N(CH) = [(6.824+4.82) x E(B —V) — (0.61 £ 1.18)] x 10* (2.5)

atleast up to 1.08 mag colour excess, or Ay = 3.35 mag (assuming Ry = 3.1). This is similar to the relation
determined by Lang & Willson (1978), N(CH)/E(B — V) =6.3 x 10 E(B — V) for E(B — V) less
than 0.6 mag. Liszt & Lucas (2002) determined there is no single relation between N(CH) and E(B — V')
below 0.3 mag due to the difference in N(CH) at similar £(B — V') in lines of sight through typical diffuse
gas or low colour excess Ha-rich gas. Our interpretation is somewhat similar in that, while there is a single
N(CH)/E(B — V) relation that continues to low colour excess in Figure 2.10, the standard deviation
of the fit is large and at ~ 0.2 mag the standard deviation is approximately equal to the N(CH) values
predicted by the fit line.

If only the stellar observations with f(H;) > 1/3 are sampled (Figure 2.11), the N(CH)/E(B — V)

relation is:

N(CH) =[(7.95+4.91) x E(B—V) - (0.78 £ 1.70)] x 10" (2.6)
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and if only observations with f{Hy) < 1/3 are sampled (Figure 2.12):

N(CH) = [(4.954+4.23) x E(B—V) — (0.33 £ 0.87)] x 10* (2.7)

The stellar data sample has a fairly low average f(H2) of 0.28 overall, and the galactic data average is 0.51.
Only including stellar lines of sight with f{(H,) greater than 1/3 results in f{H2)ayerage = 0.48. To reduce
the discrepancy in the N(CH)/E(B — V) relation due to the different average f(Hs) of the stellar and
galactic data, the N(CH)/E (B — V') relation for f{H) > 1/3 will be used as it better matches the galactic
data set.

Figure 2.13 shows the radio derived CH column densities versus the colour excess for the 69 lines of
sight within the same range of colour excess as Figure 2.10. The CH column densities are determined from
the published antenna temperatures and line widths, the uncertainty of the CH column density assumes
that the uncertainties of the antenna temperature and line width are uncorrelated. Fourteen of these
lines of sight are non-detections, approximately 20 percent of the observations. The N(CH)/E(B — V)

relation for galactic observations is:

N(CH) =[(15.87 £11.26) x E(B — V) — (2.37 £4.92)] x 10" (2.8)

for colour excess up to 1.08 mag. If the range of colour excess is increased to 1.5 mag, the slope of the

N(CH)/E(B — V) relation is

N(CH) = [(15.08 £ 10.74) x E(B — V) — (2.19 £4.99)] x 10" (2.9)
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with the addition of 6 observations. In both cases, the relation between N(CH) and E(B — V') derived
from the galactic data set is much steeper than the relation derived from the stellar data. Since the galactic
N(CH) was calculated using the assumption |Tex| > Th,g, it is likely that this assumption is not valid for
the majority of the lines of sight in the sample. Extending the range of colour excess to 20 mag (see Figure
2.14) adds a small group of observations with CH column densities close to what was seen in Figure
2.13 but at much higher colour excess. These points have clearly lower column densities than the best fit
line would indicate, a behaviour noted before by, e.g., Mattila (1986). At high extinctions, indicative of
dense molecular gas, the CH abundance decreases relative to the colour excess as more complex carbon
molecules are produced and CH is no longer a good tracer of the molecular gas (or the dust).

Several of the galactic lines of sight are within the 1o standard deviation of the stellar fit line and
therefore may have an excitation temperature greater than the background. However, the majority of the
lines of sight have CH column densities greater than expected from the stellar data set, so Tey, on average,
is likely not much greater than Ty, and Fr cannot be assumed to be approximately 1. By adjusting Frr
until the slope of the data in Figure 2.13 is equal to the slope of the data in Figure 2.10, we can estimate
the average Fp of the galactic data set. Figure 2.15 shows the galactic column density of CH versus colour
excess for when Fp = 0.521 (equivalent to an average Tex = —3.05 K), leading to a similar slope as the
stellar data set shown in Figure 2.10. When accounting for the 1o standard deviation; error of both stellar
and galactic fits, Frp = 0.52 £ 0.48; 0.07. With the inclusion of galactic lines of sight with E(B — V)

up to 1.5 mag, Fr increases slightly to 0.55 & 0.53; 0.07.
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2.6 N(CH) versus N(H>)

Figure 2.16 shows N(CH) versus N(Hy) for the stellar lines of sight in Table 2.1 with the fits excluding
the outlying point, Herschel 36. The N(CH)/N(Hz) ratio is 4.75 & 2.20 x 108, where the uncertainty
is the standard deviation of the fit slope. This value is similar to the CH abundance obtained by Liszt &
Lucas (2002),4.3 £1.9 x 1078,

Figure 2.17 shows the radio-derived CH column densities in relation to the calculated Hy column
densities (using equation 2.2). The substantial uncertainty for N(H>) is a result of the accumulating
uncertainties of both N(HI) observations and E/(B — V'), along with the high standard deviation in the
N(Hiot)/ E(B — V) relation.

The slope of the best fit line for the stellar data set (47.5 £ 22.0 X 10'2) is less than the slope for the
galactic data set (87.3 £ 61.1 X 10'2), which could suggest that, similar to the result from §5, Frr = 0.57
+ 0.48; 0.07 (see Figure 2.18). If the fit accounts for observations with N(Hz) up to 4 x 10*' cm ™2, Frr
increases to 0.72 (Tex = —7.2 K). The standard deviation of the galactic data is large, especially at low
N(Hy), which may be due to overestimated non-detections. At higher N(Hy), the standard deviation
is not much greater than the standard deviation of the stellar data, possibly due to varying excitation
temperature, or the indirect method used to estimate the molecular hydrogen column density.

Figures 2.19 and 2.20 show the CH abundance as a function of f{(Hz) for both the stellar and galactic
methods. The stellar CH to Hy fraction appears to be constant above approximately 0.2, but at low
f(Hs), the N(CH) to N(Hy) fraction increases as f(H») decreases. No clear trend is noticeable in Figure
2.20 but the variation in the ratio seems to be greater at low values of f(Hs), perhaps because of the larger

uncertainties at low f(Hz) due to determining f(Hs) using N(HI) and E(B — V) instead of N(Hy).
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2.7 Discussion

Our result in determining N(HI)/E(B — V') using the galactic method shows a larger slope than the
stellar studies at very low colour excess; consistent with Liszt (2014a,b) and Lockman & Condon (2005),
who use high-latitude data and the galactic method. With the £/(B — V') values restricted to less than
0.08 mag (see Figure 2.2), the same colour excess cutoff as Liszt (2014a), our slope is close to his result (7.8
x 102 for our data compared to 8.3 x 10%! for his study). The value of N(HI)/E(B — V) is dependent
on the longitude of the observations; toward the inner Galaxy N(HI)/E(B — V) = 7.0 &+ 3.7 x 10*
cm ™2 mag !, while for the outer Galaxy N(HI)/E(B — V) is 8.4 & 4.5 x 10** cm ™2 mag~'. Because
the gas and dust are well-mixed (Spitzer 1978), whether the sight-lines terminate on nearby stars or extend
throughout the disk should not affect the ratio for low galactic latitude. This is confirmed by the left-hand
column of Table 2.3. However, once the sight-lines extend into the halo (i.e., non-truncated lines of sight
at high Galactic latitude), the temperatures of the halo produce an environment that is less conducive
to high dust densities. A study of the gas-to-dust ratio by Reach, Heiles, & Bernard (2015) does report
that the ratio increases at higher temperatures. Moreover, Lockman & Condon (2005) note that lines of
sight that extend to the halo have greater column densities of atomic hydrogen because of the widespread
presence of high- and intermediate-velocity atomic clouds (e.g., Wakker & van Woerden 1997). Thus,
one would expect the N(HI)/ E (B — V') slope to increase for non-truncated lines of sight at high Galactic
latitudes - as confirmed by Lockman & Condon (2005), Liszt (2014a), and our work.

For the inner and outer Galaxy, the slopes of the N(HI) versus E(B — V') relation are similar, however
both relations (shown in Figures 2.3 and 2.4) have a break in the slope, at E(B — V') ~ 0.07 mag for

the inner Galaxy compared to 0.04 mag for the outer Galaxy. Liszt (2014a) also notes a break in his data
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at 0.075 mag and attributes this to the onset of Hy formation. In light of this, our results may indicate
that significant Hy formation begins at lower E(B — V') in the outer Galaxy perhaps due to the lower
interstellar radiation field there.

If, instead of the galactic method, the stellar method is used, then the results tend to have lower slopes
and they all cluster between 4 — 6 x 10!, The stellar N(Hyo()/E(B — V) relation uses observations
with high colour excess relative to the galactic N(HI)/ E(B — V') relation, which uses observations at very
low colour excess. The N(Hyo1)/ E (B — V') relation using WODR for 87 stellar lines of of sight produces
a similar relation to what was determined by Bohlin et al. (1978) and Diplas & Savage (1994) (see Table
2.3)

The N(CH)/E(B — V) ratio is, on average, lower using the stellar method compared to the galactic
one. This has been observed previously (e.g. Lang & Willson 1978) for a reduced number of lines of
sight. We note that the stellar observations were often along lines of sight with low f(H2) compared with
the galactic observations, but it is unlikely this fully accounts for the discrepancy in N(CH) between the
two methods. Assuming the remaining discrepancy is due to using the wrong value of T in equation
2.4, we determine that Fr can be assumed to be at least 0.52 4= 0.48; 0.07 on average (equivalent to an
average T, = —3.05 K). However, due to the discrepancy in the average f(Hs) between the data sets, the
average [ is likely higher than 0.52. The estimated standard deviation in the excitation temperature is
large, consistent with previous estimates of the excitation temperature that result both in a high Fr, such
as suggested by Rydbeck et al. (1976) (Ttx = —15 K) and Genzel et al. (1979) (T.x = —60 K), and in a
low Frr, such as Lien (1984), Jura & Meyer (1985).

We find that Fp required to reconcile the N(CH)) versus N(Hy) data for the two methods is slightly

larger (0.57), but the large uncertainty in the calculated N(Hz) results in a high standard deviation for
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the fit. Additionally, there is a substantial decrease in the slope when additional observations with higher
N(H>) are included. The average Frp increases to 0.72 when accounting for the additional galactic obser-
vations, however this higher value is based on E(B — V') well beyond the range of the stellar observations.
Athigher N(H3) values, the CH abundance drops as more complex carbon-bearing molecules are formed
(e.g., Mattila 1986).

Assuming the excitation temperature is —15 K, —60 K, or a value much greater than the background
temperature may accurately determine N(CH) for some lines of sight, but overall will likely lead to an
overestimated N(CH). We tentatively estimate that the average Fry is approximately 0.57 £ 0.48;0.07
for lines of sight with E(B — V) less than 1.08 mag and N(Hy) less than 1.5 x 10%* cm 2.

Liszt & Lucas (2002) note that, at very low extinctions, there are two distinct N(CH)/E(B — V)
relationships depending on whether or not the line of sight in question has significant molecular gas
(determined by the presence of the CO(1 — 0) line). We see one relationship for N(CH)/E (B — V'), with
a large scatter for the points with £(B — V') < 0.2 mag. Given the uncertainties in determining N(CH)
by radio means, the column density and CH abundance are most reliably determined from optical and
UV absorption data. Column densities derived from the CH 3335-MHz line should not automatically
assume that that | .| > Tj,,. However, these observations are still valuable for detecting the presence
of molecular gas in low density, low extinction molecular clouds, and, perhaps most importantly, for

determining the kinematics of this gas.
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Table 2.1: Stellar Data
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Table 2.1: Continued
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Table 2.2: Galactic Data

Line of Sight 1 b N(CH) ref E(B-YV) N(H,)
10*? cm—2 mag 10%t cm =2

L1590 —18,—-18 195.39 —-16.99 62.0+6.1 a 0.773£0.077 1.5540.93
L1590 —18,-9 19525 —-16.91 166.3+89 a 1.395£0.140 3.38+£1.68
L1590 —18,0 195.12 —-16.83 84.1£8.0 a 0.57040.057 1.00=£0.68
L1590 —18,9 19499 —16.75 752+80 a 0483+£0.048 0.73+0.58
L1590 —18,18 194.85 —-16.67 81.8+7.5 a 0.631£0.063 1.11+0.76
L1590 -9, —-18 19547 —-16.86 83.2+£89 a 0.675+£0.068 1.22+0.81
L1590 -9, -9 195.34 —-16.78 1222+6.6 a 1.1264+0.113 2.54+£1.35
L1590 —9,0 195.20 —-16.71 113.7£7.1 a 0.7954+0.080 1.60=+0.95
L1590 —9,9 195.07 —16.63 99.6+6.1 a 0.654+£0.065 1.194+0.79
L1590 -9, 18 19494 —-16.55 79.9+6.6 a 0.731£0.073 1.35+0.88
L15900, -9 19542 —-16.66 117.94+6.6 a 0.8354+0.084 1.67=+1.00
L15900,0 195.28 —16.58 108.1+7.5 a 0.92540.092 1.94+1.11
L15900,9 195.15 —16.50 &87.0£4.7 a 0.8354+0.084 1.67+1.00
L15900, 18 195.02 —16.42 1109+56 a 0.902+£0.090 1.804+1.08
L15909, -9 19550 —16.53 96.8+85 a 0.8434+0.084 1.68+1.01
L15909,0 195.36 —16.45 128.7+8.0 a 0.87240.087 1.77+1.05
L15909,9 195.23 —-16.37 111.34+94 a 0.9924+0.099 2.10+1.19
L15909, 18 195.10 —16.29 58.8£89 a 0.9464+0.095 1.93+1.14
L1590 18, -9 19558 —16.40 46.5+6.6 a 0.626+0.063 1.06=+0.75
L1590 18,0 19545 —-16.32 92.1+80 a 0.82240.082 1.61+0.99
L1590 18,9 195.31 —-16.25 1414489 a 1.2654+0.127 2.87+1.52
L1590 18, 18 195.18 —16.17 59.7x£56 a 0.9954+0.099 2.02+1.19
L1590 27,9 195.39 —-16.12 1189+52 a 1.0804+0.108 2.31£1.30
L1590 27, 18 195.26 —-16.04 77.6£75 a 0.9774+0.098 1.95+1.17
L1780 —18,—9  358.67 36.87 > 20.0 a 0.1594+0.016 0.05£0.19
L1780 —18,0 358.81  36.97 > 20.0 a  0.145£0.014 0.024+0.17
L1780 -9, —18  358.66  36.65 > 20.0 a  0.1974£0.020 0.14+0.24
L1780 —9, -9 358.80 36.76  60.2+56 a 0.372+£0.037 0.65+0.45
L1780 —9,0 356894  36.86 66.7+7.1 a 0417+£0.042 0.7940.50
L1780 -9, 18 359.22  37.06 > 20.0 a 0.141£0.014 0.01+0.17
L1780 0, —18 358.78  36.54  23.0£42 a 0.232+£0.023 0.23£0.28
L1780 0, -9 358.92  36.65 54.5+6.6 a 0.412+0.041 0.75£0.50
L17800,0 359.06 36.75 113.2+£52 a 0.552+£0.055 1.1740.66
L17800,9 359.20 36.85 H1.2+7.1 a 0.308+£0.031 0.484+0.37
L17800,13.5 359.27  36.90 7.5+4.7 a  0.224£0.022 0.24+0.27
L17800, 18 359.34  36.65 > 20.0 a 0.158£0.016 0.06 £0.19
L17809, —18 358.91  36.43 > 20.0 a  0.215£0.021 0.174+0.26
L17809, -9 309.06  36.53 320£56 a 0.327+£0.033 0.50=£0.39
L17809,0 359.19 36.64 11044+£6.1 a 0.511+£0.051 1.054+0.61
L17809,9 359.32  36.74 38.1£56 a 0.296+0.030 0.45+0.36
L17809, 18 359.46  36.84 > 20.0 a  0.156£0.016 0.05+0.19
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Table 2.2: Continued

Line of Sight | b N(CH) ref E(B-V) N(Ho,)
102 cm™2 mag 10 cm™2

L178018,—9 359.17 36.42 > 20.0 0.264 £0.026  0.30 £0.32
L1780 18,0 359.31  36.52 40.0 4.7 0.374 £0.037 0.64+£0.45
L178018,9 359.45  36.62 > 20.0 0.207+£0.021 0.18£0.25
L178027,—9 359.29 36.31 > 25.1 0.231 £0.023 0.20£0.28
L178027,0 359.43 36.41 >15.0 0.233+£0.023 0.22+0.28
L134C 4.18 35.75 99.24+94 0.811 £0.081 1.90+£0.97
L134 4.21 35.56 109.5+9.9 0.865£0.086 2.06+1.04

HD21483 158.87 —=21.30 57.1+£12.3
HD23180 160.37 —17.74 80.7+13.3
HD24534 163.08 —17.14 40.6 +10.1
HD147701 352.25 16.84  40.1£12.3

0.890 £0.089  2.02+=1.07
3.526 £0.353  9.60 £4.23
0.379+£0.038  0.79+£0.46
0.894£0.089 1.96+1.07

p Oph 353.74  17.63  41.7£10.1 1.1294+£0.113 261 £1.35
¢ Oph 6.28 23.59 20.3£5.5 0.494£0.049 0.87x0.59
Pal2 170.49 —8.98 168.0£19.1 1.075+£0.107  1.73£1.29
NGC6121 351.00 1597 > 3.8 0.439£0.044 0.55+0.53

NGC6287 00.13 11.97 88.2+13.8
NGC6325 00.99 8.00 55.8 £ 11.1
NGC6402 21.30 14.78  80.0£17.6
NGC6517 19.23 6.77 32.9+10.0
NGC6539 20.80 6.78 45.1£11.8

0.695+0.070 1.30+0.84
0.833 £0.083 1.33+1.00
0.421£0.042 047+0.51
1.071 +£0.107 1.88£1.29
0.967 £0.097 1.50+1.16

L1551 178.93 —20.05 65.0+4.2 0.772+£0.077  1.48£0.93
RNO91 359.57  23.03 83.4+£2.0 0.369 £0.037 0.36 £0.44
RcrA 359.93 —17.85 62.0+4.1 1.371£0.137  3.67+1.65
B335 4493  —6.56 13.0+0.5 0.283£0.028 —0.14+£0.34
A 170.79 —-36.22 32.5£9.6 0.589+£0.059 0.82+0.71
B 170.64 —36.33 22.5+£14.3 0.638+£0.064 0.94+0.77
C 170.49 —-36.44 20.7+9.6 0.625£0.063 0.90+0.75

B0212 + 735 128.93 11.96 65.5£5.1
B0415+ 379 161.68 —8.82 149.2+22
B0433 +295 170.58 —11.66 112.4+5.2
B0459 + 252 177.73 —9.91  73.9+3.4
B0528 + 134 191.37 —11.01 61.2+6.1
B0O736 + 017 216.99 11.38 9.0£3.3
B0954 + 658 145.75  43.13 >10.1 0.106 +£0.011  0.07+£0.13

B2200 + 420 92.59 —10.44 >4.4 0.291 £0.029  0.00£0.35

a) Mattila (1986), non detections assume a line width of 1 km/s. b) Lang & Willson (1978) ¢) Mattila
(1989), non detections assume a line width of 2.5 km/s. d) Magnani et al. (1992) e) Magnani & Onello
(1993) f) Liszt & Lucas (2002)

0.668 =0.067  0.60 £ 0.80
1.462£0.146  2.87£1.75
0.866 £0.087 1.94+1.04
0.793 £0.079  1.03+0.95
0.760 £0.076  1.03+£0.91
0.121 £0.012  0.00+0.15
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Table 2.3: Gas-to-dust ratios
Latitude  stellar method ref. galactic method ref.

B[<20° 54x10°  ab 5-6x102 ¢
4.7 x10*"  db

B[>20° 59x10°  ab  72x10° e
4.0 x 10 d,b 7.8 x 102 f
100 x 102 g
8.3 x 10* h
all |b| 5.8 x 10! a
4.9 x 10% d
5.6 x 10% i
5.8 x 10* j
a) Bohlin et al. (1978), N(Hyot) to E(B — V)
b) Calculated using the published data with known and estimated uncertainties
c) Liszt (2014b), || < 30°, N(HI) to E(B — V)
)

d) Diplas & Savage (1994), N(HI) to E(B — V)

e) this work; [b| > 30°, N(HI) to E(B — V)

f) this work; only using lines of sight with £(B — V') < 0.08 mag, N(HI) to E(B — V)
g) Lockman & Condon (2005), N(HI) to E(B — V)

h) Liszt (2014a), N(HI) to E(B — V)

i) Rachford et al. (2002), N(H;o() to E(B — V')

j) this work
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Figure 2.1: The relationship between N(HI) (cm~2) and £(B — V') (mag) for more than 15, 000 points
at Galactic latitudes > 30° and < —30° (see text). The atomic hydrogen data are from the LAB all sky
survey (Kalberla etal. 2005). The E(B — V) values are from Schlafly & Finkbeiner (2014). The slope and
y-intercept of the best fit line are given in the top left corner in units of 1021, along with the 1o standard
deviations and 1o standard errors. The solid green line is the relation in equation 2.2, with the dashed
green lines representing the 1o standard deviation and the dashed blue lines representing the 1o standard
error. The slope decreases notably at a colour excess ~ 0.7 mag.
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Figure 2.2: Same as Figure 2.1 but only for those line of sight with E(B — V') < 0.08 mag for a more
direct comparison with the work of Liszt (2014a).
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Figure 2.3: Same as Figure 2.2 for lines of sight with galactic longitude between 270° and 90° (i.e., the
inner Galaxy). The slope decreases notably at a colour excess ~ 0.07 mag.
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Figure 2.4: Same as Figure 2.2 except limited to galactic longitudes between 90 and 270 (i.e., the outer
Galaxy). The slope decreases sharply at a colour excess ~ 0.04 mag.
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Figure 2.5: N(Hyot) (cm™2) versus E(B — V') (mag) for the lines of sight to the stars in Table 2.1 (see
text). The green dashed line is the 10 confidence interval of the standard deviation and the blue dashed
line for the standard error. The slope and y-intercept of the best fit line are given in the top left corner,
along with the 1o standard deviations and 1 standard errors in units of 10?*. The data points with CH
column densities from Weselak (2019) are marked with circles, those from Mookerjea (2016) are marked
with upright triangles, Smoker (2014) data points are marked with inverted triangles, Dahlstrom (2013)
data points are marked with squares, Thorburn (2003) data points are marked with X, and Andersson et
al. (2002) data points are marked with diamonds.
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Figure 2.6: N(H;ot)/E(B — V') [em™2 mag '] versus f(H) for the lines of sight plotted in Figure 2.5.

Data points are marked the same manner as Figure 2.5.
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Figure 2.7: N(CH)/E(B — V') versus f(Hy) for the stellar data set. Data points are marked the same way
as Figure 2.5. The slope and y-intercept of the best fit line are given in the top left corner, along with the
1o standard deviations and 1o standard errors in units of 1 x 102 Sample error bars are shown for one
of the data points.
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Figure 2.8: N(CH)/E(B — V) versus f(H) for the galactic data set. L1590 data points from Mattila
(1986) are marked by circles, L1780 data from Mattila (1986) by upright triangles, 134 data from Mattila
(1986) by inverted triangles, Lang & Willson (1978) data by squares, Mattila (1989) data by plus signs,
Magnani et al. (1992) data by X, Magnani & Onello (1993) data by diamonds, and Liszt & Lucas (2002)
data by stars.
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Figure 2.9: The N(Hz)/E(B — V') ratio versus f(Hs) for the stellar data set. The slope and y-intercept
of the best fit line are given in the top left corner, along with the 1o standard deviations and 1o standard
errors in units of 102!, Data points are marked the same way as Figure 2.5.
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Figure 2.10: N(CH) determined from optical data versus E(B — V') for the lines of sight to the stars in
Table 2.1. The slope and y-intercept of the best fit line are given in the top left corner, along with the 1o
standard deviations and 1o standard errors in units of 1 x 10'2. Data points are marked the same way as
Figure 2.5.
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Figure 2.11: N(CH) versus E(B — V) for the stellar data set, f{Hy) greater than 1/3. The slope and
y-intercept of the best fit line are given in the top left corner, along with the 1o standard deviations and
1o standard errors in units of 10'2. Data points are marked in the same way as Figure 2.5.
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Figure 2.12: Same as Figure 2.11 for f(Hy) less than 1/3.
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Figure 2.13: N(CH) (cm™~?) determined from radio data versus E(B — V') (mag) for lines of sight with
colour excesses less than 1.08 mag to allow for comparison with the optical data. The slope and y-intercept
of the best fit line are given in the top left corner, along with the 1o standard deviations and 1o standard
errors in units of 10'2. Data points are marked the same way as Figure 2.7. The magenta solid and dashed
lines show the fit line and 1o standard deviations from Figure 2.11.
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Figure 2.14: Same as Figure 2.13, but E(B — V') is extended to 20 mag. The turnover in slope is expected
(e.g., Mattila 1986) as the CH abundance decreases significantly in dense molecular gas.
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Figure 2.15: Similar to Figure 2.13, except the CH column densities for the radio data are determined
assuming Fr = 0.521 (see §5).
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Figure 2.16: N(CH) (cm™?) compared with N(Hz) (cm™?) for the lines of sight to the stars in Table 2.1.
Herschel 36 is an outlier so it is not accounted for in determining the fit. The slope and y-intercept of the
best fit line are given in the top left corner, along with the 1o standard deviations and 1o standard errors.
Data points are marked the same way as Figure 2.4.
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Figure 2.17: N(CH ) (cm™?) compared with N(Hz) (cm™*) using the galactic method. Data points

are marked the same way as figure 2.7, and the magenta solid and dashed lines show the fit line and 1o
standard deviations from figure 2.16.
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Figure 2.18: Similar to Figure 2.17, except the CH column densities are determined assuming Frr = 0.574.
Data points are marked the same way as Figure 2.7.
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Figure 2.19: N(CH)/N(Hjo) versus f(Hs) for the stellar data set. Data points are marked the same way
as Figure 2.4.
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Figure 2.20: N(CH)/N(Hjo) versus f(Hy) for the galactic data set. Data points are marked the same way
as figure 2.7.
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Abstract

Molecular hydrogen is the main constituent of dense molecular clouds, but is expected to also
be a dominant constituent in many environments where CO can no longer be seen, the so-called
"CO-dark molecular gas’. Based on comparisons of ultraviolet spectroscopy of Hy and optical line
observations (4300 A), CH is a prime candidate to trace Ho. Since the optical line (and the UV lines
at 3143, 3890, 3878 A) require bright background sources, (and the CH N=2 < 1 ground state
rotation line at 149 pum requires space-based, or stratospheric, observations) the hyperfine structure
transition at 3335 MHz is a potentially important tool for probing the CO-dark molecular gas. How-
ever, the excitation of this transition is complicated, and has often been found to be inverted, making
column density determinations uncertain. To clarify the potential use of the 3.3-GHz line as a proxy
for Ha, we have observed the CH 3335 MHz line with the Arecibo 305-m radio telescope along 16
lines of sight towards stars with existing measurements of the 4300-A line. By comparing the CH
column densities from optical and UV absorption lines to the CH radio emission line we can derive
the excitation temperature (7¢x) of the 3335-MHz transition. We obtain a wide range of excitation
temperatures for nine lines of sight, including some with |T¢x| < 5 K. The common assumption
that Ty for the 3335-MHz line is always much larger than the background temperature (T}, ) is not

always warranted and can lead to significant errors in the value of N(CH).
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3.1 Introduction

The most commonly used tracer of molecular hydrogen in the interstellar medium (ISM) is the J=1-0
transition of CO at 115 GHz. It has long been clear from both observations (e.g., Federman et al. 1980)
and theory (Federman, Glassgold & Kwan 1979; van Dishoeck & Black 1986, 1988) that Hy is, because
of significant self-shielding in the Lyman and Werner bands, less prone to photodissociation than CO and
hence will survive to smaller column densities. Until recently, the assumption was made that the transition
region between molecular gas with N(CO) too low for detection at 115 GHz and that with detectable
CO(1-0) emission was relatively thin and contained little mass (e.g., Andersson & Wannier 1993), or
consisted of a minor population of diffuse molecular clouds (e.g., Lada & Blitz 1988; van Dishoeck &
Black 1989).

With the lack of detectable CO emission, other species were proposed as tracers of this transitional
gas, including OH (Wannier et al. 1993; Barriault et al. 2010; Cotten et al. 2012; Allen et al. 2012, Allen,
Hogg & Engelke 2015; Xu et al. 2016; Tang et al. 2017; Li et al. 2018) and CH (Sandell, Stevens &
Heiles 1987; Magnani & Onello 1993; Xu & Li 2016). In particular, the latter has been found to be a
reliable tracer of Hy over several orders of magnitude of N(Hy) using the optical 4300-A line (e.g., Sheffer
& Federman 2007), the 3335 MHz hyperfine, A-doubled, F=1-1 transition (Mattila 1986), and recently
through the N=2 < 1 ground state rotation line at 149 pim (Wiesemeyer et al. 2018).

The possible existence of substantial molecular gas in the ISM that is not spectroscopically detectable
via the CO(1-0) emission line was discussed by Grenier, Casandjian & Terrier (2005). By using a combi-
nation of colour-corrected dust maps, gamma-ray data from EGRET, and N(HI) and CO(1-0) emission

maps, they identified regions with substantial gas column density not traced by the HI or CO data. At
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mid to high latitudes these regions appear to form extensive halos surrounding local molecular clouds
(cf. Andersson & Wannier 1993) and are believed to represent a molecular component currently referred
to as ’CO-dark molecular gas’ (for brevity, we will refer to this gas as CO-dark gas, acknowledging that
fully atomic or ionized gas is, of course, by definition, also ’CO-dark’). Based on estimates in Grenier et
al. (2005) CO-dark gas was thought, on galactic scales, to contribute about an equal molecular mass to
that detected through CO(1-0) emission. However, subsequent studies have substantially decreased the
estimated CO-dark gas balance (e.g., Donate & Magnani 2017).

The CH molecule was one of the first found in the ISM (Dunham & Adams 1937a, b) via the 4300-
A line in the A-X band. Studies of this line towards background early-type stars reveal that there is a
good correlation between N(CH) and N(H>) (e.g., Federman 1982; Danks, Federman & Lambert 1984;
Sheffer et al. 2008). In addition to the 4300-A line, the B-X band offers the 3886-A and 3890-A lines as
agents for determining robust values for N(CH) (e.g., Chaftee 1974, 1975; Weselak et al. 2008). Studies
of this type were used by Mattila (1986) to establish the low extinction (Ay < 3 mag) end of his empirical
relation between N(CH) and N(H). For low extinctions the N(CH)/N(H3) ratio is very robust at 4.3
+ 1.9 x 1078 (Liszt & Lucas 2002), and thus N(CH) can lead to reliable estimates of N(Ho).

In addition to optical and UV observations of interstellar absorption lines towards early-type stars, a
recent paper by Wiesemeyer et al. (2018) proposes that the N=2 < 1 ground state transition of CH at
149 prm can also be used to obtain N(CH) and, consequently, N(Hz). The absorption line connects the
N=1, J=1/2 ground state to the N=2, J=3/2 states comprised of two triplets of hyperfine structure lines.
The lines are thin and unsaturated and arise in low density molecular gas. However, while the Galaxy is
more transparent at infrared than optical wavelengths, the atmosphere is not and observations of these

lines require space/stratospheric observatories.
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In the radio regime, the 114 /2> J=1/2, ground state, lambda doubled, hyperfine, F=1-1 main line
at 3335.479 MHz (Truppe et al. 2014) provides a reasonable alternative to CO or OH for tracing low
density molecular gas. The two other hyperfine components of this transition are 3263.793 MHz (F=0-1)
and 3349.193 MHz (F=1-0) (Truppe et al. 2014). Under normal excitation conditions, these satellite
lines are one half the intensity of the main line.

N(CH) is obtained from the velocity-integrated antenna temperature of the 3335-MHz line [W(CH)

= () ! [ Tadv (mK km s™')] using an equation from Liszt & Lucas (2002):

N(CH) = 2.82 % 10" (1) ™[ Tux/( Tox — To)] W(CH) (51)

where 7 is the beam efficiency of the telescope, 7 is the filling factor of molecular gas in the beam, Tt is
the excitation temperature, and T4, is the background temperature. At 3.3 GHz, T, ~ 2.8 K (e.g. Fixsen
etal. 2011). If | Toi | > Thg, then N(CH) is directly proportional to W(CH). Early measurements showed
that the 3335-MHz transition was inverted with T¢, ranging from —9 to —60 K (Rydbeck et al. 1976;
Hjalmarson et al. 1977; Genzel et al. 1979). Specifically, Rydbeck et al. (1976) used on-off observations
of Perseus and Orion Arm clouds towards Cassiopeia A to determine 75, = —15 £ 5 K. Shortly thereafter,
Lang & Willson (1978) used this value to determine N(CH) in a comparison of column densities from
radio and optical observations. They found that the radio and optical column densities diftered by less than
a factor of two, with the ratio of Nyadio/ Noptical = 1.68 £ 0.34 lending credence to the idea that the factor
Tex/(Tex — Thg) could be considered to have a value near unity. Moreover, the resulting N(CH) values

were linear with the colour excess for E(B — V') < 0.6 mag, for both the optical and radio observations.

Genzel et al. (1979) used on-oft observations similar to Rydbeck et al. (1976) and found 7t = —60 % 30
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K for the 3335-MHz line from dust clouds 3C123 and L1500. On the basis of these results, most radio
astronomers derive N(CH) directly from W(CH) (3335) assuming 7o, = —15 £ 5 K, Tt = —60 £ 30
K, or |Te| > Thy.

In a key paper, Lien (1984) also compared radio and optical column densities of CH for a few lines of
sight traversing diffuse or translucent gas. He found that 75, from radio and optical observations were in
the range of approximately 6 to 25 K with one line of sight where 7t is approximately —4 K, while 75
from optical and ultraviolet observations were approximately —1 or 1 K. Not surprisingly, the column
densities of the observed lines of sight derived using 7% in this range are often significantly different
than under the assumption |T¢y| > T}, In addition to differing excitation temperatures, Lien (1984)
attributed the reasons for the discrepancy in column density to several additional factors: In deriving
N(CH);adio» both a filling factor, 7¢, and T, have to be assumed. Moreover, N(CH)optical measures the
column density only to the star, whereas N(CH),aqio traces gas along the entire line of sight. If there is
substantial CH beyond the target star for the absorption lines studies, then a direct comparison of the
column densities between the two techniques would not be fruitful. Finally, the beam size of the radio
observations is on the order of arc minutes compared with the nearly infinitesimal solid angle of the optical
line of sight. Thus, variations in cloud structure on small scales can produce discrepancies in the column
densities estimated from the two methods.

Lien (1984) also proposed that if the above issues aside from the value of 7%y could be resolved, then
replacing N(CH);adio with the more robust N(CH),ptical estimate would allow one to solve Equation
3.1 directly for Ti. In this paper, we calculate Ty by this technique. We detected CH 9 cm emission for
9 of the 16 lines of sight in our sample for which optical and UV CH absorption lines are available. We

then examine whether the conditions described above can permit us to determine 7 for the given line
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of sight. The paper is organized as follows: §3.2 describes the radio observations we made to compare
with the optical ones from the literature. The results are described in §3.3, and some of the problems
encountered in deriving 75 are discussed in §3.4. The individual lines of sight are discussed is §3.5, and

the paper closes with a summary.

3.2 Observations

The CH observations for this project were made between 2017 August and December, using the Arecibo
305-m radio telescope. We used the upper S-band receiver which produced system temperatures of ~30
K on the sky with a beam size at 3335 MHz of 1.3 x 1.5 arcmin elongated in azimuth. At Arecibo we
measured the beam efficiency by observing extragalactic continuum sources. Our observations were made
before and after Hurricane Maria which struck the island of Puerto Rico on 2017 September 20. The
damage done by the hurricane to the facilities at Arecibo significantly changed the beam efficiency. At
3335 MHz, ng was 0.57 + 0.02 before the hurricane and 0.40 = 0.04 after.

The spectrometer was the Wideband Arecibo Pulsar Processor (WAPP) divided into 8 boards config-
ured to observe the CH lines at 3 GHz (9 cm) with a bandwidth of 1.5625 MHz for each section resulting
in a velocity coverage of 141 km s™! and a resolution of 0.07 km s ™! per channel (before smoothing) for
the 3335-MHz line. The CH 3335-MHz line was in boards 1 and 2 (for redundancy), the 3349-MHz
line was in boards 3 and 4, and the 3264-MHz line was in boards 5 and 6. Boards 7 and 8 were centred
on 3139 MHz and 3195 MHz, respectively, in an unsuccessful effort to detect HoCS and CH3CHO.

Each final spectrum consisted of between 5 and 24 five-minute scans taken in ON-source mode only. A
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sixth order baseline was removed from the summed spectrum to produce the spectra shown in Figure 3.1.

Typical rms noise levels were between 9 — 22 mK for a velocity resolution of 0.069 km s—L.

3.3 Results

We observed 16 lines of sight towards early-type stars behind or within molecular clouds. The stars are
listed in Table 3.1 along with their coordinates, spectral types, distances to the stars, and distances to the
cloud in the line of sight to the star (if known). We detected the 3335-MHz main line for 9 lines of sight.
In Table 3.2 we list the Gaussian-fit parameters (antenna temperature, 7x; FWHM, Av; and vy gg) for
all CH detections including 1o uncertainties. Nondetections are listed as 20 upper limits in T's.

Table 3.3 lists the colour excess, E(B — V'), for the entire line of sight from Schlafly & Finkbeiner
(2011) in column 2. The colour excess along the line of sight to the star is listed in column 3, and is
determined from the B and V' colours of the star from Oja (1991, 1993), Hg et al. (2000), and Ducati
(2002), and the unreddened B — V for the spectral type of the star listed in Table 3.1 from Fitzgerald
(1970). Column 4 has W(CH) for the 3335-MHz line as derived by summing the antenna temperature

per channel over the line profile. The uncertainty in W(CH) is calculated using

o1 = \/NO'TAUC (32’)

where o is the uncertainty in the antenna temperature, N is the number of channels the line extends
over, and Av, is the width of each channel (e.g. Mangum & Shirley 2015). Column 5 lists N(CH) derived
from equation 3.1, and columns 6 and 7 list the values of 7% and its uncertainties. For lines of sight with

no radio detection, the range of Ty is calculated for the range of values below the 20 upper limit of the
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velocity-integrated antenna temperature. As shown in Figure 3.2, in cases where W(CH) is fairly large
but the corresponding optically determined N(CH) is small, the range of Tt can be well constrained.
We list in Table 3.4 the velocity-integrated brightness temperatures from the literature in column 2
compared to our observations in column 4 and, in column 5, N(CH) from our data assuming 7 /(Tex
— Tig) = 1. Column 6 lists the value of N(CH)) as determined from optical observations in the literature.
Using the technique described in §3.1, we determine T for the 9 lines of sight where we have values of
W(CH):adio- The uncertainties for the excitation temperature are determined in two ways: First, formal
uncertainties using standard error propagation analysis are listed in column 6 of Table 3.3. For the second

method, assuming 7 = 1, we can express Tey as

Tox = Thg[D/(D — 1)] (3:3)

where D is

D = N(CH)[W(CH) x (2.82 x 10'")]~%. (3-4)

For values of D approaching 1, the value of T becomes singular. Thus a calculation of the uncer-
tainties based on error propagation becomes indeterminate. For those lines of sight where N(CH)optical

and W(CH),adio lead to values of D approaching 1, we can determine the range of Tty based on D £ 10.

3.3.1 Comparison with previous observations

We compare our values of the velocity integrated brightness temperature, W(CH), obtained witha ~ 1.4

arcmin beam to the data presented by Lang & Willson (1978) and Willson (1981) with a ~ 9 arcmin
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beam (see Table 3.4). Due to the large discrepancy in beam sizes, inconsistencies with the results of Lang
& Willson (1978) and Willson (1981) are likely attributable to structure in the two beams and underscore
the importance of minimizing the radio beam when comparing the radio and optical observations. Twelve
of sixteen of our lines of sight were observed by Liszt (2008) for the *?CO J=1-0 line at 115.3 GHz using
the ARO 12-m telescope, with a beam size of 65 arcsec. He detected CO emission from 7 of 12 lines of

sight included in Table 3.1, with each detection/nondetection mirrored by our CH results in Table 3.2.

3.4 Problems in determining 7

The excitation temperature is derived by the method described in the introduction but several concerns
must be addressed. We assume that 7 is 1.0; should there be significant structure on the scale of 1072 pec,
then optical and radio comparisons would be unprofitable.

For three of the nine lines of sight with radio detections, the 1o uncertainty from the measurements of
the optical and radio CH lines extends over the singularity in Equation 3.3. Lien (1984) first pointed out
this issue in his calculations of the excitation temperature. The excitation temperature rapidly increases in
both positive and negative value as it approaches this singularity. Consequently, accurate measurements
are required in order to calculate 75 accurately. For the remaining six lines of sight, the range of optical
and radio 1o uncertainty does not result in an excitation temperature that approaches the singularity, and
the values of T, are between —3.1 < T}, < 10 K.

We primarily used parallax measurements and cloud distance measurements from literature shown in
Table 1 to determine the position of the star relative to the cloud. Secondarily, we used colour excess of

the line of sight to the star compared with the colour excess of the full line of sight as shown in Table 3.3
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to determine if the optical and radio observations are observing equivalent material. For five lines of sight,
the star is behind the cloud according to the cloud distance determined from Cernis (1993), Kenyon et
al. (1994), Arce etal. (2011), Zucker et al. (2018), and Zucker et al. (2019). In these instances we can
assume that the optical and radio beam are sampling the same molecular column.

The remaining four stars with radio detections are either within or very close to the cloud, or we lack
information on the cloud distance and the colour excess is unreliable for the line of sight. The proximity
to the cloud means that the CH column detected in the optical may not be equivalent to that detected in
radio. In addition, dust extinction is a cumulative quantity, making it hard to attribute the entire value
solely to a single molecular cloud in front of the star. Cernis (1993) and Zucker et al. (2018) have shown
the extinction along a line of sight can occur in discrete increments due to intervening clouds. For example,
Cernis (1993) discusses two dust layers in the direction of IC348, at 160 % 20 and 260 = 20 pc, and with

Ay =0.71£0.27 and 2.0 & 0.6 mag, respectively.

3.4 Alternate measurements of 7,

In addition to the method described in §3.2, we also use the method described in Lien (1984) to determine
the excitation temperatures towards a few of our lines of sight using optical data from Jura & Meyer (1985),
Weselak et al. (2008), Weselak et al. (2014), and Weselak (2019). The excitation temperature is calculated
by using the 3886-A line to derive the upper column density (V) and the 3890-A line to derive the lower
column density (/V;) of the lambda-doubled levels. With values for N, and IV, Tk may be determined

using an equation from Lien (1984):

Ty = 0.16[In(Ny/N,)] (35)

62



The uncertainties for the excitation temperature are determined in two ways: First, using formal
propagation of error, and secondly using the range of column density N &= 1o for the 3886 and 3890
A lines to find informal limits to the excitation temperature. The results are shown in Table 3.5 with
columns 2 and 3 listing the values for the column density of the upper and lower levels according to various
observers (column 4). Column 5 has the ratio of N(CH); and N(CH),,. Column 6 has the calculated
Tex from equation 3.3, and column 7 has the range of 7Tt determined using the &= 1o range as described
above. For the majority of these lines of sight, there is a singularity in the range of excitation temperatures
which causes a large range of values of T¢.. However, there is some overlap between the ranges of 7¢y for
a given line of sight. For example, the line of sight to ¢ Per has the range —1.12 > T, > —2.41 K in

common between the five data sets.

3.5 Discussion

Rydbeck et al. (1976) found T = —15 % 5 K by making on-oft observations of the CH 3335 MHz
line towards Cas A. Calculating Ty, using optical observations or a combination of optical and radio
observations, consistent with Tt = —15 & 5 K requires very accurate measurements of N/, or D.
Figure 3.3 shows that the rapid change in slope near the singularity (at D or Nj/N,, = 1) necessitates
increasingly accurate measurements of D or N}/ Ny, if a reliable range of 7., is to be derived. For example,
the ratio of the lower and upper column densities determined from optical observations in Table 3.5 has
average uncertainties of £ 0.13, for average values of [V;/V,, & 1. This then limits the range of T to 1.3K
> Tox > —1.1 K. Reproducing the calculation of Tt as determined by Rydbeck et al. (1976) (1o = —15

+ 5 K) by the ratio of lower and upper column densities requires N/ N, = 0.98941“8:88%& necessitating
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highly accurate measurements of N/ V,,. By using a combination of optical and radio measurements,
reproducing the Rydbeck et al. (1976) value would require D = 0.8427 99315,

Hjalmarson etal. (1977) determined Tt = —9 £ 4 K using on-off observations with the Onsala Space
Observatory 25.6-m telescope (15 arcmin beam at 3.3 GHz) toward 3C123 near the dark cloud L1500,
consistent with T, = —15 (+10,—30) K determined by Rydbeck et al. (1976). However, we derive
Tex = —3 K using the line and continuum values given by Hjalmarson et al. (1977) and their equation
3.3. Liszt & Lucas (2002) determined T = —10.7 & 3.2 K towards 3C123 using observations with the
NRAO 43-m telescope, with a beam size of approximately 9 arcmin, consistent with 7o, = =9 £4 K
from Hjalmarson et al. (1977) despite the varying beam sizes. The values from Liszt and Lucas (2002)
and Hjalmarson et al. (1977), whether Tt = —9 K or —3 K, differ greatly from the value from Genzel et
al. (1979) determined using the Effelsberg 100-m telescope (4 arcmin beam at 3.3 GHz) for the same line
of sight, Tex = —60 £ 30 K.

We now discuss our results for each of our detections.

3.5.1 HD 21483

The parallax data from SIMBAD gives a distance of 533 & 32 pc for HD 21483, placing it behind an
intervening portion of the Perseus clouds at 2847 pc (Zucker et al. 2019). The colour excesses to the star
and along the line of sight are 0.52 and 0.89 £ 0.14 mag, respectively, which along with the cloud and
star distances suggests that the radio and optical beams are sampling approximately the same molecular
material. Using the optical column density from Thorburn et al. (2003), we find Tt = —35 + 69 K.
However, the 10 uncertainty in D encompasses the singularity, resulting in a large range of 15 (from the

1o uncertainty in D) with T¢, > 48 K, Toe < —11 K.
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3.5.2 HD 23180 (0 Persei)

The parallax data from SIMBAD gives a distance of 344 = 86 pc for HD 23180, which places it close to
the IC348 region at 321 £ 10 pc (Ortiz-Ledn et al. 2018). However, Arce et al. (2011) state that HD
23180 is likely within ~ 1 pc of the cluster. The colour excess of the star and along the line of sight are
0.31 and 3.49 £ 0.56 mag, respectively, which along with the cloud and star distances likely indicate that
a considerable portion of the molecular gas extends beyond the star. Due to the star’s proximity to the
cloud, itis likely that the radio observations are sampling CH behind the star which cannot be seen by the
optical observations. Using the optical column density from Weselak et al. (2014), we find T, = —0.73
+ 0.09 K.

This star has been studied by Jura & Meyer (1985) who find the excitation temperature using optical
observations of the CH B-X lines. They find T, = 3.7 K, but the uncertainty of the upper and lower
column densities encompasses the singularity in Equation 3.3. The range of values for 75 are inconsistent

with the excitation temperature we find, likely due to the component of the cloud behind the star.

3.5.3 HD 281159

The parallax data for HD 281159 from SIMBAD gives a distance of 152 & 94 p, likely placing it in front
of an intervening portion of the IC348 region at 321 = 10 pc (Ortiz-Ledn et al. 2018). The small parallax
distance likely means the absorption measured in the optical is from the foreground clouds at 16973 pc
(Zucker etal. 2018). The colour excess of the star and along the line of sight are 0.84 and 8.90 £ 1.42 mag
respectively, which along with the cloud and star distances likely indicate that the radio velocity-integrated

brightness temperature is sampling more of the cloud than the optical measurement. Our W(CH),a4io
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value does not agree within 40 with the velocity-integrated brightness temperature from Willson (1981),
likely indicating that the CH distribution has structure at scales of a few arcminutes. Using the optical
column density from Thorburn et al. (2003), we find Tt = —0.86 £ 0.15 K. Due to the stars proximity
to the cloud, it is likely that the radio observations are sampling CH behind the star which is not seen by

the optical observations.

3.5.4 HD 23478

The parallax distance for HD 23478 is 288 &£ 5 pc, placing it at about the same distance as an intervening
portion of the Perseus clouds at 20973° pc (Zucker et al. 2019). The colour excess of the star and along
the line of sight are 0.24 and 0.56 =+ 0.09 mag respectively, which along with the cloud and star distances

could possibly indicate that the radio estimate is sampling more of the cloud than the optical. Using the

optical column density from Sheffer & Federman (2007), we find Ty = —1.2 £ 0.3 K.

3.5.5 HD 24398 (( Persei)

The parallax distance for HD 24398 is 230 £ 10 pc, placing it behind an intervening portion of the
Taurus clouds at 140 — 170 pc (Kenyon et al. 1994, Zucker et al. 2018). The colour excesses of the star
and along the line of sight are 0.31 and 0.27 4= 0.04 mag, respectively, which suggests that the radio and
optical beams are sampling approximately the same molecular gas. Using the optical column density from
Weselak et al. (2014), we find T¢, = —27 & 58 K.

Theline of sight to this star has been studied before in order to determine the excitation of the CH main
line. Lien (1984) determined T from the optical column densities of the upper and lower populations of

the lambda-doubled ground state, and also through a comparison of the optical and radio measurements.

66



By using the upper and lower populations of the A doublet of the B-X system, he determined 7y = —0.54
+ 0.30 K, with a range of —2.3 < T, < —0.3 K, which does not agree with our 7t estimate. Lien also
found T4, = —3.7 K through a comparison of the optical and radio measurements using a method similar
to the one described in §3.2, which is outside our range of 1. Jura & Meyer (1985) determined 75y from
the optical column densities of the upper and lower populations obtaining 7%, = —1.3 K, and Liszt &
Lucas (2002) similarly determined 7o =~ —3 K.

All but one of the above estimates for T¢ are between approximately —4 and —1 K. Our result for
the range of Tex, where Tex > 34 Kand Tex < —7.2 Kiis not consistent with other determinations at the
1o level. However, given all of the above estimates, the often used assumptions, Tex = =15 £ 5K, T =

—60 £ 30K, and |Tox| > T}, may not be valid for this line of sight.

3.5.6 HD 24534 (X Persei)

The parallax data from SIMBAD gives a distance of 810 = 37 pc, placing it behind an intervening portion
of the Taurus clouds at 140 — 170 pc (Kenyon et al. 1994, Zucker et al. 2018). The colour excesses
to the star and along the line of sight are 0.42 and 0.38 4= 0.06 mag respectively, which along with the
cloud and star distances suggests that the radio and optical beams are sampling approximately the same
molecular material. Using the optical column density from Weselak et al. (2008) we find T = —3.1 &+
0.5 K. Due to the star being far behind the cloud, and no discontinuity in the uncertainty, we find that
the assumption |Tex| > Th,g is clearly invalid for this line of sight.

This star has been studied before in order to determine the excitation of the CH main line. Lien
(1984) determined Ty from the optical column densities of the upper and lower populations, and also

through a comparison of the optical and radio measurements. By using the upper and lower populations
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of the A doublet, he determined Ty, = —0.63 £ 0.73 K, with a range of Tox > 0.5 K, Tox < —0.2 K,
which is consistent with our 75 estimate. He also found 75« = 7.6 K through a comparison of the optical
and radio measurements, which is outside our range of 7¢. However, his radio measurements were made

with a beam size of 9 arcmin, which is the likely reason for the discrepency between our results.

3.5.7 HD 26571

The parallax data from SIMBAD gives a distance of 274 &+ 8 pc for HD 26571, likely placing it behind
the Taurus clouds at 140 = 10 pc (Kenyon et al. 1994). The colour excesses to the star and along the line
of sightare 0.29 and 0.41 #£ 0.07 mag respectively, which along with the cloud and star distances suggests
that the radio and optical beams are possibly sampling approximately the same molecular material. Using
the optical column density from Thorburn et al. (2003), we find Tt = —1.8 £ 0.7 K. Due to the star
being behind the cloud, and the data not causing a discontinuity in the uncertainty, our 7t estimate is
robust. We find that the often used assumptions, Tex = —15 £ 5K, Ty = —60 £ 30 K, and |Tox| > Thyg,

are clearly invalid for this line of sight.

3.5.8 HD 27778

The parallax data from SIMBAD gives a distance of 224 £ 2 pc for HD 27778, likely placing it behind the
Taurus clouds at 140 £ 10 pc (Kenyon et al. 1994). The colour excesses to the star and along the line of
sightare 0.36 and 0.53 4= 0.08 mag respectively, which along with the cloud and star distances suggests that
the radio and optical beams are possibly sampling approximately the same amount of molecular material.

Using the optical column density from Weselak et al. (2008), we find T, = —55 K. However, the 1o
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uncertainty in DD encompasses the singularity, resulting in a large range of Tt (from the 1o uncertainty

in D) Tpx > 27K, Toe < —10K.

3.5.0 HD 183143

While HD 183143 is at 2435 = 269 pc, there are no estimates of the intervening cloud’s distance. However
the colour excess values imply thata translucent cloud is intervening. The colour excess of the starand along
the line of sight are 1.29 and 3.40 %= 0.54 mag respectively, which could possibly indicate that the radio
velocity-integrated brightness temperature is sampling more of the cloud than the optical measurement.
Unfortunately, the star is at |b| < 5°, so the colour excess along the line of sight is unreliable (Schlegel et

al. 1998). Using the optical column density from Thorburn et al. (2003), we find Tt = 10 £ 7K.

3.6 Summary

Observations of the CH 3335 MHz line have been used since 1976 to determine N(Hy) directly from
W(CH) usually by assuming T¢ = —15 & 5 K from Rydbeck et al. (1976), Tex = —60 £ 30 K from
Genzel etal. (1979), or |Tox| > Thg (e.g. Magnani, Sandell & Lada 1992). Lien (1984) explored other
ways of determing T from optical and radio data and obtained values inconsistent with |To | > Ti,. We
observed 16 lines of sight in the CH 3335 MHzline, and detected emission from 9 of them. By combining
our radio results with optically derived values for N(CH), we solved for the excitation temperature of the
transition, 7¢x. Unfortunately, this method for determining 7ty is often problematic because of the differ-
ences in how the column density of CH is calculated from optical and radio observations. Primarily, the

molecular material sampled by optical observations only extends to the star, requiring the star to be behind
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the cloud in order for the molecular material sampled in optical and radio to be approximately equivalent.
In addition, the differences in the angular sizes of the two sampled regions could cause problems if the
CH is not smoothly distributed.

Our results described in §3.5 imply T varies significantly over the 9 lines of sight. For a line of sight
such as HD 21483 where the 10 uncertainty in D (see §3.3) encompasses the singularity in equation 3.3,
|Tox| is possibly much greater than Tj,,. However, for other lines of sight where the 1o uncertainty in D
does not encompasses the singularity, the range of Tt includes values of Tt which are inconsistent with
|Tox| > Th,g. We determined T = —1.8 = 0.7 K for the line of sight HD 26571, which is inconsistent
with the assumptions Ty = —15 £ 5 K, Tox = —60 £ 30 K, and |Tex| > Ths. The line of sight to HD
24534, with T,,, = —3.1 + 0.5 K is also inconsistent.

Assuming T = —15 £ 5K, Tox = —60 £ 30 K, or |To| > Th,g for all lines of sight can lead to overes-
timates or underestimates of the column density. For example, for HD 26571, with 15, = —1.8 £ 0.7 K,
the column densities calculated assuming | 7ty | > Ti,e will cause N(CH) to be overestimated by approxi-
mately a factor of 2.6. Similarly, assuming T¢, = —15 K will cause an overestimation of approximately a
factor of 2.2.

Although the CH 3335 MHz transition provides a reliable way to study the kinematics and distribu-
tion of low-density molecular gas, the conversion of W(CH) to N(CH) may not be as straightforward
as has often been assumed. Converting the observations to N(CH) requires accurate measurements of
Tex. In the absence of such measurements, the normal assumptions about the value of T¢y can lead to
significant errors in N(CH). Radio astronomers who use the 3335-MHz line as a surrogate for Hy should
interpret their results allowing for the possibility that the assumption | Tex| > Ty may not hold for some

or all of their observations.
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Table 3.2a: Radio CH Observations 3335.5 GHz

Line of Sight Integration Time T (3335.5) Av ULSR
min mK kms™! kms™!
HD 21483 35 4574172 135+0.51  5.69
HD 21856 90° <228 — —
HD 23180 25¢ 75.7+21.7  1.81+0.52  8.41
HD 281159 60° 115.54+12.6 1.484+0.16  8.66
240+126 569+299  7.23
HD 23408 1200 <18.3 — —
HD 23478 1200 139493  1.63+1.10 9.56
164493  481+274 825
HD 24398 50¢ 26.0+14.6 1.774+£0.99  7.60
HD 24534 75% 4484123 0.77+021  7.55
23.0+12.3 4.88+261  6.58
HD 24912 70° <25.3 — —
HD 26571 105° 28.4+10.2 21240.76  10.50
HD 27778 50 17.0+14.7  4.73+4.11  5.70
HD 34078 50° <30.8 — —
HD 37367 90° [20.5+10.9] [2.914+1.54] [0.25]
HD 43818 55° <27.7 — —
HD 164353 45% <32.0 — —
HD 183143 30¢ 3124189 1.394+0.84 24.36

Brackets indicate a tentative detection. Spectra for each line of sight are shown in Figure 3.1.
a)np =0.57 £ 0.02 — see §3.2
b) ng =0.40 4+ 0.04 — see §3.2
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Table 3.2b: Radio CH Observations 3349.2 GHz

Line of Sight  Integration Time T’ (3349.2) Av UVLSR
min mK kms™! kms™!
HD 21483 35¢ 282+17.6 2.604+1.63 5.51
HD 21856 90? <228 — —
HD 23180 25% 3714208  3.33+1.87 8.19
HD 281159 60° 79.0 £ 12.7 1.7440.28 8.50
17.8 +£12.7 2.854+2.03 5.14
HD 23408 1200 <17.1 — —
HD 23478 120° 14.0+£94 4.57+3.05 8.74
HD 24398 50® 16.8+14.5 2.29+1.97 6.72
HD 24534 75% 2254+11.6 1.97 +£1.02 7.24
HD 24912 700 <254 — —
HD 26571 105 [14.04+10.2] [2.24+1.63] [10.10]
HD 27778 50® <29.8 — —
HD 34078 50° < 30.9 — —
HD 37367 90° <20.1 — —
HD 43818 55° <27.2 — —
HD 164353 45¢ < 32.7 — —
HD 183143 30° <374 — —

Brackets indicate a tentative detection. Spectra for each line of sight are shown in Figure 3.1.
a)np =0.57 £ 0.02 — see §3.2
b) 7 =0.40 4+ 0.04 — see §3.2
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Table 3.2¢c: Radio CH Observations 3263.8 GHz

Line of Sight  Integration Time T’ (3263.8) Av UVLSR
min mK kms™! kms™!
HD 21483 35% 21.5+18.3 4.02+341  6.01
HD 21856 90° <22.6 — —
HD 23180 254 51.6+224 1.63+0.71  8.37
HD 281159 60° 73.9+13.0 1.84+0.32 863
HD 23408 1200 <18.1 — —
HD 23478 120° 13.6+92  520+3.53  8.60
HD 24398 50 < 30.9 — —
HD 24534 75¢ [21.54+12.4] [1.214+0.70] [7.43]
HD 24912 700 <26.7 — —
HD 26571 105° [12.9410.3] [2.31+1.84] [10.09]
HD 27778 50¢ <29.1 — —
HD 34078 50° <30.2 — —
HD 37367 90° <21.2 — —
HD 43818 55P <274 — —
HD 164353 45 <315 — —
HD 183143 30 <41.7 — —

Brackets indicate a tentative detection. Spectra for each line of sight are shown in Figure 3.1.
a)np =0.57 £ 0.02 — see §3.2
b) np =0.40 4+ 0.04 — see §3.2
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peratures derived from our data

Table 3.3: Column Densities and Excitation Tem
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Table 3.4: Data from literature

Position W(CH) 4, Ref W(CH)’ .y, N(CH).4, N(CH)optical Ref

Literature This Paper ~ This Paper Literature

mK kms™! mKkms™' 102 cm™2 102 cm™2
HD 21483 203 + 44 d 149+ 19 42.1+£5.3 39+3 €
HD 21856 - <60.7 <17.1 6.904+0.76 /
HD 23180 286 + 47 d 327 £ 31 92.2+£88 19.004+£0.22 ¢
HD 281159 391 £ 32 h 801 + 86 226 + 24 53 £4 €
HD 23408 <T71.1 h < 48.6 <13.7 1.54+0.6 i
HD 23478 - 215 + 30 60.6 £ 8.4 18.3£0.7 Y
HD 24398 139+ 14 h o 765+156 21.6+4.4 1952+024 9
HD 24534 134 + 14 h 260 + 20 73.2+£5.7 38494060
HD 24912 < 88.8 h <674 <19.0 11.99+0.34 ¢
HD 26571 84.4+216 * 182 &+ 27 51.44+75 20+ 4 €
HD 27778 - 135 £ 24 38.0+£6.6 36.144+0.36 *
HD 34078 <107 h < 82.0 <23.1 70.804+0.44 ¢
HD 37367 - <58.1 <16.4 12.0+2.4 t
HD 43818 - <T73.7 < 20.8 11.3£2.2 t
HD 164353 - <59.9 <16.9 44+£2.2 i
HD 183143 - 129 £+ 31 36.4 £ 8.8 50£3 €

a) W(CH),adio calculated using 7, Tx and Av, from references in column 3. W(CH) =
1.066(Ta Av)/(ng). For 20 upper limits, Av is assumed to be 1 km s ™.
b) Same as column 4 of table 3.3.

c) Radio column densities assume Tty > Tiq.

d) Lang & Willson (1978)

e) Thorburn et al. (2003)

f) Weselak (2019)

g) Weselak et al. (2014)

h) Willson (1981)

i) Federman (1982)

j) Shefter & Federman (2007)

k) Weselak et al. (2008)

1) Sheffer et al. (2008)
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Table 3.5: Tt from optical measurements from the literature
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Figure 3.1a: CH 3335 MHz spectra for the first 8 lines of sight in Table 3.1. The spike sometime visible at
vsr = 0.0 km s~ is due to internal interference.
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Figure 3.1b: Same as Figure 3.1a for the remaining 8 lines of sight in Table 3.1.
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Figure 3.1c: CH 3349 MHz spectra for the first 8 lines of sight in Table 3.1. The spike sometime visible
atvrgr = 0.0 km s is due to internal interference.
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Figure 3.1d: Same as Figure 3.1c for the remaining 8 lines of sight in Table 3.1.
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Figure 3.1e: CH 3264 MHz spectra for the first 8 lines of sight in Table 3.1. The spike sometime visible at
vsr = 0.0 km s~ is due to internal interference.
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Figure 3.1f: Same as Figure 3.1e for the remaining 8 lines of sight in Table 3.1.
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line is for large Tox, when T /(Tex — Thg) = 1. The lower dotted line at T¢ = 2.8 K shows the transition
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CHAPTER 4

OTHER METHODS OF DETERMINING 1

In addition to the methods of determining 7 described in Chapter 3, there are three other ways to do so
which are discussed in this chapter. One uses on/off measurements of the 3.3 GHz lines towards a radio
continuum source. Another involves determining the population of the upper and lower lambda-doubled
halves of the blended 4300 A line. Observations of the B-X band lines may also be used to determine 75y
(Lien 1984; Jura and Meyer 1985), but this method will not be discussed further in this chapter.

On and oft source observations towards radio continuum sources were used by Rydbeck et al. (1976)
to determine the often-used result for the 3335 MHz line that T, = —15 K and the technique has been
used by Hjalmarson et al. (1977) and Genzel et al. (1979) to determine the excitation temperature of the
CH main line and satellite lines. They found the main line excitation temperature to be inverted with an
absolute magnitude greater than the background, from 75, = —9 K (Hjalmarson et al. 1977) to Tt =
—60 K (Genzel etal. 1979). Crane, Lambert, and Sheffer (1995) were able to detect the two components

of the blended 4300 A line due to the high resolution of the observations along with the narrow signal,
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but they did not attempt to determine the excitation temperature and instead fit the spectra as if both of

the levels had equal column densities.

4.1 Determining 7., using on/off measurements

In single-dish radio astronomy, the line and continuum measurements on and oft of a continuum source
behind a molecular cloud can be used to solve for the excitation temperature. Here, we determine the
excitation temperature of the CH 3335 MHz line using on-source/oft-source radio line and continuum
measurements, similar to the method used in Genzel et al. (1979). We begin with the radiative transfer

equation:

dl,/ds = —k, I, + j, (4.1)

where I, is the intensity (ergs sTtem™2sr ! Hz 1), ky, is the absorption coefficient in units of cm~ ! and
Ju is the emission coefficient (ergs s~ cm™ sr™! Hz™'). Assuming the source function S, = j,/k, is

constant, we can solve for the intensity as a function of the optical depth as

I(1,) = L(0)e™ + 5,(1— ™). (42)

The brightness temperature, T4, if hv < kT3, is defined as

I, = 20%¢ kT, (4.3)

For blackbody radiation the intensity is equal to B,,, the blackbody intensity function:
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B, = 2hiPc¢ (/KT — 1)~ (4-4)

In the case of optically thick thermal radiation, the source function S, is equal to B,. Applying this
approximation to equation 4.2 results in the standard solution of the radiative transfer equation if hr <

kT}, in terms of the brightness temperature.

Ty(m) =T(0)e ™ +T(1 —e™™) (4-5)

T is the temperature of the gas in its capacity for absorbing and re-emitting radiation, and this is the exci-
tation temperature, Tex. 71,(0) is the background temperature 7Ti,, and is a combination of the cosmic
microwave background, the galactic thermal and non-thermal background, and any background contin-
uum sources. At low frequencies, the brightness temperature is the antenna temperature of the line, so
assuming that T3, is the same for the on and oft source scans, the on-source radio brightness temperature

is given by equation 4.6, and the oft-source radio brightness temperature is given by equation 4.7:

Tont = (Tex — Thg — Tonc)(1 —e™7) (4.6)

Torrr, = (Tex — Ty — Torr,c)(1 —e™7) (4.7)

Ton 1, is the on-source brightness temperature of the line, and Ty ¢ is the on-source brightness tem-
perature of the background continuum source. The background temperature is assumed to be 2.8 K.

7 is the optical depth, assumed to be the same for both on and off sources line of sight. Similar to the
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on-source temperatures, Topr 1, is the off-source brightness temperature of the line, and Topr ¢ is the
off-source brightness temperature of the background continuum source. Assigning L=Torr,1,/ToN 1,

and C=Topr,c/Ton,c, we rewrite equation 4.6 and 4.7 to solve for T,

Tex = Tbg - (L - C)(l - L)ilTON,C(nlJil (48)

Where 1, is the beam efficiency. In the case of our 9 cm CH observations from Arecibo, prior to hurricane

Maria, 1, = 0.57 % 0.02 (see discussion in Chapter 3).

4.1.1  Observations

We used the quasar QSO J0530 + 13 behind the cloud LDN 1573 as the background continuum source.
The observations consisted of on and off source observations with J0530 + 13 as the on and J0530 4+ 13N
as the oft source located 1.5’ north of the on position (the beam size at 3.3 GHz is 1.3 x 1.5 arcmin
elongated in azimuth). The background continuum source is not in the direction of the OFF scans, so
Torr,c = 0Kand Toy, ¢ is determined by subtracting the baseline temperature of the ON scans by the
OFF scans. Therefore, C' = 0 and Ton ¢ = 11.7 K. The parameters of our detections are shown in Table
4.1. Plugging in those values in equation 4.8 gives T¢, = —21.0 £ 11.2 K for the 3335 MHz line, which
is consistent with the excitation temperature determined by Rydbeck et al. (1976), and correlates to Frr

= O.SEﬂwhere Ths =2.8K.

‘br= [Tex/(Tex'Tbg)]
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4.2 Synthetic High-Resolution Profiles of the 4300 A Line

The Methylidyne (CH) 4300.3132 A transition is not a single line, but a blend of two lines that sample
the upper and lower lambda-doubled X211 ground state. The upper line is the Ry, line at 4300.3030 A
(Black and van Dishoeck 1988), which is between the upper N=2, J=3/2, AZA state and the lower N=1,
J=1/2, X?I state. The lower line is the Ry line at 4300.3235 A (Black and van Dishoeck 1988), which is
between the lower N=2, J=3/2, A2A state and the upper N=1, J=1/2, X211 state. Due to the closeness of
the lines, it is difficult to resolve each line separately. Crane et al. (1995) were able to distinguish between
the two blended components by using a spectrometer at the 2.7 meter telescope at the W. J. McDonald
Observatory on Mt. Locke, Texas, which had a resolution of 0.004 A, or 0.28 km s ™. Even with the high
resolution provided by the spectrometer, they were only able to detect the individual lambda-doubled
components from 2 of the 20 stars they observed, which had very narrow CH components. They assumed
the ratio of the upper and lower column densities would be equal to one when there were two peaks 1.43
km s~! apart.

In the rare cases where the lines are able to be resolved separately and the column densities of both lines
can be determined accurately, then the excitation temperature of the lambda doublet may be determined
from the ratio of the column densities of the two lines. The population in each of the hyperfine states for
the upper and lower halves is unknown, so it is not possible to determine the excitation temperature of
an individual hyperfine line. The excitation temperature is that of the lambda-doubled ground state.

In order to explore whether observations of the split 4300 A line can be used to determine Ty for the

3335 MHzline, synthetic spectra are created to determine how effective fitting gaussians to the spectra is at
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determining the "true" excitation temperature of the doublet. The equation for the excitation temperature

is:

N,/N, = N;' = g,/ ge” /T (4.9)

where N is the column density, and ¢ is the statistical weight of the upper and lower levels in question.
N, is the ratio of the column densities of the lower and upper halves of the doublet (N, = N;/N,,). E'is
the energy difference between the upper and lower levels and k is the Boltzmann constant, F/k ~ 0.16 K
for the A-doubled CH 3335 MHz line (Lizst and Lucas 2002). The ratio of the statistical weights of the
upper and lower states is assumed to be ¢,,/g1 = 1.

There is a singularity when N,, = Ny, but this is not always an issue as | 74| > T}, near the singularity,

and when T is applied to the equation for the column density,

N(CH) = 2.82 x 10" (nmp) Tex/ (Tex — Tog)] Wen (4.10)

for the radio column density, T4 /(Tex - The) ~ 1. Unfortunately, the noise in the data may cause N,, and
N; to be equal within 1o error, while 7¢y is not much greater than the background. If we assume that the
threshold for when | Ty | > Th,g is at Tox = —11 K (Fp = 0.8), then the threshold occurs for N, = N;/N,,
= 0.986. If the column densities are similar, the noise of the data is a significant factor in determining
moderately high Tt.

The column densities of the upper and lower halves of the doublet are determined using the following

equation from Weselak et al. (2008):
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N(CH) =113 x 10*°(EW/f\?) (4.11)

where EW is the equivalent width, and A is the wavelength of the line. The oscillator strength is f, and is

equal to 506 x 107 for the CH 4300 A line (Larsson and Siegbahn 1983, Weselak et al. 2014).

4.2.1  Gauss Fitting Procedure

Two types of synthetic spectra will be considered, both based on the observation of A Cep by Crane et al.
(1995). The first will test the ability of the gauss fitting program in determining the excitation temperature
on an isolated, single line with a width of 0.7 km s~ ! and an equivalent width of 6.1 mA. The second
will test the gaussfitting program when there are two overlapping lines (as seen in A Cep) by including the
other wider line with a width of 2.8 km s~! and an equivalent width of 10.4 mA. Both of the lines are
split by lambda doubling, but the twin peaks are not visible in the second line due to the velocity width
of each component.

We test 4 excitation temperatures for both spectra types, so there are 8 sets total. While the excitation
temperature of the doublet is for the lambda-doubled ground state, we use excitation temperatures of the
CH main line as examples. Rydbeck et al. (1976) determined T, = —15 K through On-Off observations
of the supernova remnant 3C461, and similarly Genzel etal. (1979) determined 7¢, = —60 K by observing
the cloud L1500 and the source 3C123. For lower excitation temperatures, Ty = —4 K is representative
of Frr = 0.57 (see chapter 2), and Tt = —1 K represents a large difference in the upper and lower states,
similar to what has been determined in Lien (1984). To better simulate actual observations, noise is

generated from a normal distribution multiplied by 0.01, resulting in an average rms of 0.0101. A control
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set is created without noise to ensure that the fitting process is able to recreate the initial conditions.
Additionally, another set of noisy data is tested, where the noise simulates a line of sight which has been
oberved for a longer amount of time. The noise is reduced by a factor of V10, resulting in an average rms
of 0.0032. Each set will have 5 trials and 1 control, for a total of 40 trials with 8 controls.

The fitting program uses the Python packages PySpecKit (Ginsburg and Mirocha 2011) for the gauss
fitting, Matplotlib (Hunter 2007) for the creating the plots, and numpy (Harris et al. 2020). The gauss
fitting requires guesses in order to create the fits, and the doublet peaks seen in both the simple and complex
spectra are guessed to be at —13.7 and —12.3 km s™*. The width of both halves are tied together as they
both arise from the same cloud component, and the separation is locked at 1.4292 km s~ L. The secondary
component seen in the complex spectra is guessed to be at —12km s ™!, and is fitted using a single gaussian,
attempts to fit with a doublet similar to the thinner peaks often resulted in one peak having an amplitude

of 0 relative brightness.

4.2.2 Results

The synthetic spectra are shown in figures 4.1 through 4.5. With the simple doublet spectra shown in
figure 4.1, the control spectrum was able to effectively reproduce the gaussian profiles and the excitation
temperature. The column densities and excitation temperatures are listed in table 4.2. Even in the control
spectra, the difficulty of accurately determining the excitation temperature for high T is apparent, with
Tex = —15 K becoming —14.99 K and T¢x = —60 K becoming —59.88 K due to the extreme sensitivity
of T, to changes in N,.. The sensitivity of T, increasing as N, increases becomes a limiting factor on

the ability to determine 75y due to the noise in the data. In the default case with an approximate rms of
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0.0101, the only group which was able to output a similar excitation temperature as the control was the
Tex = —1 K group.

Athigher |Te|, such as T, = —4 K, the uncertainty of N, (=~ 0.080) encompasses the singularity at
N, = 1. To measure higher | T.«|, the noise needs to be reduced. Reducing the noise by a factor of V10,
simulating observing for 10 times longer, allows for higher | 75| to be accurately determined. The column
densities and excitation temperatures of the simple doublet with reduced noise are listed in table 4.3, and
the spectra are shown in figure 4.2. With the reduced noise, T.x = —1 and —4 K are able to be effectively
measured, but higher magnitude excitation temperatures still limited by the noise. The uncertainty of
N, in the reduced noise spectra is approximately 0.026 on average, which is too large when attempting
to determine Tt when T, = —15 K (N, = 0.989) and T¢, = —60 K (N,. = 0.997). To reduce the noise
enough to reproduce the excitation temperature at —15 K, the line of sight would need to be observed
for at least 60 times longer than the original spectra to reduce the uncertainty so that the singularity at N,.
= 1 is not encompassed by the 1o uncertainty. For the 7¢, = —60 K case, the line of sight would need to
be observed for approximately 700 times longer than the default spectra.

Craneetal. (1995) did not observe a single velocity component in the line of sight to A Cep, but rather
two overlapping components. Column densities and excitation temperatures of the two component
spectra are listed in table 4.4, and the spectra are shown in figure 4.3. Including the second component
at —12 km s, the excitation temperatures from the control spectra are higher in magnitude than the
original 7. Similar to the simple doublet spectra with the default noise, the high uncertainty makes
it difficult to determine the excitation temperatures when N, is close to 1. The reduced noise spectra
are shown in figure 4.4, and in table 4.5 the column densities and excitation temperatures are listed. It

shows similar results as the single component spectra, the uncertainty is reduced enough so the excitation
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temperature is able to be determined for cases with low N, such as for T = —1 K and —4 K. However,
N, is elevated across all of the control cases, which may be due to the second component being fit with a
single gaussian component instead of two. The fitting program did not fit the second component, but if
the second component is included then it could account for the elevated N;,.

To test this, the spectra shown in figure 4.5 are similar to the reduced noise two component spectra,
except the —12 km st component is moved to —14 km s~ 1. Table 4.6 shows the column densities and
excitation temperatures of the trials. In the control tests of each T¢x groups, N, is reduced. If the broad
component is assumed to be a single gaussian component instead of two, whichever half of the doublet is
centered on the peak of the broad component will have the amplitude inflated by the fitting program. If
the broad component’s center is near the lower CH component at & —13.7 km s, the derived | 7., | is

_1’|

reduced, and if it is near the upper CH componentat ~# —12.3 km s Tex| is elevated.

4.3 Conclusion

The on/off source method discussed in section 4.1 is capable of determining 7%« when |T| > Ti,g, butis
limited to lines of sight with strong background continuum sources. In contrast, excitation temperatures
measured by observations of the 4300 A doublet are highly sensitive to the rms of the spectrum. To
measure T when |Tix| > Th,g, N, will be close to one (= 0.99), necessitating long observation times to
produce spectra with low enough noise to allow accurate determinations of N,.. If the line has multiple
components, attempts to fit gaussians to the data will likely need to account for the doublet in each of the

components. The excitation temperature of the 3.3 GHz doublet may be determined from the 4300 A
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doublet, but requires very high signal to noise to accurately measure the difference between the amplitude

of the doublet components, and is limited to lines of sight with a background star.
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Table 4.1: Radio CH Observations

Position J0530 + 13 J0530 + 13N
R.A.(2000) " m™ s 0530 56.4 0530 56.4
Dec (2000) °r” 4+133155.1 +133325.1
1 191.368 191.346

b —11.012 —10.999
Ty (33355) mK 86.9+2025 467 +138
Av kms™'  057£0.13 1.0940.32
VLSR kms™! 9.62 9.67

Th (3349.2) mK 80.0£19.8 54.7+14.3
Av kms™! 0.72£0.18 0.61£0.16
VISR kms™! 9.52 9.49

Th (3263.8) mK 63.3 £20.5 38.2£13.3
Av kms™! 0.73£0.24 1.65£0.57
VISR kms~! 9.71 9.73

Tc mK 40.24+0.23  28.5£0.16
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Table 4.2: Simple Doublet Parameters

T..=—1K
Trial N(CH)upper N(CH)lower Nr Tex
102 cm—2 102 cm—2 K
Control 3.98 3.39 0.852 —1.00
Trial 1 3.934+£0.22 3.494+0.22 0.886£0.074 —1.32
Trial 2 3.9440.21 3.334£0.21 0.846£0.071 —0.96
Trial3  4.14+£0.22 3.46+0.22 0.836+0.069 —0.89
Trial4  4.04+£0.22 3.504+0.22 0.866+0.071 —1.11
Trial 5 3.794+0.22 3.394£0.22 0.895£0.077 —1.45
Tex =—4K
Trial  N(CH)upper N(CH)iower N, To
102 cm~2 102 cm—2 K
Control 3.76 3.61 0.961 —4.00
Trial 1 4.09+0.24 3.66+0.24 0.894+0.077 —1.43
Trial 2 3.9240.22 3584+0.22 0.913£0.076 —1.76
Trial 3 3.35£0.22 3.69£0.22 1.101 £0.096 1.66
Trial 4 3.81£0.21 3.59£0.21 0.943£0.077 —2.73
Trial 5 3.80£0.22 346+0.22 0.911£0.078 —1.71
Tow=—15K
Trial N(CH)upper N(CH)iower N, Tex
102 cm—2 102 cm—2 K
Control 3.70 3.66 0.989 —14.99
Trial 1 3.75+£0.21 3.61£0.21 0.962+0.079 —4.14
Trial 2 3.68+0.23 3.63£0.23 0.985£0.087 —10.41
Trial 3 3.78+£0.22 3.70£0.22 0.980+£0.081 —8.06
Trial 4 3.404+0.21 3514021 1.033£0.088  4.90
Trial 5 3.57+0.21 3.7540.21 1.048£0.085 3.42
T =—60K
Trial N(CH)upper N(CH)lower Nr Tex
102 cm—2 102 ecm—2 K
Control 3.69 3.68 0.997 —59.88
Trial 1 3.564+0.21 3.714+0.21 1.0424£0.087  3.90
Trial 2 3.714+0.22 3544022 0.955£0.082 —3.47
Trial 3 3.67+£0.22 391£0.22 1.065+0.089  2.53
Trial4  3.63£0.22 3.71+£0.22 1.0224+0.087  7.25
Trial 5 3.85+0.22 3.71+£0.22 0.9624+0.080 —4.14
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Table 4.3: Simple Doublet Parameters, Low Noise

T..=—1K
Trial N(CH)upper N(CH)lower Nr Tex
102 cm—2 102 cm—2 K
Control 3.98 3.39 0.852 —1.00
Trial 1 3.994+£0.07 3.36+0.07 0.843£0.023 —-0.94
Trial 2 3.97+0.07 3.384+0.07 0.851£0.023 —0.99
Trial 3 3.92+0.07 3.34£0.07 0.851£0.023 —0.99
Trial4  3.96+£0.07 3.36 £0.07 0.849+0.023 —0.98
Trial 5 3.97+0.07 3.39£0.07 0.854£0.023 —-1.01
Tex =—4K
Trial  N(CH)upper N(CH)iower N, To
102 cm~2 102 cm—2 K
Control 3.76 3.61 0.961 —4.00
Trial1  3.72£0.07 3.59+£0.07 0.966 =0.026 —4.68
Trial 2 3.69+0.07 3.594+0.07 0.974£0.027 —-6.04
Trial 3 3.724+0.07 3.594+0.07 0.964£0.026 —4.41
Trial4  3.77+£0.07 3.54+£0.07 0.937+0.025 —2.48
Trial 5 3.76 £0.07 3.67£0.07 0.975+£0.026 —6.43
Tow=—15K
Trial N(CH)upper N(CH)iower N, Tex
102 cm—2 102 cm—2 K
Control 3.70 3.66 0.989 —14.99
Trial 1 3.74+£0.07 3.67£0.07 0.980£0.027 —8.06
Trial2  3.76 £0.07 3.644+0.07 0.966 +0.026 —4.61
Trial 3 3.67+0.07 3.65+0.07 0.996 £0.026 —36.46
Trial4  3.74£0.07 3.67£0.07 0.9794+0.026 —7.72
Trial 5 3.734+£0.07 3.704+0.07 0.993£0.027 —22.73
T =—60K
Trial N(CH)upper N(CH)lower Nr Tex
102 cm—2 102 ecm—2 K
Control 3.69 3.68 0.997 —59.88
Trial 1 3.66 £0.07 3.724+0.07 1.012£0.027 9.11
Trial 2 3.644+0.07 3.654+0.07 1.003£0.027 53.23
Trial 3 3.63£0.07 3.72+£0.07 1.025£0.028  6.59
Trial4  3.65£0.07 3.69+£0.07 1.012+0.027 13.29
Trial 5 3.69+0.07 3.63+0.07 0.983£0.027 —-9.24
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Table 4.4: Complex Doublet Parameters

T..=—1K
Trial N(CH)upper N(CH)lower Nr Tex
102 ecm—2 102 cm—2 K
Control 3.96 3.38 0.854 —1.01
Trial 1 4.18+0.23 4.144+0.23 0.991£0.079 —17.50
Trial 2 3.754+0.21 3.434£0.21 0.915+£0.076 —1.81
Trial 3 3.93+£0.22 3.52£0.22 0.894£0.075 —1.42
Trial4  4.37+£0.23 3.59+0.23 0.823 +0.069 —0.82
Trial 5 3.884+0.21 3.724+0.21 0.959+£0.077 —3.84
Tex =—4K
Trial  N(CH)upper N(CH)iower N, To
102 cm—2 10*? cm—2 K
Control 3.75 3.61 0.963 —4.26
Trial 1 3.684+0.22 3.62+0.22 0.983+£0.084 —-9.40
Trial 2 3.724+0.21 3.434+0.21 0.921 £0.075 —-1.95
Trial 3 3.234+£0.21 2974021 0.920+£ 0.086 —1.92
Trial 4 3.00£0.22 3.33£0.22 0.951 £0.085 —3.18
Trial 5 3.97+£0.22 3.62+£0.22 0.9124+0.074 —1.74
Tow=—15K
Trial N(CH)upper N(CH)iower N, Ty
1012 cm—2 1012 cm—2 K
Control 3.69 3.66 0.992 —19.67
Trial 1 3.29+£0.22 385£0.22 1.170£0.103 1.021
Trial 2 3.424+0.21 3.47£0.21 1.016£0.090 10.32
Trial 3 3.154+0.21 3.434£0.21 1.089+£0.101 1.87
Trial4  3.96£0.21 4.08+0.21 1.030£0.078 5.36
Trial 5 4.324+0.24 4.344+0.24 1.004£0.078 38.93
T =—60K
Trial N(CH)upper N(CH)lower Nr Tex
102 cm—2 102 cm—2 K
Control 3.68 3.68 1.000 —1370.19
Trial 1 4.07+0.24 4.4440.24 1.091 4 0.086 1.84
Trial 2 3.20£0.21 348=£0.21 1.086=+0.095 1.94
Trial 3 3.81+£0.22 3.73£0.22 0.979+0.081 —7.41
Trial4  3.84£0.21 3.67x£0.21 0.954£0.076 —3.36
Trial 5 3.36 £0.21 3.76£0.21 1.11940.094 1.42
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Table 4.5: Complex Doublet Parameters, Low Noise

T..=—1K
Trial N(CH)upper N(CH)lower Nr Tex
102 ecm—2 102 cm—2 K
Control 3.96 3.38 0.854 —1.01
Trial 1 3.874+0.07 3.444+0.07 0.889+£0.024 —1.36
Trial 2 3.954+0.07 3.4240.07 0.865+£0.024 —1.10
Trial3  4.07£0.07 3.37+£0.07 0.828 £0.023 —0.85
Trial4  4.04+£0.07 3.45+0.07 0.853+0.023 —1.01
Trial 5 3.75+0.07 3.04£0.07 0.811+£0.023 —0.76
Tex =—4K
Trial  N(CH)upper N(CH)iower N, To
102 cm—2 102 cm—2 K
Control 3.75 3.61 0.963 —4.26
Trial 1 3.74+0.07 3.61£0.07 0.965+£ 0.026 —4.54
Trial 2 3.83+0.07 3.70£0.07 0.965 +£ 0.026 —4.44
Trial 3 3.77T+0.07 3.63£0.07 0.963 £ 0.026 —4.21
Trial 4 3.70+£0.07 3.56£0.07 0.962 £ 0.026 —4.11
Trial 5 3.94+£0.07 3.72£0.07 0.943£0.025 —2.74
Tow=—15K
Trial N(CH)upper N(CH)iower N, Tex
1012 cm—2 1012 cm—2 K
Control 3.69 3.66 0.992 —19.67
Trial 1 3.67£0.07 3.73£0.07 1.016 £0.027 10.04
Trial2  3.72+£0.07 3.674+0.07 0.988+0.026 —13.66
Trial 3 3.68+0.07 3.724+0.07 1.011+£0.027 14.28
Trial4  3.56 £0.07 3.59+0.07 1.008 £ 0.028 20.91
Trial 5 3.514+0.07 3.60+0.07 1.025+£0.028 6.56
T =—60K
Trial N(CH)upper N(CH)lower Nr Tex
102 cm—2 102 cm—2 K
Control 3.68 3.68 1.000 —1370.19
Trial 1 3.874+0.07 3.834+0.07 0.9884+0.026 —13.74
Trial 2 3.734+0.07 3.824+0.07 1.022+£0.027 7.35
Trial 3 3.60£0.07 3.65£0.07 1.013£0.027 12.08
Trial4  3.67£0.07 3.66£0.07 0.9964+0.027 —36.93
Trial 5 3.64+0.07 3.69+0.07 1.014+£0.027 11.79
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Table 4.6: Complex Doublet Parameters, Low Noise, Reversed

T..=—1K
Trial N(CH)upper N(CH)lower Nr Tex
102 cm—2 102 cm—2 K
Control 3.99 3.39 0.850 —0.98
Trial 1 4.00+0.07 3.444+0.07 0.860+0.023 —1.06
Trial2  4.03£0.07 3.36£0.07 0.8344+0.022 —0.88
Trial 3 3.95+0.07 3.23£0.07 0.817£0.022 —-0.79
Trial4  4.10+£0.07 3.554+0.07 0.866 +0.023 —1.11
Trial 5 3.884+0.07 3.39£0.07 0.875£0.023 —1.20
Tex =—4K
Trial  N(CH)upper N(CH)iower N, To
102 cm~2 10*? cm—2 K
Control 3.76 3.60 0.958 —3.76
Trial 1 3.80+0.07 3.53£0.07 0.928£0.025 —-2.14
Trial 2 3.58+£0.07 3.41£0.07 0.951£0.026 —3.20
Trial 3 3.77+0.07 3.50£0.07 0.928£0.025 —2.15
Trial4  3.77+£0.07 3.55+£0.07 0.9424+0.025 —2.67
Trial 5 3.78£0.07 3.64£0.07 0.963+0.026 —4.20
Tow=—15K
Trial N(CH)upper N(CH)iower N, Tey
102 cm—2 102 cm—2 K
Control 3.70 3.66 0.987 —12.07
Trial 1 3.78£0.07 3.67£0.07 0.970£0.026 —5.18
Trial 2 3.56 £0.07 3.54+£0.07 0.994+£0.027 —25.24
Trial 3 3.824+0.07 3.77+0.07 0.988+0.026 —13.42
Trial4  3.80£0.07 3.73+£0.07 0.981+0.026 —8.37
Trial 5 3.77+0.07 3.734+£0.07 0.989+0.026 —14.40
T =—60K
Trial N(CH)upper N(CH)lower Nr Tex
102 cm—2 102 ecm—2 K
Control 3.69 3.67 0.995 —30.52
Trial 1 3.684+0.07 3.63+0.07 0.986£0.026 —11.44
Trial 2 3.65+0.07 3.57+0.07 0.978£0.026 —7.33
Trial 3 3.87+£0.07 3.86+£0.07 0.997+£0.026 —57.40
Trial4  3.73£0.07 3.70£0.07 0.993+0.026 —24.12
Trial 5 3.75+0.07 3.78+£0.07 1.009£0.027 18.49
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Figure 4.1a: Simple Doublet Spectra, —1 K
Spectra of the single component 4300 A doublet with an excitation temperature of —1 K. The top-left
image shows the control spectrum without noise, while the remaining spectra have an average rms of
approximately 0.0101.
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Figure 4.1b: Simple Doublet Spectra, —4 K
Spectra of the single component 4300 A doublet with an excitation temperature of —4 K. The top-left
image shows the control spectrum without noise, while the remaining spectra have an average rms of
approximately 0.0101.
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Figure 4.1c: Simple Doublet Spectra, —15 K
Spectra of the single component 4300 A doublet with an excitation temperature of —15 K. The top-left
image shows the control spectrum without noise, while the remaining spectra have an average rms of
approximately 0.0101.
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Figure 4.1d: Simple Doublet Spectra, —60 K
Spectra of the single component 4300 A doublet with an excitation temperature of —60 K. The top-left
image shows the control spectrum without noise, while the remaining spectra have an average rms of
approximately 0.0101.
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Figure 4.2a: Simple Doublet Spectra, —1 K, low noise
Spectra of the single component 4300 A doublet with an excitation temperature of —1 K. The top-left
image shows the control spectrum without noise, while the remaining spectra have an average rms of
approximately 0.0032.
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Figure 4.2b: Simple Doublet Spectra, —4 K, low noise
Spectra of the single component 4300 A doublet with an excitation temperature of —4 K. The top-left
image shows the control spectrum without noise, while the remaining spectra have an average rms of
approximately 0.0032.
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Figure 4.2c: Simple Doublet Spectra, —15 K, low noise
Spectra of the single component 4300 A doublet with an excitation temperature of —15 K. The top-left

image shows the control spectrum without noise, while the remaining spectra have an average rms of

approximately 0.0032.
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Figure 4.2d: Simple Doublet Spectra, —60 K, low noise
Spectra of the single component 4300 A doublet with an excitation temperature of —60 K. The top-left
image shows the control spectrum without noise, while the remaining spectra have an average rms of
approximately 0.0032.
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Figure 4.3a: Complex Doublet Spectra, —1 K
Spectra of the two component 4300 A doublet with an excitation temperature of —1 K. The top-left
image shows the control spectrum without noise, while the remaining spectra have an average rms of
approximately 0.0101.
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Figure 4.3b: Complex Doublet Spectra, —4 K
Spectra of the two component 4300 A doublet with an excitation temperature of —4 K. The top-left
image shows the control spectrum without noise, while the remaining spectra have an average rms of
approximately 0.0101.
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Figure 4.3c: Complex Doublet Spectra, —15 K
Spectra of the two component 4300 A doublet with an excitation temperature of —15 K. The top-left
image shows the control spectrum without noise, while the remaining spectra have an average rms of
approximately 0.0101.
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Figure 4.3d: Complex Doublet Spectra, —60 K
Spectra of the two component 4300 A doublet with an excitation temperature of —60 K. The top-left
image shows the control spectrum without noise, while the remaining spectra have an average rms of
approximately 0.0101.
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Figure 4.4a: Complex Doublet Spectra, —1 K, low noise
Spectra of the two component 4300 A doublet with an excitation temperature of —1 K. The top-left

image shows the control spectrum without noise, while the remaining spectra have an average rms of

approximately 0.0032.
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Figure 4.4b: Complex Doublet Spectra, —4 K, low noise
Spectra of the two component 4300 A doublet with an excitation temperature of —4 K. The top-left

image shows the control spectrum without noise, while the remaining spectra have an average rms of

approximately 0.0032.
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Figure 4.4c: Complex Doublet Spectra, —15 K, low noise
Spectra of the two component 4300 A doublet with an excitation temperature of —15 K. The top-left

image shows the control spectrum without noise, while the remaining spectra have an average rms of

approximately 0.0032.
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Figure 4.4d: Complex Doublet Spectra, —60 K, low noise
Spectra of the two component 4300 A doublet with an excitation temperature of —60 K. The top-left
image shows the control spectrum without noise, while the remaining spectra have an average rms of
approximately 0.0032.
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Figure 4.sa: Reversed Complex Doublet Spectra, —1 K, low noise
Spectra of the reversed two component 4300 A doublet with an excitation temperature of —15 K. The
top-left image shows the control spectrum without noise, while the remaining spectra have an average
rms of approximately 0.0032.
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Figure 4.sb: Reversed Complex Doublet Spectra, —4 K, low noise
Spectra of the reversed two component 4300 A doublet with an excitation temperature of —15 K. The
top-left image shows the control spectrum without noise, while the remaining spectra have an average
rms of approximately 0.0032.
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Figure 4.sc: Reversed Complex Doublet Spectra, —15 K, low noise
Spectra of the reversed two component 4300 A doublet with an excitation temperature of —15 K. The
top-left image shows the control spectrum without noise, while the remaining spectra have an average
rms of approximately 0.0032.
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Figure 4.5d: Reversed Complex Doublet Spectra, —60 K, low noise
Spectra of the reversed two component 4300 A doublet with an excitation temperature of —60 K. The
top-left image shows the control spectrum without noise, while the remaining spectra have an average
rms of approximately 0.0032.
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CHAPTER §

METHYLIDYNE AND CARBON

MoONOXIDE EMISSION IN MBM 16

5.1 Introduction

MBM 16 is one of the larger high-latitude molecular clouds from the Magnani, Blitz, and Mundy (1985)
catalog. It is located in Aries and is about 20° southeast of the Taurus-Auriga dark cloud complex. A
CO(1 — 0) map of the entire cloud can be found in Magnani et al. (2003). Analysis by Truong, Mag-
nani, and Hartmann (1997) determined that the cloud has a mass of 320 4= 190 Mg, and that it is not
gravitationally bound. Early estimates of the cloud distance placed the cloud nearby, with Hobbs et al.
(1988) estimating the distance to be 60 — 95 pc, while Kuntz, Snowden, and Verter (1997) estimated
the distance to be 100 pc. Recently, estimates based on the extinction to stars with known distances have
shown that MBM 16 is further away than originally thought. Schlafly et al. (2014) determined that the

cloud is 14773 pc away, and Zucker et al. (2019) have determined that it is further away at 170 + 8
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pc, which would increase the estimated mass by a factor of 5, compared to the mass at 80 pc. There is a
small clump of CO-bright gas at an RA, Dec of approximately 03:19:04, 11:30:52 (J2000) which was
identified by Magnani (1987) and is not visible in the dust maps by Schlegel, Finkbeiner, and Davis (1998)
and Schlafly and Finkbeiner (2011) (see figure 5.1). The clump, if defined as the region with CO(1 — 0)
antenna temperature greater than 1.5 K, covers a 4 by 7 arcminute area (Magnani et al. 1990), which at
170 pc corresponds to a 0.6 by 1.0 pc region.

CH and CO observations of MBM 16 at 3.3 GHz and 115 GHz show that the CH lines are wider
than CO lines observed in the same area. In this chapter, CH and CO observations of the clump in MBM
16 are compared to determine if the two molecules trace the same gas or if they trace different portions of
the cloud. Itis possible that CH traces the warm diffuse gas surrounding the clump and does not trace the
colder gas inside of the clump well, due to CH being used to create more complex molecules in shielded,
opaque, high-density regions. N(CH) increases with N(H) linearly up to approximately 4 — 5 x 10%!
cm ™2, where N(CH) will level off (Mattila 1986; also see figure 5.2). CO is able to trace gas at higher
N(Hz2) column densities, and the colder gas in the clump will cause less thermal line broadening in the CO

spectra relative to the CH spectra, which likely samples the warmer diffuse gas surrounding the clump.

5.2 Observations

The data used in this chapter were collected using the Arecibo 305-m radio telescope as part of projects
A1659 and A1708 in 2002. This data were taken by Loris Magnani and Raymond Chastain but were
never analyzed or published. The observations used the Interim Correlator with a bandwidth of 0.781

MHz and 1024 channels. For all of the lines of sight except cn2 (see Table 5.1), the center frequency is set
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to 3335.7 MHz for boards 1 and 2. The positions along the north-south and east-west axes of the clump
described above are listed in table 5.1 and shown in figure 5.1. With the cn2 position, the center frequency
forboards 1 and 2is 3335.5 MHz. The CH main hyperfine lineis at 3335.479 MHz, so cn2 has the correct
velocity for that frequency, but the observed peak from cn2 does not align with other observations of
the cloud (which are at the correct frequency). The observed peaks using a center frequency of 3335.7
MHz align with previous observations in the literature (Magnani et al. 2003). Thus, the cn2 velocities are
adjusted by 17.96 km s~ to account for the 0.2 MHz change in the center frequency, but the spectrum in
figure 5.3 is notadjusted. Boards 3 and 4 are centered inconsistently in frequency between the various days
of the observations, sometimes even for an individual line of sight, and are ignored for this chapter. Those
boards were originally meant to trace the satellite or search for other molecular species in the frequency

range of the receiver.

5.3 Results

Table 5.2 contains the CH derived data, with the first column listing the observed lines of sight. The
second column is the velocity-integrated antenna temperature, W(CH), determined from the number
of channels the line occupies and the sum of the channels (e.g., Mangum and Shirley 2015). W(CH) is
adjusted by the beam efficiency, 1y, is 0.6 & 0.1. The fourth, fifth, and sixth columns are the antenna
temperature, line width, and the center velocity of the line as determined from a gaussian fit. The CH
column density, N(CH), is in column 7 and is calculated using equation 3.1, where [Toy/(Tex — Thg)] is
considered to be 0.57 & 0.0?ﬂ The filling factor is assumed to be 1. The Hy column density is in column

8, and is converted from the CH column density with the ratio obtained in figure 2.18, N(CH)/N(H>)

"The reason for this value is discussed in chapter 2.
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=4.75 £ 3.42 x 107®. The standard deviation of the slope accounts for the variation in the excitation
temperature and the spread in N(CH)/N(Hy).

CO observations of MBM 16 from table 2 of Magnani et al. (1990) are used to compare with the CH
data, and the data are reproduced in table 5.3. Similar to table 5.2, the first column lists the lines of sight,
the second lists W(CO), the fourth lists the antenna temperatures, the fifth lists the line widths, and the

sixth lists the line center velocities. However, W(CO) is determined by:

W(CO) = 1.066 Tr Av (5.1)

where the uncertainty of W(CO) assumes that the uncertainty in T and Av are uncorrelated. The rms
values for each of the lines of sight are not provided in the literature on a case-by-case basis, so a value
corresponding to the middle of the published range (0.115 K) is used for all of the lines of sight. The

CO-derived N(Hy) is calculated by:

N(HQ) = W(CO) XCO (52')

where X0 is the CO X-factor, and is assumed to be 2.0 £ 0.6 x 10** K~ km ™! s cm~2 (Bolatto, Wolfire,
and Leroy 2013).

Excluding the CH lines of sight MBM 16 ce4, ce3, cn2, and cs2, the area covered by the remaining
lines of sight is similar to the area covered by the CO observations (see figure 5.1). Within this area, the
CH column densities are somewhat uniform, in stark contrast with the CO observations, which sharply
peak in the central line of sight and then decrease markedly from the center. The values of W(CO) at

either end of the right ascention strip are more than an order of magnitude lower than the central position.
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CH-derived N(Hy) within the area averages at 6.86 & 1.97 x 10?° cm™2, less than half of the CO-derived
N(H>) at the center. At the outer lines of sight, 3>W0’N and 3’E0’N, the CO-derived Hy column density
isat 1.40 + 0.83 and 1.27 4 0.58 x 10?° cm~2, lower than the column density of Hy derived by CH.
However, due to the large standard deviation in the CH-derived Hy column densities, the CO-derived
N(Hy) for the outer lines of sight is consistent with some of the lower CH-derived N(H3). For the CH
and CO observations to be consistent with one another at the outer region, the excitation temperature of
CH would need to be very small, closer to zero than —1 K. Alternatively, adjusting the value of X¢o to
1.0 x 1022 K~ km ™' s cm ™2 would bring the CO-derived N(Hy) fairly close to the CH-derived column
densities. The line widths for those two lines of sight are similar to the CH line widths, while the other
CO lines of sight have line widths that are approximately half of the width as the outer two points.

The CO lines, despite the narrow line width, cover the velocities from approximately 6.8 to 9.0 km
s~ 1, similar to the CH lines, which indicates that the CO line is likely tracing two distinct components of
gas. The narrow width of the gaussians fit to the CO lines show that the CO is tracing colder gas than the
CH observations, which indicates that CO is likely tracing the cold, dense gas in the clump. The similar
velocity coverage of the CO and CH spectra shows that a portion of the CO line is tracing the warm,
diffuse gas which is also traced by CH. It appears like both sets of observations are able to observe the
diffuse region surrounding the clump, but CH more effectively traces the material outside of the clump
while CO more effectively traces the material inside of the clump. CH is not entirely unable to trace the
material at the clump, but the velocity component which is likely associated with the clump correlates
with a much smaller Hy column density compared to the CO-derived Hy column density.

A direct comparison of N(Hy) derived from observations of CH and CO would involve comparing

the overlapping positions. These positions are MBM 16 cw1 and 2”W0’N, MBM 16 cnl and ’W2'N,
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MBM 16 ¢ and ’WO’N, and MBM 16 cel and 2’E0’N. The outer lines of sight at MBM 16 cwl1, cnl,
and cel all have lower CO-derived N(Hy) than CH-derived N(Hy), but both of the N(Hy) values are
consistent with each other. Atthe centerline of sight, the CO-derived N(Hy) is larger than the CH-derived
N(H), with a Hy column density which is a factor of 2 greater and is large enough that the two values
are not consistent with each other.

The difference between the CO and CH observations could be interpreted as a change in the CH
excitation temperature or a value of Xco lower than the usual ISM value. However, for the former case,
the excitation temperature would have to vary between —1 K and much greater than the background
temperature (i.e., 2.74 K). An estimate of N(Hj) can be determined from the extinction and N(HI) from
the GALFA survey (Peek et al. 2018) using the N(H)/ E (B — V') relation in equation 2.2. The results are
listed in Table 5.3, using the same lines of sight as the CH observations. The beam size of both the N(HI)
survey and the extinction are larger than the CH and CO beams, but this method can still provide an
estimate of N(Hz) which can provide a reference value to compare with the CH- and CO-derived N(H).
The values for N(H3) determined from N(HI) and extinction suggests the CH is tracing the gas more
effectively than CO. CH-derived N(Hy) is reduced due to using an average excitation temperature, but
if the excitation temperature is assumed to be much greater than the background temperature then the
two sets of N(Hz) values are similar in magnitude (see table 5.3). For both the N(HI)-extinction derived
N(H32) and CH-derived N(Hy), the column densities are fairly constant relative to the CO observations.
While this can be attributed to a larger sampled area and larger beam sizes smoothing over small features,
CH does not show a sharp peak in N(Hy) in the central line of sight. CH may have a varying excitation
temperature in this region of MBM 16, butitis unlikely that the excitation temperature varies significantly,

enough to account for this difference.
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Complicating the comparison between CH and CO is the uncertain value of X¢o for converting
W(CO) to N(H3). Magnani and Onello (1995) show that the X value for MBM 16 varies over the face
of the cloud, but this conclusion was based on using CH to calibrate W(CO). Based on N(Hy) derived
from N(HI) and extinction, it appears that the CH 3335 MHz is tracing the gas and the varying Xco is
likely due to the high CO X-factors indicating regions where CO is not adequately self-shielding and is

partially broken up by the interstellar radiation field.

5.4 Mass of MBM 16 clump

The mass of molecular hydrogen within a 13.4 by 9.4 arcminute region of MBM 16 is determined using

CH observations. It can be estimated using the following equation:

M = N(HQ) A nmpg (5-3)

where N(Hy) is the average column density of Hy over the entire region in cm™2, A is the area of the
region in cm?, defined as the solid angle {2 multiplied by the distance to the cloud squared. m; is the mass
of a hydrogen atom in kg and p is considered to be 2 to adjust the mass to represent molecular hydrogen,
ignoring the slight change in mass from the bonding of the two hydrogen atoms. The distance to MBM
16 is 170 & 8 pc (Zucker et al. 2019), so the area of the 13.4 by 9.4 arcminute region is 2.93 x 10%° cm?.
N(Hy) is the average of the calculated molecular hydrogen column density from each of the lines of sight.

The average CH-derived N(H3) is 6.58 £ 1.53 x 10%° cm™2, so the mass of H in this portion of

MBM 16 is 3.25 + 0.81 M. Based on N(Hs) derived from N(HI) and the extinction discussed above,
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the excitation temperature may be larger than average, so if Tt is set so Fp = 1, then the average N(Hy) is
12.41 + 2.88 x 10%° cm~¥|corresponding to a Hy mass of 6.13 & 1.54 M.

Using equation 5.3, the mass of the 3 by 4 arcminute clump can be determined with CO (1 — 0)
observations from Magnani et al. (1990). Sampling only the five center observations, the average N(Hy)
=14.9 +2.01 x 10?° cm™2. From this the mass of the molecular hydrogen in the clump is determined
tobe 0.70 = 0.12 Mg,

The clump in MBM 16 covers a 4 by 7 arcminute area of the cloud (Magnani et al. 1990). Using the
average N(Hy) of the 5 inner CO lines of sight, the mass of Hy is 1.63 4= 0.27 M. The mass of the same
area determined using the CH-derived Hy column density using only the inner 5 CH lines of sight, the
mass of Hy in the areais 0.73 £ 0.26 M. Since T4y is expected to be much greater than 7, the mass of
H, in the area if Fpr =11is 1.38 £ 0.48 M, consistent with the mass of Hy in the area determined from
CO.

While CO traces the gas in the middle of the "clump” as well as CH, it struggles to trace the CO-faint
gas surrounding that small region. The CO-faint gas surrounding the clump is still easily visible in the CH
3335 MHz line, which may indicate that in some cases, CH is able to trace CO-faint gas more effectively

than CO in regions where there is a relatively large amount of Hs.

5.5 Conclusion

It appears that CH 3335 MHz line and the CO(1 — 0) line at 115 GHz do not always trace the same gas.
For this particular clump in MBM 16, CH is able to effectively trace the diffuse gas which encompasses

the clump, which is poorly traced by CO. This could be due to CO only being fully self-shielding in the

*When Fr = 1, N(CH)/N(Ha) = 4.75 & 2.20 x 105,
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central region of the observations, while Hy is self shielding beyond the area where the clump is observed.
The excitation temperature of the CH 3335 MHz transition in the region, based on comparison with the
expected N(Hy), is larger than what is predicted from the average Frr determined in chapter 2. Thus, CH

may be an effective tracer of CO-faint gas when the expected column density of Hy is large (on the order

of 102! cm~2).
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Table 5.1: Observations Parameters

CH 3335 MHz Line
Observation  Integration Time R.A. (2000) Dec (2000) l b
sec hom s o deg deg
MBM 16 ¢ 6000 031904 113052 170.66 —37.32
MBM 16 cel 900 03 18 56 113052  170.63 —37.34
MBM 16 ce2 2400 031848 113053 170.60 —37.37
MBM 16 ce3* 5100 031928 113050 170.75 —37.26
MBM 16 ce4 5700 031936 113050 170.78 —37.23
MBM 16 cwl 3000 031912 113051 170.69 —37.30
MBM 16 cw?2 5100 031920 113051  170.72 —37.28
MBM 16 cnl 9000 031904 113252  170.63 —37.30
MBM 16 cn2 6000 031904 113452  170.60 —-37.27
MBM 16 csl 6000 031904 112852  170.69 —37.35
MBM 16 cs2 5100 031904 112652 170.72 —37.37
CO(1 — 0) Line (Magnani et al. 1990)
Observation R.A. (2000) Dec (2000) l b
h m s o/ N deg deg

3WO'N 031916 113051.1 170.70 —37.29
2’W O’N 031912 113051.3 170.69 —37.30
I’WON 031908 113051.5 170.67 —37.31
0’W 2’N 031904 113251.7 170.63 —37.30
0O’W I’N 031904 113151.8 170.64 —37.31
0O’WO’'N 031904 113051.8 170.66 —37.32
0w 1°S 031904 112951.8 170.67 —37.33
PEON 031900 113052.0 170.64 —37.33
2’EO’N 03 18 56 113052.2 170.63 —37.34
3JEON 031852 113052.4 170.61 —37.36

a) These lines of sight were mislabeled during the original observations.
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Table 5.2: Radio CH 3.3 GHz Observations
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Table 5.3: Radio CO(J = 1 — 0) Observations

Line OfSight W(CO) rms® TR Av VLSR N(Hg)
Kkms! K K kms~! kms™'  10% cm™?

3WO'N 0.6994+0.355 0.115 0.324+0.12 2.054+0.74 7.61 1.40 £ 0.83
2°W O’N 1.754 +£0.121 0.115 2.354+0.12 0.7040.03 8.08 3.51 £1.08
I’'WO’N 5.779+0.133 0.115 7.04+£0.12 0.774+0.01 795 11.56+3.48
0’W 2°N 1.591+0.130 0.115 1.9940.12 0.75+0.04 8.16 3.18 £0.99
OW I’N 7.502+0.133 0.115 9.14+0.12 0.774+0.01 8.16 15.00 £4.51
0'W O’N 8.3434+0.149 0.115 9.10£0.12 0.864+0.01 8.05 16.69 +5.01
W 1°S 8.0604+0.144 0.115 9.11+£0.12 0.83+0.01 7.66 16.12 £ 4.84
I’EON 7.4624+0.149 0.115 8.14+0.12 0.86 £0.01 8.15 14.92 +£4.49
2’EO’N 2.343 £0.101 0.115 3.79+£0.12 0.58+0.02 8&.11 4.69 +1.42
3EON 0.636 £0.220 0.115 047+0.12 1.274+0.31 7.59 1.2740.58

CO observations are from Magnani et al. 1990.
a) The rms value is the middle of the range of rms given for MBM 16 observations.

Table 5.4: Estimated N(Hs)

Line of Sight Ay N(HI) N(Ho,) CH-N(Hy)*
mag 102 cm—2 1020 cm—2 1020 cm—2
MBM 16 ¢ 2.396 17.04 13.824+5.74 13.07+6.19
MBM 16 cel  2.480 17.58 14.33+£5.95 11.40+5.42
MBM 16 ce2 2.524 17.83 14.61 +£6.07 10.99 £5.21
MBM 16 ce3  2.046 16.51 10.824+4.49 9.63 +4.56
MBM 16 ce4  2.002 17.10 10.11+4.20 5.50+£2.61
MBM 16 cwl 2.273 16.61 12.89+5.35 11.89+5.63
MBM 16 cw2 2.136 16.26 11.78 £4.89 14.96 + 7.08
MBM 16cnl  2.334 16.96 13.28 £5.52 13.28 £6.28
MBM 16 cn2  2.259 17.28 12.424+5.52 15.26 £7.22
MBM 16 csl  2.379 16.92 13.724+5.70 8.68+t4.11
MBM 16c¢s2  2.300 17.00 12.944+5.38 12.28+5.81

The uncertainty of the extinction is 10 percent (Schlafly et al. 2011), and the uncertainty in N(HI) is

assumed to be negligible compared to the standard deviation in the N(H)/E(B — V') ratio.
a) N(H) derived from N(CH), where Frr is assumed to be 1.
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Figure s.1: Map of the MBM 16 Clump
Map of the locations of the CH and CO observations. The greyscale background shows the extinction
from the SFD dust map (Schlegel et al. (1998)). The observations are centered on the clump which is
not well traced by the dust. The CH observations are shown with red 1.4 arcminute circles, and have the
line of sight labeled above the marker because a few of them were mislabeled in the original observations.
CO(J =1 — 0) lines of sight from Magnani et al. (1990) are indicated with 1 arcminute blue circles. The
CO clump itself can be seen in figures 1 and 4 of Magnani et al. (1990).
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Figure s.2: N(CH) vs. N(Hz)
Plot of N(CH) vs N(H>) created using the data described in chapter 2. The CH column densities assume
that Fp = 1 (see discussion in chapter 2). At higher Hy column densities, the CH column density no
longer increases and levels oft as CH molecules are consumed in chemical reactions that produce more
complex molecules.
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CHAPTER 6

METHYLIDYNE IN PEGASUS

6.1 Introduction

A large molecular complex was found in Pegasus by Magnani, Blitz and Mundy (1985) and individual
clouds in the complex were named MBM 53, 54, and 55. A complete map of the region was made in
CO(1 —0) by Yamamoto etal. (2003). This high-latitude molecular cloud complex is the largest structure
of its kind in the southern Galactic hemisphere at b < —30°.

Grenier, Casandjian, and Terrier (2005), using gamma ray and infrared data, discovered molecular
gas surrounding CO clouds and in between dense cores and atomic clouds not seen by the CO surveys,
demonstrating that the molecular gas traced by the traditional CO(1 — 0) observations may not reveal all
of the molecular gas in a given region. This *missing’ gas was called dark gas, but is now called CO-dark
gas or CO-faint gas and it is associated with the outer regions of molecular clouds that are unable to be
detected by low-sensitivity CO surveys. This gas is thought to be molecular or, possibly, HI due to optical

depth considerations. To some extent this limitation of the CO surveys was previously known, as noted
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in the description of photodissociation regions in chapter 1.1 of this dissertation, and in the previous
chapter, where the CH 3335 MHzline is able to trace a CO-faint component of a clump in MBM 16. Any
photodissociation region will have sections in the outer layers of the molecular cloud where the molecular
hydrogen is able to self-shield and therefore is produced in relatively large quantities, while CO is not yet
self-shielding leading to relatively low column densities (< 10'® cm™?) that make it difficult to detect in
emission, if it can be detected at all.

Donate and Magnani (2017) observed a portion of MBM 53 with high-sensitivity CO observations
(with typical rms values in the 20-30 mK range) in an attempt to account for at least some of the molecular
portion of dark gas in the region by looking for weak CO emission at cloud edges. There, CO surveys are
unable to detect weak CO signals due to the large noise that accompanies the relatively short observation
times used to complete the surveys (for example, Dame, Hartman and Thaddeus 2001). Another com-
monly used tracer of lower density molecular gas are the 18 cm main lines of OH. Donate, White, and
Magnani (2019) observed MBM 53 using 18 cm OH observations to search for dark gas and to compare
the effectiveness of CO and OH as tracers of dark gas. For similar integration times of CO and OH,
they determined CO is more effective than OH at tracing the extent of the diffuse molecular gas, but the
assumptions made about the CO X-factor in very low extinction clouds makes CO unreliable relative to
OH observations as a means to determine the amount of molecular gas present.

To build upon the previous work, this chapter describes observations of the CH 9 cm lines in MBM
53. Originally, we were awarded 45 hours of Arecibo time (project A3340) to observe in CH a subset
of the lines of sight observed in OH by Donate, White, and Magnani (2019) and in CO by Donate and
Magnani (2017). While some of the planned 40 lines of sight were observed, the recent collapse of the

Arecibo 305-m telescope prevented us from completing the project. The CH signals we had detected
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are very weak, so instead of focusing on the detection of dark gas, this chapter will focus primarily on
comparing the CH observations with observations of CO and OH along with estimates of N(Hz) from

extinction and N(HI).

6.2 OQObservations

The CH observations for project A3340 were made using the Arecibo 305-m radio telescope from July
to October 2019. We used the upper S-band receiver with a beam size at 3.3 GHz of 1.3 x 1.5 arcmin
elongated in azimuth. Our beam efficiency was 0.4 & 0.04 as measured by monitoring quasars of known
flux. The relatively low efficiency was a consequence of the damage done to the reflector by hurricane
Mariain 2017 (see discussion in chapter 3). The spectrometer was the Wideband Arecibo Pulsar Processor
(WAPP) divided into 8 boards, with boards 1, 2, 5, and 6 having a bandwidth of 1.5625 MHz and boards
3,4, 7, and 8 having a bandwidth of 3.125 MHz. The boards are configured to observe the CH 3.3 GHz
lines, with boards 1, 3, 6, and 8 centered on the CH main line at 3335.48 MHz. The satellite lines were
observed on the remaining boards; boards 2 and 4 observed the lower satellite line at 3263.79 MHz and
boards 5 and 7 observed the upper satellite line at 3349.19 MHz. Due to issues with WAPP 2 failing
due to then-unresolved power issues, early observations taken before September 2019 do not have the
observations from the original boards 3 and 4, with boards 5, 6, 7, and 8 becoming boards 3, 4, 5, and 6
in the later observation run.

Donate and Magnani (2017) observed MBM 53 along many of the same lines of sight as the CO
observations from part of the Southern Galactic High-Latitude Survey by Magnani et al. (2000), but the

telescopes used in the two projects had different beam sizes. Donate and Magnani (2017) used the Arizona
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Radio Observatory (ARO) 12-m telescope and Magnani etal. (2000) used the Harvard-Smithsonian CFA
(HSCFA) 1.2-m telescope. Consequently, at the CO(1 — 0) frequency, the beam sizes are very different
(55 arcseconds and 504 arcseconds). To roughly sample the same solid angle of the sky as the HSCFA
1.2-m telescope using the ARO 12-m telescope, Donate and Magnani (2017) observed 13 lines of sight
within each of the Magnani et al. (2000) CO beams, illustrated in figure 6.1 by the smallest green circles.
Due to the small beam size of the CO beams from the ARO 12-m telescope, the 13 CO beam pattern
only covers approximately 15 percent of the HSCFA CO beam. The 13 CO beams are spread out enough
so while they do not sample a large fraction of the HSCFA beam, they are still able to sample small areas
across the beam. To simplify the comparison of the CH observations to previous CO (1 — 0) observations
by Magnani et al. (2000) and Donate and Magnani (2017), the same 13 line of sight pattern used in
Donate and Magnani (2017) was used for our project. The CH observations were made using the now
unoperational Arecibo 305-m radio telescope with a beam size of approximately 84 arcminutes. The 13
CH beams observe approximately 36 percent of the HSCFA CO beam, roughly 2.3 times the solid angle
observed by the CO beams. The discrepancy between the CO and CH beam sizes results in the CO beam
from the ARO 12-m telescope only observing approximately 43 percent of the solid angle covered by the
CH beams from the Arecibo 305-m telescope. For most of the rest of this chapter it is assumed that the
two beams are sampling the same region. However, we note that the two beams are not the same size and
the CH beam is also over sampling a small region around each of the CO observations observed from the
ARO 12-m telescope.

The target region, MBM 53, is 259 & 12 parsecs away from the solar system (Zucker et al. 2019). At

this distance, the HSCFA CO beam samples a region of the cloud 0.633 %= 0.029 pc across, the ARO
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CO beam samples a region of the cloud 0.069 £ 0.003 pc across, and the AO CH beam samples a region

of the cloud 0.106 =£ 0.005 pc across.

6.3 Results

Figure 6.2 shows a map of the detections from the Southern Galactic High-Latitude Survey (Magnani et
al. 2000), the deep CO (1 — 0) survey in MBM 53 by Donate and Magnani (2017), the OH 18 cm survey
in MBM 53 by Donate, White, and Magnani (2019), and the CH observations from observing project
A3340. With the limited time available, complete or mostly complete observations were collected for only
15 of the 40 proposed lines of sight for the CH project. Of the 15, only 3 of them had clear CH detections
visible in the full observation spectra. Four other lines of sight have detections or tentative detections, but
the poor baseline makes it difficult to determine the column density for low signal-to-noise data. Each of
the CH detections and tentative detections occur in a location where CO had been detected by Donate
and Magnani (2017) and OH at 18 cm had also been detected (Donate, White, and Magnani 2019).
The detections and nondetections for the full sets of CH are shown in table 6.2. The extinction is
shown in column 3, and is determined from the corrected SFD dust maps (Schlafly and Finkbeiner 2011;
Schlegel, Finkbeiner, and Davis 1998). The filling factor shown in column 4 is the number of lines of
sight, out of 13, with CO detections (Stricklan 2019). The fifth column lists W(CH) for each 3335 MHz
detection as determined from board 6 for observations made after or during September 2019, and board 4
if observations were made before September 2019. The column density is listed in column 6, and assumes

that Frp = 0.57 £ 0.07, and the center velocity of the peak is listed in the last column.
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The naming convention used for each of the observations (listed in the first column of each table) is
the galactic longitude followed by the latitude preceded by ’G’. There are no decimal points or negative
signs, so an observation at [ = 92.4°, b = —32° would be G92432. To simplify the comparison between
the CH dataset and the datasets by Magnani et al. (2000) and Donate and Magnani (2017) we observed
at 13 points within the beam of several of the Magnani et al. (2000) lines of sight as described in 6.2. Each
of the 13 lines of sight will be referred to as a "component” observation, and each of the spectra made up
of 13 components will be referred to as a "full” observation.

Stricklan (2019), using the CO (1 — 0) observations from Donate and Magnani (2017), examined
each of the 13 component observations separately. The low filling factor of the full (8.4 arcminute) beam
in many of the lines of sight in MBM 53 leads to the summed spectra being diluted, possibly making it
difficult to detect CO over the relatively large beams from the Magnani et al. (2000) survey if the emission
occurred in only 1 or 2 components. Additionally, she found the average linewidth of the CO signals was
0.948 km s™!. Given that the velocity resolution of the Magnani et al. (2000) survey was 0.65 km s,
some weak, narrow signals may have eluded detection.

From the CH data there are three detections at G92434, G92431, and G92433. There are also de-
tections in G93534, G93532, and G93531, however the poor baseline in the spectra makes it difficult to
determine the strength of the detection. One position, G99031, had tentative detections in 2 of the 5

subgroups (see below).

6.3.1 CH Sub Groups

In an attempt to determine how the CH observations vary within each of the full observations, each full

observation is broken into 5 sub groups, each composed of 5 component observations. The individual
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component observations are not analyzed due to how weak the CH lines are in MBM53, and even in
the regions with the strongest signal to noise, it is difficult to detect CH. Each of the sub observations is
composed of 5 components, sub 1 contains components 1, 6, 7, 10, 11, sub 2 contains 1, 4, 5, 11, 13, sub
3 contains 1, 8,9, 12, 13, sub 4 contains 1, 2, 3, 10, 12, and sub 5 contains 1, 2, 4, 6, 8. Figure 6.1 shows
the numbered components.

Each of the full observations was divided into 5 sub observations, and the spectra are shown along with
the full observations in figure 6.3. G92434 appears to have a detection in each of the 5 sub observations,
which matches Stricklan (2019) who detected CO in all 13 of the components. G92433 has a weak
detection for the full observation, but with the increased noise of the sub observations it is difficult to
determine which of them have CH detections and which do not. Sub groups 1 and 2 may have weak
detections. CO was only detected in one of the 13 lines of sight, so a CH detection in sub group 1 could
be tracing CO-faint gas. Despite 4 CO detections present in G92432, there is no CH detection in the
tull observation, and there are no visible CH detections in any of the sub groups. G92431 has a relatively
strong double peak detection at —5.07 and —7.77 km s ™!, and each of the 5 sub observations have CH
detections as well. Stricklan (2019) detected CO in 3 of the 13 componentlines of sight, which means that
sub group 4 has a CH detection where CO is not seen (see figure 6.4a). G92430 does not have a detection
in the full observation, but in sub observation 2, there may be a weak CH detection. This possible CH
detection in sub observation 2 does not agree with the location of the CO detection in component 7 from
Stricklan (2019).

The line of sight G93534 has a detection, but it is difficult to determine W(CH) due to the poor
baseline. There appears to be a detection in each of the sub groups, which means that sub group 2 shows

the detection of CH in an area where CO is not detected. G93533 does not have detections in the full
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observation or any of the sub observations. Both G93532 and G93531 have poor baselines which make
it difficult to determine if any of the sub groups have detections; G93532 may have detections in sub
observations 1 and 5 and G93531 may have a detection. Line of sight G99031 appears to have a tentative
detection in sub groups 4 and 5, but both of the possible lines are very small relative to the noise. G94634,
G94633, G94632, G94631, and G99033 do not have detections in the full observation or any of the sub

observations.

6.3.2 CO-ON, CO-OFF Groups

Stricklan (2019) discussed the filling factor of each of the full observations with the CO data of Donate
and Magnani (2017). The number of components out of 13 where CO was detected in her thesis is listed
in table 6.2, column 4. To directly compare the CO and CH data within the individual lines of sight, the
CH data is divided into two groups, one group will contain all of the observations of the component lines
of sight where there were CO detections, and the other will contain the lines of sight where there were
no CO detections. Figure 6.4 shows the spectra for the CO-detection segregated CH observations for
all regions where there is a CO detection and there is CH data, with the exception of G92434 as it was
completely filled by CO detections and G92433 and G92430 as there is only one CO detection in each
line of sight so there would not be a large enough sample to get any usable data. In figure 6.5 we show the
CO detections often do not fill the CH sub regions they occupy, for example G92431 and G93534.

G92432 had CO detections in 4 of the 13 component lines of sight. Just like with the CH full
observation and sub group spectra, neither of the two groups had any CH detections.

The CO-ON spectra for G92431 shows a signal for CH, but with only 3 of 13 line of sight components

contributing to the ON spectra the noise is too high to claim there are 2 velocity components. The CO-
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OFF spectra for G92431 also shows a CH signal with 2 velocity components. The presence of CH at
detectable levels in regions where CO was not detected could suggests the line of sight samples a section of
the photodissociation region where CH is able to form to detectable levels, but CO is culled by interstellar
radiation. Alternatively, it may be a result of the CO-OFF CH spectra being summed together so there is
a detectable signal in CH, while in Stricklan (2019), only the individual component lines of sight were
considered and they were not summed together, so there is no confirmation on whether there is a CO
signal visible if all of the CO-OFF components were summed.

G93534, G93532, and G93531 each had poor baselines which made it difficult to determine if there
is a CH detection in the spectra. However, in each of the CO-detection segregated CH spectra for this
group, the signal is higher in the CO-ON CH spectra than in the CO-OFF CH spectra, indicating that
there is at least a signal in the CO-ON spectra, if not both spectra. Additionally, in G93532 and G93531,
the baseline is close to the zero line in the CO-OFF CH spectra. The CO-ON spectra for G93532 contains
spectra from 5 of the 13 components, and has a velocity integrated antenna temperature 137.1 £ 45.3
mK km s~ greater than the CO-OFF CH spectra within the velocity range —2 to —15 km s~ *. If we
assume the increase in the antenna temperature within —2 to —15 km s™! is due to CH within the lines
of sight where CO is observed, then the CH detected will have a wider velocity distribution than the
accompanied CO, which has a narrow signal with a width of 1.46 kms™".

The line of sight G93531 had CO detections in 10 of the 13 component lines of sight. Unfortunately,
the information that can be gathered from the difference of the CO-ON and CO-OFF CH observations
of G93531 is greatly limited by the strong discrepancy in the integration time of the two spectra. The

CO-ON CH spectrum has a stronger velocity integrated antenna temperature 43.0 £ 49.6 mK km s~ 1



greater than the CO-OFF CH spectrum, but the high uncertainty makes it difficult to be certain if there
is CH detected along the line of sight.

G93534 had CO detections in 6 of the 13 component lines of sight. The CO-ON CH spectrum
for G93534 has a velocity-integrated antenna temperature 119.0 £ 44.8 mK km s~ greater than the
CO-OFF CH spectrum within the velocity range —2 to —12 km s~ 1, which likely indicates there is CH
in at least the CO-ON lines of sight. Additionally, there is a possible CH detection in the CO-OFF lines
of sight as well. In support of the possibility of CH in the CO-OFF spectrum of G93534, there is a peak
at —4.89 km s™*, which is very close to the CO peak at —4.21 km s* (Donate and Magnani 2017) along
with a much flatter baseline than the full spectra shown in figure 6.3 f. If the CH peak in the CO-OFF
observations of G93534 are due to CH, then this line of sight could be similar to G92431 where CH is
visible and CO is not detected.

G94632 had CO detections in 4 of the 13 component lines of sight, G94634 had CO detections in 2
of the 13 component lines of sight, G99031 had CO detections in 6 of the 13 component lines of sight,
but none of them have any CH detections in either group.

The lack of CH detections in groups with clear CO (1 —0) emission is puzzling in light of the evidence
that the CH 3335 MHz line can trace low-density molecular gas (Magnani and Onello 1993, Johannson
1979, Sandell, Stevens, and Heiles 1987) and the results of chapter 6. Furthermore, when CH is detected
in the sub groups, it tends to trace regions which do not contain CO detections, like in G92431 and
G93534. When CH is detected with a steady baseline, it seems to be able to trace gas which is not seen in

CO, similar to what is seen in chapter 5 with MBM 16. This will be discussed in section 6.5.
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6.4 CO X-Factor and N(H,)

Xco, the CO X-factor, is a conversion factor which allows the molecular hydrogen column density to be
estimated directly from the CO column density, and is suggested tobe 2 + 0.6 x 102 cm 2K~ 'km™'s

for most Galactic applications (Bolatto, Wolfire, and Leroy 2013). It is defined as

Xco = N(Hs)/W(CO) (6.1)

where W(CO) is the velocity-integrated CO(1 — 0) line profile. Using the CH-derived Hy column density
determined in this work along with the column densities of CO from Donate and Magnani (2017), the
CO X-factor can be determined for each line of sight. N(Hz) in equation 6.1 is determined by converting
the CH column density into Hy column density, usinga CH-Hj conversion factor, where the CH column

density is determined assuming £ = 0.57 & 0.07. The conversion factor used is

N(CH)/N(Hy) = 4.75+£3.42 x 10°® (6.2)

which is the value determined from the adjusted radio CH observations in chapter 2. Using this conversion
factor allows the CO X-factor to be calculated, the results are shown in column 7 of table 6.3.

As a comparison, the CO X-factor is also calculated from the extinction along the line of sight and the
HI column density using equation 2.2, and OH observations from Donate, White, and Magnani (2019).
N(HI) is determined from an 8.4 arcminute area of the GALFA survey (Peck et al. 2018) for each line of
sight, and the extinction is determined from corrected SFD dust maps (Schlegel et al. 1998; Schlafly and

Finkbeiner 2011). The column density of H is determined using equation 2.2, with the assumption that

148



Ry = 3.1. OH-derived N(Hy) for lines of sight with OH detections are listed in column 5 of table 6.3.
The column density of OH is calculated using the following equation in Donate, White, and Magnani
(2019):

N(OH) =2.24 x 10" n; ! [To /(T — Thog)] / Tp dv em™ (6.3)

where the beam filling factor s =1, 7o = 5 K, and 74,5 = 3.3 K. To convert N(OH) to N(Hy), the relation
N(OH)/N(H;) = 1.05 £ 0.14 x 1077 (Weselak et al. 2010) is used.

G92434 had the largest CO signal and the largest CH signal, and has an X-factor of 1.48 £ 1.11 x
1022 cm™2 K~' km™' s, which is in agreement with the suggested CO X-factor, 2 £ 0.6 X 10% from
Bolatto etal. (2013). When determined from the extinction and N(HI), X is instead 0.67 £ 0.57 cm 2
K~ km~'s. OH observations predicts higher N(Hz) levels than any of the other methods for all lines of
sight with OH detections, and for G92434, N(H>) is about twice the amount of the CH- or CO-derived
N(Hz). If the excitation temperature is assumed to be 20 K instead of 5 K, N(Hy) is reduced by about 41
percent, which could account for the high OH-derived N(H>). The center velocity for CH and CO are
similar, suggesting the two are tracing the same velocity component of the cloud. However, the width
of the CH line was significantly wider than the CO line, with the CH line being approximately 2 — 3
times greater than the CO line width, which may again suggest the CH is tracing a warmer, more diffuse
region of the cloud than the CO. Donate and Magnani (2017) reported two velocity components for this
line of sight, at —7.48 and —7.27 km s ™!, and given the low signal to noise inherent with observations of
low extinction clouds and the width of the CH signal, the two velocity components would be difficult to
separate in the CH spectra. For the 13 individual component observations, Stricklan (2019) found the

center velocities to range from —6.99 to —8.18 km s~ 1, and each of the observations had a narrow signal
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of less than 2 km s~ ! width. Asa comparison, the CH sub observations range between —7.25 and —9.27
km s™!, and each had a relatively wide signal with a width of approximately 5 km s™*, as seen in table 6.4
and figure 6.3.

G92433 and G92431 have CH signals approximately half as strong as the signal in G92434, but the
CO ssignal is roughly an order of magnitude less than the signal in G92434. For these two full observation
lines of sight, the CH-derived CO X-factors are much higher, at about 9.3 — 9.7 x 10 cm2K ' km™!
s. This same behavior of having large CH-derived X is carried over with the nondetections, however
this may be due to the roughly constant W(CH) upper limit and the varying W(CO). X is lower
when determined from extinction and N(HI), at approximately 4.5 4= 3.9 X 10?0 for both lines of sight,
which is consistent with X0 suggested by Bolatto et al. (2013). The remaining lines of sight with CO
detections, with the exception of G99031, all have Ay, N(HI)-derived Xco which are in agreement with
the mentioned suggested value. Therefore it seems like CO effectively traces the amount of N(Hy) in

MBM53, while CH is overestimating N(Hy) for the majority of the lines of sight.

6.5 Conclusion

Due to the long integration times typically associated with observations of the CH 3.3 GHz lines, along
with the very low amount of H in the cloud, it appears like CH is a poor tracer of the diffuse gas in
MBMJ53. For the full observation lines of sight, CO and OH detections always accompanied CH detec-
tions, but CH detections were not always present with CO or OH detections. CH and OH also typically
predict high N(H3) in MBM53 compared with CO and extinction. Determining N(Hz) from extinction

or CO seems to lead to similar estimates, most of which are consistent with the CO X-factor suggested
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by Bolatto et al. (2013). This may suggest that CO is effective at tracing the gas in MBMJ53 and that the
abundances of OH and CH may be higher in the sampled sections of MBM 53 than in the average cloud.
Alternatively, the CO X-factor and the gas-to-dust ratio could be higher than normal in this cloud.

Within the individual full lines of sight, the comparison between CH and CO becomes a little more
complicated. CO is detected in lines of sight where CH is not detected, due to the CO(1 — 0) line being
much stronger than the CH 3.3 GHz line. However, in lines of sight where the baseline was steady and
relatively strong CH lines were detected, CH was sometimes detected in the areas without CO detections.
The CO-OFF spectra of G93534 and G92431 show CH detections tracing a CO-faint component of
the gas. The larger width of the CH lines also may suggest that CH is tracing warmer gas which is not
visible in CO, similar to what was seen in MBM 16 (see chapter 5).

When CH was detected, it usually predicted large N(Hy) relative to N(Hj) determined from N(HI)
and extinction, which could mean that the excitation temperature is inverted and close to zero, contrary
to the prediction of the excitation temperature in chapter 5. Similar to what is seen in the CH lines of
sight in MBM 16, CH in MBM 53 seems to trace the molecular gas in the cloud which is not seen in CO.
However, due to the much lower extinction and lower Hy column density across the observed region in
MBM 53, it is difficult to detect CH without extremely long integration times in some areas, limiting
the ability of CH to detect CO-faint gas. CO appears to be a more effective tracer of very faint diffuse
molecular gas where the brightness of the CO(1 — 0) line makes CO easy to detect, but there is likely gas
surrounding areas where CO is detected which can be detected with CH, if given an adequete integration

time.

151



The intriguing results of this chapter and chapter 5 underscore why CH 3.3 GHz observations, al-
though very time intensive, have been pursued over the last 5 decades. Clearly more data are needed to

resolve definitively the issues and questions that have been raised.
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Table 6.1: Pegasus Survey Comparison
Survey Molecule CO%(2000) CO(2017) OH¢(2019) CH (2021)
Detections / Lines of Sight 5/50 20/ 50 11/38 7/15
The above table shows the number of detections and tentative detections within the region shown in
figure 6.2 instead of the full region some of the surveys cover.
a) Magnani et al. (2000)
b) Donate and Magnani (2017)
c¢) Donate, White, and Magnani (2019)
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Table 6.4: CH Component Observations 3335.5 GHz

Line of Sight  Integration Time W(CH) N(CH) ULSR
min mK km s—1 cm 2 kms™!
G92434 125 193.4 £ 26.9 31.1£58 =799
G92434 1 45 293.8 +42.6 4724176 —7.74
G92434 2 45 208.6+36.4 335+63 —7.95
G92434 3 50 190.0+£34.3 30.5+59 —9.27
G92434 4 50 167.4+33.0 269+£56 —7.64
G92434 5 50 192.4 £ 34.8 309+6.0 —7.25
G92433 130 87.8+£17.8 14.1+3.3 —8.46
G92433 1 50 106.6 £ 27.7 17.14+£49 —-7.59
G92433 2 50 141.1 £29.9 22.7+55 —8.25
G92433 3 50 [60.6+28.3] [11.2+48  —
G92433 4 50 [66.6+27.2] [10.7+46] —
G92433 5 50 [63.8 £25.2] [10.2+4.2] -
G92431 130 137.0 +20.3 22.04+4.2 —6.51
G92431 1 50 176.3+£304 283+6.0 —6.84
G92431 2 50 169.1 +29.3 272+58 —6.39
G92431 3 50 129.7 £27.3 208+5.1 —6.17
G924314 50 153.4 + 28.5 24.7+5.5 —6.02
G924315 50 138.44+27.4 222452 —6.71
G92431¢ 130 71.7+12.8 11.5+25 —5.07
G92431° 1 50 83.0+ 194 13.3+3.5 —5.50
G92431° 2 50 95.6 +19.4 154+36 —5.01
G92431° 3 50 88.8 £19.2 14.3+35 —5.69
G92431¢ 4 50 93.04+19.3 149436 —4.94
G92431° 5 50 [63.34+17.9] [102+31] —
G92431° 130 64.9+12.4 104+24 =777
G92431° 1 50 92.94+19.8 149437 =790
G92431°2 50 71.74+18.4 11.5+33 —7.95
G92431° 3 50 44.1+17.6 71+£3.0 —8.57
G92431° 4 50 61.8+18.0 99+3.1 —7.81
G92431% 5 50 [71.7+£18.2] [11.5+3.2] -
G93534 130 174.9 £ 27.1 281456 —5.09
G93534 1 50 178.0+£39.2 286+7.2 —5.26
G93534 2 50 107.8+£35.6 17.3+6.1 —5.00
G93534 3 50 212.24+41.2 34.14+78 —4.60
G93534 4 50 [318.7+47.7] [51.24+9.9] —
G93534 5 50 [234.2 +40.0] [37.6 £7.9] —

Non-detections have the 2 o velocity-integrated antenna temperatures assuming the width is 4.5 km s L,
a) component 1
b) component 2



Table 6.5: CO Segregated CH Observations 3335.5 GHz

Line of Sight ~ Integration Time W(CH) N(CH) ULSR
min mK km s~! cm ™2 kms™*

G92431 ON 30 150.4£35.1 2424+64 —-3,-10
G92431 OFF 100 106.2£20.0 17.14+38 —-3,-10
G92431 A 4424404 T71+£74 -3,—-10
G93531 ON 95 193.5£29.3 31.1+6.1 —5,—18
G93531 OF F 30 150.5£40.1 242471 —5,—18
G93531 A 43.0+£49.6 69£9.3 —5,—-18
G93532 ON 50 247.5+38.2 398+£7.8 —2,—15
G93532 OF F 75 1104+£24.4 17.74+45 —2,—15
G93532 A 137.1£45.3 22.04+£9.0 —-2,-15
G93534 ON 80 173.4£34.6 2794+6.5 -2, -12
GI93534 OF F 85 54.44+£284 8747 -2, -12
G93534 A 119.0£44.8 19.1+£80 —2,-12

Non-detections have the 2 o velocity-integrated antenna temperatures assuming the width is 1 km s L
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Figure 6.1: Beam Pattern
Pattern of the 13 component beams for each main line of sight. The outer green circle represents the
Harvard-Smithsonian CFA 1.2-m telescope CO beam at 115 GHz (8.4’). The 13 small green circles
represent the Arizona Radio Observatory 12-m telescope CO beam at 115 GHz (55"), and the 13
magenta circles represent the Arecibo Observatory 305-m telescope CH beam at 3.3 GHz (1.4°). The 5
larger magenta circles represent the Arecibo Observatory 305-m telescope OH beam at 1.7 GHz (2.85).



Figure 6.2: Detection Map
Dust map of MBM 53 from Schlegel, Finkbeiner, and Davis (1998) with the locations of CO (1.2-m),
CO (12-m), OH, and CH observations and detections. The map shows the locations from Galactic

longitudes 99.0° to 89.1° and latitudes —30° to —34°, left to right, top to bottom. Each location shows

4 quadrants, either red, grey, or empty. The upper left quadrant is for the CO (1.2-m) data, the upper

right is for CO (12-m) data, the lower left is for the CH data, and the lower right is for the OH data. If

the quadrant is red then there is a detection or tentative detection, if it is empty then there is no
detection, and is the quadrant is grey than there is no data or not enough data. The inner circle is to scale
with the size of the Harvard-Smithsonian CFA 1.2-m telescope CO beam at 115 GHz (8.4’).
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Figure 6.32: G92434 Component Clusters
Full line of sight and component sub groups 1 through 5.
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Figure 6.3b: G92433 Component Clusters
Full line of sight and component sub groups 1 through 5.
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Figure 6.3d: G92431 Component Clusters
Full line of sight and component sub groups 1 through 5.
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Figure 6.3e: G92430 Component Clusters
Full line of sight and component sub groups 1 through 5.
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Figure 6.3f: G93534 Component Clusters
Full line of sight and component sub groups 1 through 5.
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Figure 6.3g: G93533 Component Clusters
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Figure 6.3h: G93532 Component Clusters
Full line of sight and component sub groups 1 through 5.



Antenna Temperature (K)

Antenna Temperature (K)

Antenna Temperature (K)

| 693531

-30 =20 -10 O 10 20

30

LSR velocity (km/s)

| 693531 sub?

-30 =20 =10 O 10 20
LSR velocity (km/s)
O./‘O T T T T

| 693531 sub4

-50 =20 =10 O 10 20
LSR velocity (km/s)

30

Antenna Temperature (K) Antenna Temperature (K)

Antenna Temperature (K)

| 693531 sub

-30 =20 =10 O 10 20

50

LSR velocity (km/s)

| G93531 sub3

-30 =20 =10 O 10 20

(km/s)

30

LSR velocity

| G93531 subb

-50 =20 =10 O 10 20
LSR velocity (km/s)

Figure 6.3i: G93531 Component Clusters
Full line of sight and component sub groups 1 through 5.
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Figure 6.3k: G94633 Component Clusters
Full line of sight and component sub groups 1 through 5.
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Figure 6.31: G94632 Component Clusters
Full line of sight and component sub groups 1 through 5.
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Figure 6.3m: G94631 Component Clusters
Full line of sight and component sub groups 1 through 5.
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Figure 6.3n: G99033 Component Clusters
Full line of sight and component sub groups 1 through 5.
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Figure 6.30: G99031 Component Clusters
Full line of sight and component sub groups 1 through 5.
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Figure 6.4a: CO Detection Segregated Observations G92431
The left figure shows the CH observations in the lines of sight where CO was detected, and the right
figure shows the combined CH observations in the lines of sight where CO was not detected (Stricklan
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The left figure shows the CH observations in the lines of sight where CO was detected, and the right
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Figure 6.4c: CO Detection Segregated Observations G93531
The left figure shows the CH observations in the lines of sight where CO was detected, and the right

figure shows the combined CH observations in the lines of sight where CO was not detected (Stricklan
2019).
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Figure 6.4d: CO Detection Segregated Observations G93532
The left figure shows the CH observations in the lines of sight where CO was detected, and the right

figure shows the combined CH observations in the lines of sight where CO was not detected (Stricklan
2019).
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Figure 6.4e: CO Detection Segregated Observations G93534
The left figure shows the CH observations in the lines of sight where CO was detected, and the right

figure shows the combined CH observations in the lines of sight where CO was not detected (Stricklan
2019).
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Figure 6.4f: CO Detection Segregated Observations G94632
The left figure shows the CH observations in the lines of sight where CO was detected, and the right

figure shows the combined CH observations in the lines of sight where CO was not detected (Stricklan
2019).
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Figure 6.4g: CO Detection Segregated Observations G94634
The left figure shows the CH observations in the lines of sight where CO was detected, and the right

figure shows the combined CH observations in the lines of sight where CO was not detected (Stricklan
2019).

| 699031

£ <
L i L
2 0.057 2
o ; o
a | &
c 0.00 gl c
O O]
= 7 ] =
c —0.05¢ ] S
c [ ] c
2 i b
QC: —0.10L I I I I I <]C:
-30 =20 =10 O 10 20 30 -30 =20 =10 O 10 20 30

LSR velocity (km/s) LSR velocity (km/s)

Figure 6.4h: CO Detection Segregated Observations G99031
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2019).



Figure 6.5a: G924 Detection Maps
The maps show, descending left to right, G92434, G92433, G92432, G92431, and G92430. The areas
filled in are regions with detections or tentative detections. The small circles represent the CO 55 arcsecond
beam, and is filled in if there is a CO detection. The circles encompasing CO beams represent the CH
CO-ON and CO-OFF observations and are filled in if there is a CH detection in the CO-ON or CO-OFF
spectra. The five midsized circles represent the five groups of CH spectra, and it is filled in if there isa CH

detection in the group. The outer circle represents the CH full observation, and is filled in if there is a
CH detection.
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Figure 6.5b: G935 Detection Maps

The maps show, descending left to right, G93534, G93533, G93532, and G93531. The areas filled in are
regions with detections or tentative detections. The small circles represent the CO 55 arcsecond beam,
and is filled in if there is a CO detection. The circles encompasing CO beams represent the CH CO-ON
and CO-OFF observations and are filled in if there is a CH detection in the CO-ON or CO-OFF spectra.
The five midsized circles represent the five groups of CH spectra, and itis filled in if there is a CH detection
in the group. The outer circle represents the CH full observation, and is filled in if there is a CH detection.
The points marked in black are lines of sight without observations.
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Figure 6.5c: G946 Detection Map
The maps show, descending left to right, G94634, G94633, G94632, and G94631. The areas filled in are
regions with detections or tentative detections. The small circles represent the CO 55 arcsecond beam,

and is filled in if there is a CO detection. There were no CH detections in any of these lines of sight.
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Figure 6.5d: G990 Detection Map
The maps show, left to right, G99033 and G99031. The areas filled in are regions with detections or
tentative detections. The small circles represent the CO 55 arcsecond beam, and is filled in if there is a

CO detection. The five midsized circles represent the five groups of CH spectra, and it is filled in if there
is a CH detection in the group.

182



CHAPTER 7

NEUTRAL AToMIC HYDROGEN LINE

PROFILES IN PEGASUS

=1 Introduction

The principal reason for studying CH in low-density, low-extinction clouds is that it may trace the lowest
density molecular component, possibly including a component that is not usually traced by the CO
(1 — 0) line. In chapter 5, we noted that CH in MBM 16 appears to be more effective in tracing diffuse
gas compared to high signal-to-noise CO (1 — 0) observations while the situation in MBM 53 described
in chapter 6 is more complicated. Even if the CH 3.3 GHz line only sporadically traces the low-density
molecular componentof an interstellar cloud, observations of any species at the atomic/molecular interface
is critical for understanding how diffuse molecular clouds form out of the ambient gas. In this chapter, the
atomic/molecular interface will be examined from the atomic side using never-published observations of

the 21-cm HI line in MBM53. We attempt to determine if the HI profile shows the presence of molecular
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gas through self-absorption, and we make use of the very high signal to noise of our 21-cm data to see
if there are any very broad HI components present in the spectra. Additionally, we compare our high
signal-to-noise observations with observations from HI surveys, such as EBHIS (Winkel et al. 2016) and
GALFA (Peek et al. 2011; Peek et al. 2018).

In diffuse cloud regions, neutral atomic hydrogen makes up a significant fraction of the total hydro-
gen in the region. Unlike molecular hydrogen, which is very difficult to detect in the cold ISM, atomic
hydrogen is trivially easy to detect, and can be observed in most lines of sight after a few seconds with
a good L-band receiver. It was the first radio spectral line detected (Ewen and Purcell 1951) and is the
strongest non-masing spectral line in the ISM. The line originates from the spin-flip transition connecting
the upper to lower halves of the hyperfine-split ground state.

Due to the short integration time required to obtain usable spectra, there have been many HI surveys
completed. The entire sky was surveyed in HI in the Leiden/Argentine/Bonn (LAB) Survey (Kalberla
et al. 2005) by combining the Leiden/Dwingeloo Survey (LDS - Hartmann and Burton 1997) and the
Instituto Argentino de Radioastonomia (IAR) Survey (Arnal et al. 2000 and Bajaja et al. 2005). The
Hartmann and Burton (1997) survey observed the northern sky above a declination of —30° using the
Netherlands Foundation for Research in Astronomy 25-m telescope. The survey velocity resolution was
1.25 km s~ with a velocity coverage from —450 to 400 km s~! and an rms of 0.09 K (Kalberla et al.
2005). The IAR survey by Arnal et al. (2000) and Bajaja et al. (2005) observed the southern sky below a
declination of —25°, using the Instituto Argentino de Radioastonomia 30-m telescope. The final data
release in 2005 (Bajaja et al. 2005) lists the survey velocity resolution to be 1.27 km s™! with a velocity
coverage from —450 to 400 km s~ and an rms of 0.07 K. A more detailed comparison between the two

surveys is in table 1 of Kalberla et al. (2005).



The Eftelsberg-Bonn HI Survey (EBHIS) (Winkel et al. 2016) used the 100-m telescope at Effelsberg
to survey the sky above a declination of —5°. The survey had an rms of 0.09 K and a velocity resolution
of 1.29 km s~ ! over a velocity range from —600 to 600 km s~ '. The beam size was significantly improved
compared to the LAB survey, where the EBHIS survey has a beam size of 10.8 arcminutes while the LAB
survey has a beam size of 36 arcminutes (Winkel et al. 2016). The southern sky below a declination of 1°
was surveyed by the Parkes Galactic All-Sky Survey (GASS) using the 64-m Parkes telescope (McClure-
Griffiths et al. 2009). This survey had a velocity resolution of 0.82 km s~ with a velocity range from
—470 to 470 km s, a low rms of 0.057 K, and a beam size of 16.1 arcminutes (Winkel et al. 2016).
Similar to the LAB survey, the HI4PI survey (HI4PI Collaboration et al. 2016) combines EBHIS and
GASS to create a single survey that covers the entire sky.

Lastly, the GALFA survey (Peck et al. 2011 and Peek et al. 2018) was conducted using the 305-m
telescope at Arecibo Observatory with an exceptional (for HI) 4 arcminute angular resolution. The survey
covered velocities from —650 to 650 km s~! with a resolution of 0.184 km s™!, but had an unremarkable

0.15 K rms. Due to the geometry of the telescope, the survey viewed only the sky within the narrow

declination range of —1.28° and 37.95°.

7.2 Observations

The data used in this section uses previously unused data from Arecibo project A3021 conducted by
Donate and Magnani in 2016 from January to July. The backend used was the Wideband Arecibo Pulsar
Processor (WAPP) configured for 8 boards, with 1.5625 MHz bandwidth, 9-level sampling, and 2048

channels each. Boards 2 and 4 observed the HI 1420.406 MHz line, while the remaining boards were



used to observe the 1.7 GHz OH lines for a separate project eventually published by Donate, White, and
Magnani (2019). The OH and HI data were taken to sample the 8 arcminute beam of the Magnani et
al. (2000) CO survey and comprise of 5 observations for each position in MBM 53 (see chapter 6 and
figure 7.1). The beam efhiciency at 1420 MHz was approximately 0.69 = 0.07. The individual points
were observed for approximately 10 minutes each, resulting in an average rms of 0.032 K. The beam size
of the observations is 3.58 arcminutes. To account for stray radiation, the data is normalized using the
EBHIS observations, which reduces the measured column densities to about 79 percent of the original
value. Combining the component observations of each main line of sight results in an average rms of
approximately 0.018 K. The rms of the combined observations is much lower than that of the other HI
surveys; GASS, which has an rms of 0.057 and has the lowest rms of the surveys listed above, has an rms

that is ~ 3 times greater than that from our combined observations described below.

~.3 Results

The baseline was determined by selecting the best baseline from a variety of conditions for each individual
component line of sighf} and was always chosen to be second order. Due to the signal covering large
portions of the spectrum for each line of sight, the regions chosen to fit the baseline were always at the
ends of the spectra. Each of the spectra covers a velocity range of about 233 km s ™! across 1448 channels.
For the positive velocities, the number of channels chosen to fit the baseline is either 100, 200, 300, or 400,
approximately 16 to 64 km s~!. For the negative side, the number of channels chosen to fit the baseline

is either 100, 200, or 300, approximately 16 to 48 km s

'See chapter 6 for the definition of a "component” line of sight.
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To account for stray radiation, the data is normalized using the EBHIS data (Winkel et al. 2016). The
column densities of our HI data are calculated from the unadjusted spectra, and the magnitude of the
brightness temperature of each channel is reduced by a flat percentage to reduce N(HI) to match the
EBHIS values. To determine N(HI), equation 2 from HI4PI Collaboration et al. (2016) was used, with

the integrated intensity determined from equation C1 in Mangum and Shirley (2015),

Ny = 1.823 x 10'® / T8, sumAv, (7.1)

where 75 gum is the sum of the brightness temperature in each channel within the line where 7;, = 0.69,
and Auw, is the velocity width of each channel. With a 1.5625 MHz bandwidth, the velocity width per
channel at 1420.406 MHzis 0.161 km/s. Equation 7.1 assumes the HI emission is optically thin.

The stray radiation correction factor averages at about 0.79, so on average about 21 percent of the
signal is from stray radiation. This varies across the Pegasus cloud, with a maximum 28 percent of the
signal from stray radiation, and a minimum 8 percent. Typically, the higher correction factors are at higher
galactic latitude; i.e., —30° and —31° usually have less stray radiation than the lines of sight at galactic

latitude —34° and —33°.

7.4 HI Summed Lines of Sight

Each set of up to 5 component lines of sight within each of the main lines of sigh are combined, in

order to mimic the CO beam from the Southern Galactic High-Latitude Survey (Magnani et al. 2000).

*Arrangement of the components is shown in figure 7.1



Figure 7.2 shows an example of the 5 component lines of sight along with the spectrum of the combined
components.

Similar to the CO and CH observations in chapter 6, there are small variations in the component
observations in each full line of sight, and some have components which are not shared with the rest of
the group. One of the largest variations in G92434 is the velocity component at approximately 40 km s~
in G9243402 and G9243404. In the summed line of sight for G92434, the 40 km s~ ! feature has been
reduced from combining the spectra. However, the feature at —30 km s~ in G9243402 is smoothed

over enough in the summed spectrum that it is no longer easily visible.

7.5 HI Gaussian Decomposition

Gaussian fits were applied to each of the summed lines of sight in order to examine the velocity structure
of HI. There is not a single combination of gaussians which can be used to fit the data uniquely in an
observed spectrum, but we attempt to fit the spectra with as few gaussians as possible. The examined
spectra are corrected for stray radiation by a simple zeroth order reduction in the brightness temperature,
but some of the velocity components may be wholly or partially due to stray radiation, since it does not
increase the brightness temperature in each channel equally.

In order to reduce, but unfortunately not eliminate, our own biases in the gaussian fitting process,
we used an automatic gaussian fitting program based on the pyspeckit Python package (Ginsburg and
Mirocha 2011). Pyspeckit is built to use user inputs to select the initial guesses used to fit the data, but the
process has been automated by using the residual data from successively applied gaussians until the sum

of every 11 channel group of the residual data is below a specified level. For each channel, the channel
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brightness temperature is added to the sum of the 5 channel brightness temperatures on either side of the
channel for a sum of the 11 channels to prevent the program from attempting to fit high-temperature
individual channels. At the ends of the spectra where there are not 5 channels to one side of a channel, the
missing channels are substituted with a brightness temperature of 0 K. In the case of the plots in figure
7.3 and 7.4, the threshold is at 0.50 K. The plots are made using Matplotlib (Hunter 2007).

Gaussians are added one at a time, selecting the midpoint point of the 11 channel group with the
highest summed brightness temperature to select an amplitude and center for the guess. In each iteration,
all of the gaussians which have been added are fit based on the guesses. After the first gaussian is applied,
the amplitude guess uses the amplitude from the initial data set at the location of the midpoint of the 11
channel group. The guess for the width is a function of the amplitude guess and the absolute sum of all
residual temperatures. The simulation assumes that 11 channel groups on the residuals is a good basis to
determine the guesses to use to apply gaussian fits, and requires that the residual baseline is flat enough to
be below the summed temperature threshold. This method is effective in automatically applying gaussian
fits to a curve as long as the channel width is small compared to the width of the signals. The EBHIS data
have wide channels so this fitting method is not effective. Instead of selecting the center point of the 11
channel group with the highest brightness temperature, the highest individual point is selected.

A mosaic of all of the spectra is shown in figure 7.3, which illustrates how the shape of the HI lines
changes across the sampled portion of MBM 53. Figures for each of the 35 combined lines of sight
are shown in figure 7.4. The data are shown in black and the combined gaussian fit in blue. The red
gaussians are each of the component gaussians, and each of the gaussians has the center marked by a red

line underneath the data.



Across most of the spectra, the majority of the HI signal is between —10 and 0 km s~ 1. There are
a few interesting features which arise in single spectra, such as the several lines of sight which include
gaussian components which are at high negative velocities, near approximately —50 km s, and they are
discussed further in section 7.7. The majority of the velocity components are negative, however there
are a few lines of sight with positive velocity components with centers at greater than 10 km s~1, with
G99030, G97931, and G96831 having a distinct peak between 20 and 30 km s~ For most of these
positive velocity components, the feature is short and wide like in G95733, which could indicate the
presence of warm and/or turbulent gas.

The 21-cm line is able to trace neutral atomic hydrogen in the warm neutral medium (WNM) and
cold neutral medium (CNM). The CNM is where molecular clouds form and is very cold, around 10 -
100 K, so emission lines originating from this gas will be narrow. Rearranging an equation from Alexander

(2008) which converts the line width to temperature

T = 40 (opwan/2.355)2 (7.2)

to the following equation

orwam = 2.355 % (T/40)'/? (7.3)

allows us to convert the temperature to the width of a line widened by the thermal doppler broadening.
The CNM will be considered to have temperatures less than 200 K to match the boundary stated in
Audit and Hennebelle (2005), which means that the FWHM will be below 5.3 km s~ *. The boundary
temperatures between the different categories will be rounded up for each case, so the boundary will be

at6km s~ 1.
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The WNM accounts for 60 percent of HI in the ISM (Heiles and Troland 2003), and contains gas
between 5000 to 9600 K (Audit and Hennebelle 2005; Magnani and Shore 2017), which corresponds
to FWHM between ~ 27 km s~ and ~ 37 km s™!. Between the WNM and the CNM is the thermally
unstable warm neutral medium, which accounts for at least 48 percent of the WN(HeiIes and Troland
2003). The amount of gas in the thermally unstable WNM is directly related to the amount of turbulence
in the ISM; as the amount of turbulence increases, so does the amount of gas in the thermally unstable
WNM (Audit and Hennebelle 2005). Gazol et al. (2001) simulated the galactic disk, and found that
about half of the total mass is in the thermally unstable WNM. The boundaries for each of the categories
will be at FWHM = 6, 27, and 37 km s~*. The lines with FWHM above 37 km s~! are from unknown
sources (Haud and Kalberla 2007), and may be from improper baseline fitting, instrumental effects, or,
possibly, stray radiation.

Generally, each of the HI spectra consists of several smaller components, some of which are seen as
the small "bumps" on the signal. The distribution of the gaussian component widths of the fits shown in
figures 7.3 and 7.4 is shown in figure 7.5a, where each of the bins has a width of 1 km s~!. The gaussian
structure of the spectra suggests that each of the lines of sight contains several velocity components, with
the majority of the components being thin with widths of less than 6 km s™*. These components with
narrow widths are likely from gas in the cold neutral medium. The most populated bin is the one for
widths between 2 and 3 km s™', which is not much greater than the velocity resolution of the surveys
which are combined to create the LAB survey. There are also approximately 22 components which have
widths that are less than 2 km s~*. The number of components in each bin beyond 6 km s~ islow, usually

not exceeding 10 components, but overall, about 45 percent of the components have widths greater than

3In Heiles and Troland (2003) the lower limit of the WNM was 500 K.
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6 km s~'. Some of these wide components have extreme widths, and almost 30 velocity components
throughout MBM 53 have widths in excess of 37 km s™. The equivalent kinetic temperature of this
component would be in excess of 9874 K, which makes the interpretation that this component arises
from neutral atomic gas unlikely. This is discussed in the next section. These extremely wide components
only make up about 7 percent of the total components, approximately the amount determined from the
LAB survey data in Haud and Kalberla (2007) for components with FWHM of ~ 42 km s~ .

The summed velocity integrated brightness temperature for each of the bins is shown in figure 7.5b,
which better represents the distribution of the gas in the cloud compared to figure 7.5a. Out of each of
the 4 velocity width groups, the second group, representing the thermally unstable WNM, components
contribute the most to the overall brightness temperature. Approximately 52 percent of the HI in the
sampled lines of sight is in the warm neutral medium, which is consistent with the simulation in Gazol
etal. (2001). Despite having relatively few components per bin, the components from the warm neutral
medium and unstable region tend to have high velocity-integrated HI brightness temperatures. Heiles
(2001) and Heiles and Troland (2003) find that the thermally unstable HI accounts for at least 48 percent
of the warm neutral medium. In the sampled area of MBM 53, it appears that the thermally unstable HI
accounts for 86 percent of the WNM. About 30 percent of the HI in the sampled lines of sight is in the
CNM. The extremely wide components with widths above 37 km s~ contribute little of the brightness
temperature to the overall signal, but make up about the same amount of the signal as the thermally stable
WNM, making up ~ 9 percent of the total.

It does not appear like there is evidence of self-absorption in the HI spectra of MBM 53, when com-
pared with the CO spectra from Donate and Magnani (2017). This is not surprising given that MBM53

is a diffuse molecular cloud.
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7.5.1 Comparison with Previous Surveys

Our data are compared with spectra from the GALFA survey (Peck et al. 2018) and EBHIS (Winkel et al.
2016) to determine if the high signal-to-noise, high resolution data collected in A3021 are able to detect
components of the ISM that were not seen in prior surveys. Spectra of positions G96830, G94632, and
G95731 are collected from our observations and the GALFA spectra, which are from the GALFA spectra
are from the GALFA-HI DR2 Wide data cubes by Peek (2017). The observation coordinates do not
quite line up, so the closest observation to our center line of sight is used. To reduce the GALFA data, the
Python package Astropy (Astropy Collaboration et al. 2013; Astropy Collaboration et al. 2018) was used
along with Numpy (Harris et al. 2020). The EBHIS data was collected from HI Profile Searchff] Both
sets of spectra had gaussians fit using the method described in section 7.5, but the threshold brightness
temperature varies between each line of sight. The spectra from each of the data sets for each of the
sampled lines of sight are shown in figure 7.6, and the threshold brightness temperature is listed for each
spectrum.

The lower signal to noise of the GALFA spectra makes the low brightness velocity components diffi-
cult to separate, and so the GALFA spectra sometimes do not detect the small, narrow components and
the very wide, short components which are seen in the A3021 spectra. In the intermediate velocity com-
ponent of G96830, the GALFA spectrum does not detect a very wide component, which is seen in both
the A3021 and EBHIS spectra. The low velocity resolution of the EBHIS spectra results in less gaussian

components than the other two sets, and the fitting program does not pick out the narrow components.

*see website: https://www.astro.uni-bonn.de/hisurvey/AllSky_profiles/
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Due to having high signal to noise and high resolution, the A3021 spectra are able to detect small
features in the HI profiles which are not detected in GALFA or EBHIS, either due to poor resolution or
poor signal to noise. For example, there are small "bumps" on the positive side of the signal near ~ 8 km
s in G94632 and G96830 which are seen in only the A3021 data set. These small features are smoothed
over by the low resolution in the EBHIS spectra and are undetectable due to the high noise in the GALFA
spectra. The A3021 data adds several velocity components to the fits that are not included in the other
spectra, and many of them are narrow features. Due to the high noise or poor resolution smoothing over
the features in the spectra, the GALFA and EBHIS spectra may be overestimating the amount of HI in
the warm neutral medium and underestimating the amount that is in the cold neutral medium.

The high signal to noise data presented in this chapter show that there is HI velocity structure in
the ISM which is missed by the fully sampled surveys. Thus, there is still a reason for a high-resolution,
high-sensitivity HI survey of local atomic gas.

The GALFA and EBHIS spectra may indicate that the shallow features seen in some lines of sight
at~ 30 kms~! may be due to improperly fit baselines, as those features are not seen in the EBHIS or
GALFA spectra. On the negative side of the spectra, however, the GALFA and EBHIS spectra show that
the shallow features from very wide velocity components seen in the A3021 spectra are likely real.

The distribution of the component widths of the GALFA velocity components is shown in figure
7.7a. Despite the poor signal to noise present in the GALFA data, the distribution of the component
widths is similar to what is seen in the much higher signal to noise A3021 data, but the overall number of
components is greatly reduced. Figure 7.7b shows the summed velocity-integrated brightness temperature
[W(HI)] of the components in each bin, similar to figure 7.5b. In the GALFA data, the thermally unstable

WNM is even more dominant, with nearly 60 percent of the total HI in this temperature range, and 90
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percent of the HI in the WNM is in the thermally unstable WNM. 26 percent of the HI is in the CNM,
slighly less than the amount determined from the A3021 data. The extremely wide width components
contibute about the same amount of the signal compared to the A3021 data, contributing ~ 8 percent
of it. Assuming that the velocity components that are isolated using gaussian decomposition are actual
HI components, then the high signal to noise and high resolution of the A3021 data shows that gaussian
decomposition of the GALFA survey is overestimating the contribution of the unstable WNM to the
overall signal, and that MBM 53 contains more gas in the cold neutral medium and the stable WNM than
suggested by the GALFA survey. The EBHIS data are not compared this way due to the poor velocity
resolution of the data.

In both the A3021 and GALFA data there is present very wide HI components (> 54 km s~') which
cannot be produced by warm HI. The equivalent temperature of such a wide component would be
greater than 21, 000 K so HI emission from such gas would be unphysical. This component has been seen
before (e.g. Haud and Kalberla 2007) and is present even in HI spectra from the GBT (Lockman, private
communication). Its origin remains mysterious and could be purely instrumental (e.g. stray radiation or
poor baseline fitting), although its continual detection at high sensitivities makes the idea of poor baseline

fitting less tenable.

7.6  Map Comparisons

The poorly sampled map of HI column density from project A3021 was compared to HI surveys, specifi-
cally GALFA-DR2 (Peck et al. 2018) shown in figure 7.8 and Hartmann and Burton (1997), shown in

figures 7.9 and 7.10. The observation time per individual line of sight was usually 600 seconds, and the
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rms per combined line of sight on average was approximately 0.018 K. Usually the number of individual
scans contributing to a combined line of sight was 10.

The GALFA survey used the Arecibo 305-m radio telescope and therefore has a resolution of approx-
imately 4 arcminutes, the same as our individual observations. While the rms is comparitively poor at 150
mK, the map is fully sampled between —1 and 38 degrees declination. Figure 7.7 shows a comparison
between the GALFA survey and our observations. From the figure it is clear that our poorly sampled
data misses much of the HI variations between each grid point. Although there is large-scale agreement
between the two data sets, the GALFA survey is rich in detailed small-scale structure.

Additionally, in figures 7.9 and 7.10, we compare our HI observations to the observations by Hart-
mann and Burton (1997), using figures from Yamamoto et al. (2003). The observations were collected
using the 25-m radio telescope at the Netherlands Foundation for Research in Astronomy and observed
on a half degree grid. From the two figures the two data sets agree with each other fairly well, likely because
our poor sampling matching the poor resolution of the Hartmann and Burton (1997) observations.

Figure 7.11 contains four comparison plots, using HI observations collected from A3021, CO obser-
vations from Donate and Magnani (2017), and extinction measurements from the corrected SFD dust
maps (Schlafly and Finkbeiner 2011; Schlegel, Finkbeiner, and Davis 1998). Although the extinction has
better sampling than the HI and CO data, we only use the extinction at the HI and CO lines of sight. The
upper left plot shows a contour map of the HI column density (x 10** cm™?2) in the background, with a
line contour map in the foreground showing the visual extinction (Avy). The two data sets agree fairly well,
likely due to the low amount of H; in the cloud relative to HI. The upper right plot shows a contour map
of the extinction in the background, and in the foreground there is a map of the estimated Hy column

density (10*° cm™?) determined from the CO velocity-integrated antenna temperature and Xco = 2 X
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10?° (see chapter 6). The bottom left plot compares the estimated Hy column density determined from
Ay using the relation from Bohlin et al. (1978) in the background and from CO (with X¢o =2 x 10%)
in the foreground. Similar to the plot of the extinction and CO-derived N(Hy), the two sets of N(Hy) are
somewhat consistent in terms of regions with high or low N(H), however, the two methods do not agree
very well on how much Hj is present. This could be due to CO in most of the lines of sight not being
adequately shielded from the interstellar radiation field, or due to the uncertainty present in both data
sets. The background of the bottom right plot shows the total hydrogen (x 10** cm™~?) determined from
our HI observations, H estimated from CO observations, and the foreground is the extinction. These

two maps are consistent with each other, similar to the N(HI) and extinction map.

7.7 HI Velocity Channel Maps

Velocity channel maps in figure 7.12 show the sum brightness temperature for each 5 km s~ section. In
addition to the low velocity clouds seen in each of the spectra, there were also some intermediate velocity
clouds observed with center velocities between —40 and —60 km s ™. The intermediate velocity clouds
are most prominent at positions G96830 and G95731, in agreement with what is seen in figure 7.3. This
intermediate velocity cloud appears intermittenly across the observed region, mostly as a very short peak
ator below 1 K with a wide velocity dispersion. The intermediate velocity cloud is most visible at G96830,
G96831, and GI5731, where the cloud appears to have at least two velocity components. A detailed map

of this cloud should be made with the GBT or the FAST radio telescopes.

bl
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Figure 7.1: A3021 Beam Pattern
The outer green circle represents the Harvard CFA 1.2-m telescope CO beam at 115 GHz (8.4’) used
in the Magnani et al. (2000) CO (1 — 0) survey. The 5 red circles represent the Arecibo Observatory
305-m telescope OH beam at 1.7 GHz (2.85°) described by Donate, White, and Magnani (2019), and
the 5 yellow circles represent the Arecibo Observatory 305-m telescope HI beam at 1.4 GHz (3.58’).
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Figure 7.2: G92434 Component Baselines
Component lines of sight which are summed in order to create the composite lines of sight used through-
out this chapter, in order to mimic the 8.4’ beam used for the Southern Galactic High-Latitude Survey
(Magnani et al. 2000). The bottom right spectrum shows all of the components summed together.
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Figure 7.4a: Plots of Gaussian Fits: 92.4
Positions | = 92.4°, b = —30° (top) and b = —31° (bottom).
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Figure 7.4b: Plots of Gaussian Fits: 92.4
Positions | = 92.4°, b = —32° (top) and b = —33° (bottom).
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Figure 7.4c: Plots of Gaussian Fits: 92.4
Positions [ = 92.4°, b = —34°.
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Figure 7.4d: Plots of Gaussian Fits: 93.5
Positions | = 93.5°, b = —30° (top) and b = —31° (bottom).
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Figure 7.4e: Plots of Gaussian Fits: 93.5
Positions | = 93.5°, b = —32° (top) and b = —33° (bottom).
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Figure 7.4f: Plots of Gaussian Fits: 93.5
Positions [ = 93.5°, b= —34°.
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Figure 7.4g: Plots of Gaussian Fits: 94.6
Positions | = 94.6°, b = —30° (top) and b = —31° (bottom).
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Figure 7.4i: Plots of Gaussian Fits: 94.6
Positions | = 94.6°, b = —34°.
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Figure 7.4j: Plots of Gaussian Fits: 95.7
Positions | = 95.7°, b = —30° (top) and b = —31° (bottom).
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Figure 7.4k: Plots of Gaussian Fits: 95.7
Positions | = 95.7°, b = —32° (top) and b = —33° (bottom).

211

50

60

70

80

90

100

110

120



0 G95734h2

25

e = N
o v o

Brightness Temperature (K)

w

~2120 _T10 —100 —80 —80 —70 —60 —50 —40 —30 -20 -10 6 10 20 30 40 50 60 70 80 90 100 110 120
Velocity (kmy/s)

Figure 7.41: Plots of Gaussian Fits: 95.7
Positions | = 95.7°, b = —34°.
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Figure 7.4m: Plots of Gaussian Fits: 96.8
Positions | = 96.8°, b = —30° (top) and b = —31° (bottom).
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Figure 7.4n: Plots of Gaussian Fits: 96.8
Positions | = 96.8°, b = —32° (top) and b = —33° (bottom).
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Figure 7.40: Plots of Gaussian Fits: 96.8
Positions [ = 96.8°, b = —34°.
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Figure 7.4p: Plots of Gaussian Fits: 97.9
Positions | = 97.9°, b = —30° (top) and b = —31° (bottom).
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Figure 7.4q: Plots of Gaussian Fits: 97.9
Positions | = 97.9°, b = —32° (top) and b = —33° (bottom).
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Figure 7.4r: Plots of Gaussian Fits: 97.9
Positions { = 97.9°, b= —34°.
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Figure 7.4s: Plots of Gaussian Fits: 99.0
Positions [ = 99.0°, b = —30° (top) and b = —31° (bottom).
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Figure 7.4t: Plots of Gaussian Fits: 99.0
Positions [ = 99.0°, b = —32° (top) and b = —33° (bottom).
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Figure 7.4u: Plots of Gaussian Fits: 99.0
Positions [ = 99.0°, b = —34°,
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Figure 7.5a: A3021 Component Width Distribution
Histogram of the number of gaussians fit to the spectra shown in figures 7.3 and 7.4 as a function of the
FWHM of each gaussian fit.
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Figure 7.6a: Plots of G96830
Upper plotis the fit data from A3021 with a threshold value of 0.50 K, and the lower plot is the data from
the GALFA survey (Peck et al. 2018) with a threshold value of 6 K.
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Figure 7.6b: Plot of G96830
Data are from EBHIS (Winkel et al. 2016) with a threshold value of 0.40 K.
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Figure 7.6¢: Plots of G94632
Upper plotis the fit data from A3021 with a threshold value of 0.50 K, and the lower plot is the data from
the GALFA survey (Peck et al. 2018) with a threshold value of 5 K.
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Figure 7.6d: Plot of G94632
Data are from EBHIS (Winkel et al. 2016) with a threshold value of 0.30 K.
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Figure 7.6e: Plots of G95731
Upper plotis the fit data from A3021 with a threshold value of 0.50 K, and the lower plot is the data from
the GALFA survey (Peck et al. 2018) with a threshold value of 5 K.
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Figure 7.6f: Plot of G95731
Data are from EBHIS (Winkel et al. 2016) with a threshold value of 0.55 K.
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Figure 7.7a: GALFA Component Width Distribution
Same as 7.5a except using data from the GALFA survey (Peck et al. 2018).
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Figure 7.7b: GALFA Component Width W(HI)
Same as 7.5b except using data from the GALFA survey (Peck et al. 2018).
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Figure 7.8: GALFA and A3021
HI column density is in units of 10%° cm~2. The horizontal axis is right ascension, and the vertical axis is
declination in 2000 coordinates. The black foreground contour lines are based on the HI 1420 MHz line
data collected on board 2 of the project A3021 observations, and the background is from the GALFA

survey. The contour lines in both are in steps of 0.5 x 1020 cm~2 from 10%° to 10%' cm—2.
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Figure 7.9: GALFA and A3021
HI velocity-integrated beam temperature is in K km s~ 1. The horizontal axis is galactic longitude, and the
vertical axis is galactic latitude. The black foreground contour lines are based on the HI 1420 MHz line
data collected on board 2 of project A3021. The background is a portion of figure 6 from Yamamoto et
al. (2003), using the data from Hartmann and Burton (1997) between —11 and 0 km/s. The foreground
data are between —10 and 0 km/s.
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Figure 7.10: GALFA and A3021

HI velocity-integrated beam temperature is in K km s Again, the horizontal axis is galactic longitude,
and the vertical axis is galactic latitude. The black foreground contour lines are based on the HI 1420
MHz line data collected on board 2 of project A3021. The background is a portion of figure 8 from
Yamamoto et al. (2003), using the data from Hartmann and Burton (1997) between —20 and —12 km/s.
The foreground data are between —20 and —10 km/s.
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Figure 7.11: Comparison Contour Plots
HI column density is in units of 10 cm~2. Extinction is in units of mag. CO velocity integrated beam
temperature is in units of K km s~ L. See section 7.6 for details.
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Figure 7.12a: Contour Plots of N(HI) from -100 to -60 km/s
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Figure 7.12b: Contour Plots of N(HI) from -60 to -20 km/s
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Figure 7.12c: Contour Plots of N(HI) from -20 to 20 km/s
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Figure 7.12d: Contour Plots of N(HI) from 20 to 60 km/s
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Figure 7.12e: Contour Plots of N(HI) from 60 to 100 km/s
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CHAPTER 8

METHYLIDYNE PDR MoOoDEL

8.1 Introduction

Numerical simulations of photodissociation regions can help to improve our understanding of how the
abundances and excitation conditions for the relevant atomic and molecular species vary as a function
of depth into the photodissociation region. Because molecular clouds can be thought of as PDRs (e.g.
Magnani and Shore 2017), this is the first step in understanding how these molecular clouds form from
larger atomic structures in the ISM. In this chapter we study how CH is treated in a photodissociation
region model. We have seen in Chapters 3 and 4 how T, has been determined using on—oft radio
observations (e.g. Rydbeck et al. 1976, Hjalmarson et al. 1977, Genzel et al. 1979), optical observations
of O and B type stars (e.g. Lien 1984, Jura and Meyer 1985), and optical observations of O and B type
stars with radio observations of the same line of sight (e.g. Lien 1984, Dailey et al. 2020). If we assume
that 7%y determined through each of the methods is the excitation temperature of the main line of the

CH ground state, then T, varies greatly due to the differing physical conditions in each cloud. Thus,
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assuming a uniform 7¢ for all clouds would cause significant errors in the derived column density if
the variations in physical conditions (i.e. density, radiation field, gas-to-dust ratio, metallicity) are not
accounted for. Bertojo et al. (1976) predicted that T for the ground state doublet would vary depending
on the conditions within the cloud using collisional models, and determined 7%, changes significantly
with a change in density and/or temperature.

In order to further explore how Tt depends on the conditions within the cloud, we used a modified
version of the 3D-PDR code developed by Bisbas et al. (2012). The code was modified by Thomas Bisbas
(2020, private communication) to add CH into the cooling function calculations. With the addition
of CH as a coolant, the code calculates the populations of the energy levels of CH using the rate coef-
ficients from Dagdigian (2018), with H and H; colliders published on the LAMDA database (Schéier
et al. 2005)[} along with rate coefficients of CH-He collisions from Marinakis et al. (2019). The rate
coefhicients included for CH-He collisions has been reduced to only cover the lowest 32 hyperfine states of
CH (covering 4 rotational levels), which matches the range of rate coefficients in the CH-H and CH-H,
data. Unfortunately, at the time of writing there was no hyperfine resolved collision data available for CH
collisions with electrons for the 32 lowest states of CH.

The chemical network used is the 128 species chemical network included with the stock code, and
each of the simulations uses a one dimensional, constant density model. The gas-to-dust ratio for the
majority of the trials is considered to be 124, which is assumed to be the average gas-to-dust ratio of the

ISM (Li and Draine 2001). The metallicity is assumed to be 1 (i.c., equal to the metallicity for the Sun).

"https://home.strw.leidenuniv.nl/ moldata/
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The model determines the species abundance from 1072 to 10! mag extinction with a high extinction
resolution across an exponential series of steps. Each of the steps increases the exponent term by 0.0125,

therefore each order of magnitude has about 80 steps for a total of 482 steps.

8.2 CH Flat Model

The flat model simulates a region of space with constant density and a UV radiation source on one side
similar to the PDR illustrated in figure 1.1. The code was run for densities between 10" and 10*7 cm™*
(~ 50.12 and ~ 501.2 cm™?) covering much of the range of densities in diffuse clouds, and the initial
UV radiation field is either 0.57, 1.70, or 5.1 Draines (Draine 1978), corresponding to the standard
interstellar radiation field (ISRF) and a factor of three change in the standard ISRF in either direction

(Heays, Bosman, and van Dishoeck 2017). The extinction in the models is modeled from the edge of the

cloud, and is not comparable to measured extinction.

8.2.1 Abundance and Temperature

The majority of the trials had gas temperatures which were usually within the range of temperatures for a
diffuse cloud (30 to 100 K) in Snow and McCall (2006). The exceptions were the trial with 0.57 Draine
UV radiation field for the 10%7 cm ™2 density model and the 5.10 Draine radiation field trials at low density.
As expected, the gas temperatures increase with an increase in the initial UV radiation field intensity and
a decrease in the gas density. The temperature usually increases slightly after the molecular hydrogen
becomes self-shielding, and then drops to near or at the minimum temperature of 10 K at high extinction

due to enhanced molecular cooling. In some of the high UV radiation field trials at low densities, the
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temperature would drop after Hy becomes self-shielding instead of increasing. Unfortunately, when the
gas temperature drops to the minimum temperature allowed by the simulation (10 K), as seen in figure
8.1, the results of the simulation in that region are corrupted and are no longer useful.

Figure 8.2 illustrates how the abundance changes with density for the 5 species in the ISM we are pri-
marily interested in (H, Hy, CO, OH and CH). Atlow extinction before Hy self-shielding, the abundance
of the 4 diatomic species tends to be higher if the density is higher, with Hy having the highest abundance,
followed by CO and OH at 6 orders of magnitude lower abundance, and CH at approximately 8 orders
of magnitude lower abundance. Hy, CO and CH increase in abundance with an increase in density for
the majority of the extinction space, however, the OH abundance tends to decrease with an increase in
density shortly after Hy becomes self-shielding due to OH being consumed in chemical reactions.

Figure 8.3 shows the abundance for varying UV field strength at 0.57, 1.70, and 5.10 Draines and
varying density from 10*" to 107 cm 3. As the UV radiation field strength is increased and/or the density
is decreased, Hy will become self-shielding at higher extinction. In all cases, the CH abundance, at least
initially, will closely match the increase in the Hy abundance as the Hy becomes self-shielding. Formation

of CH begins with the radiative association of C* and Hj through the reaction

C* + H, — CHJ + hv (8.1)

which is followed shortly by the ion-molecule reaction

CHy + H, -+ CH; +H (8.2)
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The combination of dissociative recombination of CH3 and CHJ through the reactions

CHf +e- - CH+H (8.3)

and

CHf + e~ — CH + H, (8.4)

forms CH (Danks, Federman, and Lambert 1984) The plentiful C™ in diffuse clouds (as seen in figure
8.3) along with the quick reactions in the CH formation network suggests that the population of CH
will be closely linked to the population of Hy, which is reflected in the model results.

The boundary between diffuse and translucent clouds can be defined as the point where half of the
carbon in the gas is contained in C* ions (Snow and McCall 2006). The densest model (10%7 cm ™) does
not reach this boundary before the model reaches the 10 K lower limit, so according to this model that
boundary likely occurs at higher densities than the ones sampled in this chapter.

Most of the molecular species we are interested in increase with increasing extinction, however OH
usually decreases in abundance after a small increase at low extinction as the molecule is consumed to
create more complex molecules. When there is a very low radiation field, OH abundance immediately
decreases after Hy becomes self-shielding.

The CH/Hj ratio in the model is shown in figure 8.4. The high density and/or UV radiation field
trials tend to have CH/H, ratios on the order of 107 and 10~7, which are consistent with the observed
N(CH)/N(Ha) ratio of approximately 5 x 10~® (Liszt and Lucas 2002; see chapter 2). The CH/Hj ratio
varies depending on the initial conditions, and across the extinction space the ratio is not constant but

generally does not vary by more than two orders of magnitude. It changes more with increases in the UV
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ISRF and decreases in the density. In each case, the CH/Hj ratio ends up within an order of magnitude

of 5 x 107® at high extinction (10° — 10" mag).

8.2.2 Excitation

The plots showing how the excitation temperature changes across the photodissociation region are shown
in figure 8.5. The excitation temperature at each point in the PDR is shown in red and the axis is on the
right side of the figure. The spikes in excitation temperature are an unresolved issue in the calculations of
the CH level populations by the 3D-PDR program. Before the H self-shielding region, the excitation
temperature varies significantly with varying density and UV radiation field. Due to the relation between
the level population ratio and the excitation temperature, the changing excitation temperature is discussed
in terms of the population ratio of levels 2 and 4 of the ground state. As the density increases, the upper
level (4) becomes more populated, often resulting in negative excitation temperatures, and atlow densities
the lower level (2) is more populated, resulting in positive excitation temperatures. For all cases, the
excitation temperature drops to near the background temperature at high extinction.

If the collisions with helium are ignored, then it appears collisions with atomic hydrogen tend to pop-
ulate the upper ground state and collisions with molecular hydrogen tends to populate the lower ground
state, mirroring the observations of Bouloy, Nguyen-Q-Rieu, and Field (1984). In this case the singularity
occurs in the Hy self-shielding region as the Hy density rapidly increases. Collisions with helium tend
to populate the upper half of the ground state, resulting in more negative excitation temperatures and
causes the singularity in the excitation temperature to occur at higher extinction after Hy becomes self-
shielding. The inclusion of helium colliders also causes the slope near the singularity to be more gradual

at higher UV radiation intensities, with the slope becoming steeper as the UV radiation field decreases.
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Helium is not very reactive in the ISM so its relative population does not change significantly across the
flat photodissociation region, so its effect does not appear to strongly depend on the position within the
pdr.

Observations of molecular clouds have led to calculations of the CH main line excitation temperature;
some studies have derived high excitation temperatures (e.g. Rydbeck et al. 1976), while others have
derived low excitation temperatures (e.g. Dailey et al. 2020). While the excitation temperature of the
main line is usually determined to be inverted, the excitation temperature of the ground state doublet has
been measured to be positive for some lines of sight (Lien 1984; Jura and Meyer 1985). However, the
excitation temperature of the doublet includes all 4 hyperfine states from the upper and lower halves of
the lambda doubled ground state, which may not be identical to the main line excitation temperature.

The model excitation temperatures are usually positive at higher extinctions, where the majority of
the CH is. Observations of the CH main line have shown that the excitation temperature is generally
inverted, so it is unlikely that the excitation temperatures in this model are accurate. If the CH-electron
collisions are the only major collision partner that is neglected, then the collisions with electrons likely
cause the upper states to become populated, similar to collisions with atomic hydrogen. Atomic oxygen
and C™ have similar abundances to electrons, so they may also be important collision partners.

Figure 8.5 also shows the observed velocity-integrated brightness temperature of a hypothetical ob-
servation of the PDR. Point W(CH) is calculated from the column density and excitation point at each
point in the extinction space, where the column density is the density multiplied by a 0.1 parsec path
length. Actual observations will sample the outer portion of the PDR up to the maximum extinction for
that line of sight. To determine what influence this has on observations, figure 8.5 shows the cumulative

W(CH) of a hypothetical observation of the PDR in green. The cumulative excitation temperature is
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shown in orange, and is determined from the column density of N(CH) and the cumulative W(CH). The
distance into the modeled region as a function of the extinction is shown in figure 8.5 as a black line. In
each trial, the relation between the distance and extinction is linear and increases with decreasing density.

When observing at 3.3 GHz, the Arecibo 305-m telescope has a beam size of about 1.4 arcminutes. If
observing a cloud that is 170 pc away, such as MBM 16 (Zucker et al. 2019), then the beam is observing
an area 0.07 pc across. At this distance, the Hy self-shielding region is contained within the beam. At
high densities the transition from Hj being unshielded to self-shielding is quick and occurs over an order
of magnitude of distance between 10501073 pc. The transition is more gradual at low densities, and
occurs over an order of magnitude of distance between approximately 103 to 10! pc. At a density of
10" cm ™3 and the standard UV radiation field (1.70 Draines), the Hy self shielding transition could
occupy the entire beam at 170 pc.

For a line to be detectable in a reasonable amount of time, W(CH) has to be on the order of 10? mK
km s, The model is able to replicate detectable levels of W(CH) (cumulative W(CH) of at least 10?
mK km s71), however when CH is measurable, the cumulative excitation temperature does not reflect
observed main line excitation temperatures which are generally negative. The model assumes that the
observation is made normal to the surface of the cloud, but if the cloud is observed at an angle, then the
observable CH signal could be detectable with a shallower PDR. To have excitation temperatures close
to what has been observed, the cloud would have to be positioned so that a PDR is observed to have a
1 — 2 order of magnitude greater CH velocity-integrated brightness temperature, which would require
the cloud to be at a steep angle relative to the observer. Alternatively, the transition region could extend

over several beams.
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In order to reach detectable levels in very diffuse gas at densities of 10'" cm ™3, the PDR will have to
be at least about 1 — 10 parsecs deep, assuming that the actual excitation temperature of CH does not
significantly change W(CH). At densities of 10>7 cm™, CH is able to be detected in a PDR which is
between 1072 and 10! pc deep depending on the radiation field intensity.

Either the model is not producing an accurate model of the excitation temperature in the photodisso-
ciation region due to missing collision data, or the photodissociation region cannot be accurately modeled
as a constant density region. Given that collisions with atomic hydrogen and helium tend to populate the
upper half of the CH lambda-doubled ground state and collisions with molecular hydrogen tend to popu-
late the lower half of the ground state, then perhaps the observations of an inverted excitation temperature
for the CH main line implies that there is another important collider which is currently unaccounted for.
Despite the model’s inability to predict the CH excitation temperatures, it is able to show that CH should
be detectable in low density gas where CO is not adequately self-shielded, as long as the actual excitation
temperature is not close to 2.8 K which would significantly reduce W(CH), which is consistent with our

results in chapters 5 and 6.

8.2.3 Gas/Dust Effects

To determine the effects of the relative densities of gas and dust may have on the excitation of CH; the
gas-to-dust ratio was assumed to be either 50, 100, 124, or 500 for 4 trials. The gas-to-dust ratios 100 (i.c.
Magnani and Shore 2017) and 124 (Li and Draine 2001) are average values for the ISM. The outer values
at 50 and 500 are based on the measured gas-to-dust ratios in a sample of galaxies with varying metallicity

in Leroy et al. (2011). In the simulation the metallicity will be assumed to be 1.
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The model results of the abundances and excitation temperatures are shown in figure 8.6 and 8.7.
Each of the trials had a density of 10*” cm™ and 1.7 Draine UV radiation field. Dust is very important
for the formation of molecular hydrogen, since Hy forms very slowly in the gas phase, so Hy is primarily
formed when two hydrogen atoms bond on the surface of a dust grain (Snow and McCall 2006). The
trials which had more dust (low gas-to-dust ratio) had more Hy produced initially due to the increased
Hj production rate and also became self-shielding at lower extinction than the higher gas-to-dust ratio
trials. The more abundant H leads to higher abundances of CH and CN, but the initial abundances of
CO and OH are nearly constant across each trial. CO and OH do not seem to be effected much by the
variations in the gas-to-dust ratio except at the Hj self-shielding region, where the abundance of CO and
OH increase slightly at high dust levels but barely increase at all when there is less dust.

The excitation temperatures of each trial along with the estimated W(CH) are shown in figure 8.7,
and the plots are similar to the plots in figure 8.5. The majority of the trial’s excitation temperatures
are not consistent with observations, since the excitation temperatures are positive by the time that the
CH signal is observable in the trials for the lower gas-to-dust ratios. The lower state of CH becomes
increasingly more populated after Hy becomes self shielding due to the increase in Hy collisions. The
abundance of Hy is strongly linked with the gas-to-dust ratio due to molecular hydrogen’s reliance on
dust for formation, so when the gas-to-dust ratio is high, like in the 500 gas-to-dust ratio trial, there is less
Hj at the point CH is detectable, so the lower state is less populated at that point compared to the lower
gas-to-dust ratio trials. The simulated excitation temperatures are able to be consistent with observations
very high gas-to-dust ratios.

According to the simulation, the excitation temperature of an observation can vary depending on the

gas-to-dust ratio of the cloud. A lower gas-to-dust ratio will result in the lower state being more populated
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at the point the CH signal is detectable, and a higher gas-to-dust ratio will cause the lower state to be less
populated. Unless the gas-to-dust ratio is much higher than the average in the PDR of molecular clouds,

it is likely that the simulation is missing the collision data for other important colliders for CH.

8.3 Variable Density Model

The gas in a molecular cloud is not expected to be at a constant density as we had in the flat model, but
will instead steadily increase in density. The diffuse portion of the cloud will have densities between 100
and 500 cm ™, and translucent portions will have densities from 500 to 5000 cm ™ (Snow and McCall
2006). To model the increasing density within the cloud, the density increases as extinction increases by
a function of r !, where r is the distance from the center of the cloud, for two sets of trials based on the
density increasing from 50 to 500 cm ™ and 10% to 10* cm 2. Since the flat trials showed that the model
tends to break down at high extinction, the upper limit of the extinction is reduced to 10° mag for the

variable density trials.

8.3.1 Abundance and Temperature

The temperatures for each of the trials shown in figures 8.8a, 8.8b, 8.9a, and 8.9b are similar to the results
in section 8.2.1, the initial temperature of the gas is higher at higher UV radiation field intensities, and
the temperature will increase after Hy becomes self-shielding, but drops to the minimum temperature at
high extinction.

At low extinction, the abundances in the variable density models in figures 8.8c, 8.8d, 8.9¢, and

8.9d are very similar to the flat models at similar densities. The largest difference between the abundances
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predicted in the flat model and the variable model is the abundance of CO and C*. At the high densities in
the 10% to 10* cm ™ model, the CO overtakes C* and becomes the dominant carbon species, marking the
transition from diffuse to translucent. As expected, this transition occurs at lower extinctions in the low
UV radiation field trials. The 50-500 cm ™ model does not show this transition, but the CO abundance

at high extinction is similar to the CO abundance at high extinction in the 1027 cm—3 flat density model.

8.3.2 Excitation

The excitation temperatures predicted by the variable model shown in figures 8.8e, 8.8f, 8.9¢ and 8.9f are
very similar to what is predicted by the flat models. This is due to the Hy self-shielding region occurring
at very low extinction where the density is almost constant. When the density increases at the higher
extinctions, the point W(CH) and the cumulative W(CH) also increase due to the increase in density

since the excitation temperature does not change much compared to the flat model.

8.4 Conclusion

The modified 3D-PDR model was unable to reproduce observed excitation temperatures with the initial
conditions in the trials. This likely indicates that CH-H, CH-H,, and CH-He collisions are not sufficent
to describe why the CH excitation temperature is often measured to be inverted. Possibly collisions with
electrons, atomic oxygen or C* may be causing the upper half of the lambda doubled ground state to
become overpopulated, but collision data for each of those species with CH would be needed to determine

their effect on the CH main line excitation temperature in this model.
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Figure 8.1a: Model gas temperatures in the cloud at ny = 1027 em =3, 0.57 and 1.70 Draine initial UV
radiation field
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Figure 8.1b: Model gas temperatures in the cloud at ny = 1027 ¢cm™3, 5.10 Draine initial UV radiation
field
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Figure 8.1c: Model gas temperatures in the cloud at ny = 102% cm™3, 0.57 and 1.70 Draine initial UV
radiation field
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Figure 8.1d: Model gas temperatures in the cloud at ng = 10%® em™3, 5.10 Draine initial UV radiation
field
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Figure 8.1e: Model gas temperatures in the cloud at ny = 1023 cm™3, 0.57 and 1.70 Draine initial UV
radiation field
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Figure 8.1f: Model gas temperatures in the cloud at ny = 1023 em™3, 5.10 Draine initial UV radiation

field
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Figure 8.1g: Model gas temperatures in the cloud at ny = 102 em™3, 0.57 and 1.70 Draine initial UV
radiation field
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Figure 8.th: Model gas temperatures in the cloud at ny = 102! em™3, 5.10 Draine initial UV radiation

field
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Figure 8.1i: Model gas temperatures in the cloud at ng = 10 ecm™3, 0.57 and 1.70 Draine initial UV
radiation field
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Figure 8.15j: Model gas temperatures in the cloud at ny = 10" ecm™3, 5.10 Draine initial UV radiation

field
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Figure 8.1k: Model gas temperatures in the cloud at nyg = 102" em ™3, 0.57 and 1.70 Draine initial UV
radiation field

261



120 1Dn170Fg5.10f Temperature

100

80

60

Temperature [K]

40

20

10~ 1074 1073 102 107 100 10t
Av [mag]

—— Gas Temp Dust Temp

Figure 8.11: Model gas temperatures in the cloud at nyg = 1057 em—3, 5.10 Draine initial UV radiation

field
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Figure 8.3b: Model abundances in the cloud at ny = 10%7 cm—2, 5.10 Draine initial UV radiation field
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Figure 8.3c: Model abundances in the cloud atny = 10%5 cm™3,0.57 and 1.70 Draine initial UV radiation
field
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Figure 8.3d: Model abundances in the cloud at nyy = 1025 cm™2, 5.10 Draine initial UV radiation field
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Figure 8.3f: Model abundances in the cloud at ny = 10%3 cm—2, 5.10 Draine initial UV radiation field
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Figure 8.3h: Model abundances in the cloud at ny = 10%! cm—2, 5.10 Draine initial UV radiation field
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Figure 8.3j: Model abundances in the cloud at nyy = 102 em™2, 5.10 Draine initial UV radiation field

273



1Dn170Fg0.57f Abundance

10t

107!

1073

Abundance
= =
o o
0 4

H
9
&

1011

10-13

1074 103 102 1071 100
Av [mag]

— H —— He CH ct — N
— H2 OH co e~ — O

1Dn170Fgl.70f Abundance

10t

10t

107t

1073

H
9
4

Abundance
=
9

107?

10-11

10-13

Figure 8.3k: Model abundances in the cloud atny = 10%7 ecm™3,0.57 and 1.70 Draine initial UV radiation

field

1074 1073 102 101 100
Av [mag]

— H —— He CH ¢t — N
— H2 OH co e~ — O

274

10t



1Dn170Fg5.10f Abundance

10t

1073

107°

Abundance
=
9

107°

10-11

10-13

10-15

1073

1074 1073 1072
Av [mag]

— H  — He CH c+
— H2 OoH co e

107t

— CN
— 0

10°

10t

Figure 8.31: Model abundances in the cloud at ng = 10%7 em—2, 5.10 Draine initial UV radiation field
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Figure 8.4a: Model CH/Hj ratio in the cloud at nyy = 1027 em ™3, 0.57 and 1.70 Draine initial UV
radiation field
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Figure 8.4b: Model CH/Hj ratio in the cloud at ny = 10%7 cm™3, 5.10 Draine initial UV radiation field
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Figure 8.4c: Model CH/Hj ratio in the cloud at ny = 10%® cm™3, 0.57 and 1.70 Draine initial UV
radiation field
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Figure 8.4d: Model CH/Hj ratio in the cloud at ny = 10%® cm ™3, 5.10 Draine initial UV radiation field
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Figure 8.4e: Model CH/Hj ratio in the cloud at nyy = 1023 cm™3, 0.57 and 1.70 Draine initial UV
radiation field
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Figure 8.4f: Model CH/H, ratio in the cloud at ny = 1023 cm ™3, 5.10 Draine initial UV radiation field
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Figure 8.4g: Model CH/Hj ratio in the cloud at ny = 102! cm™3, 0.57 and 1.70 Draine initial UV
radiation field
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Figure 8.4h: Model CH/Hj ratio in the cloud at ny = 10> cm ™3, 5.10 Draine initial UV radiation field
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Figure 8.4i: Model CH/H, ratio in the cloud at ny = 10 em™3, 0.57 and 1.70 Draine initial UV
radiation field
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Figure 8.4j: Model CH/Hj ratio in the cloud at nyy = 10%? cm ™3, 5.10 Draine initial UV radiation field
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Figure 8.4k: Model CH/H, ratio in the cloud at ny = 102" em™3, 0.57 and 1.70 Draine initial UV
radiation field
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Figure 8.41: Model CH/Hj ratio in the cloud at nyy = 10%7 em—3, 5.10 Draine initial UV radiation field
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Figure 8.sa: Model excitation temperatures and W(CH) at nyy = 1027 cm ™3, 0.57 and 1.70 Draine initial
UV radiation field
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Figure 8.sb: Model excitation temperatures and W(CH) at ng = 107 cm ™3, 5.10 Draine initial UV
radiation field
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Figure 8.5c: Model excitation temperatures and W(CH) at ng = 102° cm ™3, 0.57 and 1.70 Draine initial
UV radiation field
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Figure 8.5d: Model excitation temperatures and W(CH) at ng = 10%® cm ™3, 5.10 Draine initial UV
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Figure 8.se: Model excitation temperatures and W(CH) at nyy = 1023 cm™3,0.57 and 1.70 Draine initial

UV radiation field
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Figure 8.5f: Model excitation temperatures and W(CH) at nyy = 10** cm™?, 5.10 Draine initial UV
radiation field
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Figure 8.sg: Model excitation temperatures and W(CH) at nyy = 10?2 em™3,0.57 and 1.70 Draine initial

UV radiation field
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Figure 8.sh: Model excitation temperatures and W(CH) at ng = 10! cm ™3, 5.10 Draine initial UV
radiation field
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Figure 8.5i: Model excitation temperatures and W(CH) at ny = 10 em ™3, 0.57 and 1.70 Draine initial
UV radiation field
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Figure 8.s5j: Model excitation temperatures and W(CH) at nyy = 10 cm™?, 5.10 Draine initial UV
radiation field
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Figure 8.sk: Model excitation temperatures and W(CH) at ng; = 1057 cm™3,0.57 and 1.70 Draine initial

UV radiation field
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Figure 8.5l: Model excitation temperatures and W(CH) at ny; = 107 cm™?, 5.10 Draine initial UV
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Figure 8.6a: Model abundances at various G/D ratios
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Figure 8.6b: Model abundances at various G/D ratios
Top plot has a gas-to-dust ratio of 124 and the bottom plot has a gas-to-dust ratio of 500.
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Figure 8.7b: Model excitation temperatures and W(CH) at various G/D ratios
Top plot has a gas-to-dust ratio of 124 and the bottom plot has a gas-to-dust ratio of 500.
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Figure 8.8a: Variable model temperatures in the cloud from 102 to 10* em 3, 0.57 and 1.70 Draine initial
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Figure 8.8b: Variable model temperatures in the cloud from 102 to 10* em 3, 5.10 Draine initial UV
radiation field
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Figure 8.8d: Variable model abundances in the cloud from 102 to 10* cm ™3, 5.10 Draine initial UV
radiation field
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Figure 8.8e: Variable model excitation temperatures and W(CH) for ngz from 102 t0 10* em 3, 0.57 and
1.70 Draine initial UV radiation field
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Figure 8.8f: Variable model excitation temperatures and W(CH) for ny; from 102 to 10* em ™3, 5.10
Draine initial UV radiation field
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Figure 8.9a: Variable model temperatures in the cloud from 50 to 500 cm 2, 0.57 and 1.70 Draine initial
UV radiation field
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Figure 8.9b: Variable model temperatures in the cloud from 50 to 500 cm ™3, 5.10 Draine initial UV
radiation field
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Figure 8.9d: Variable model abundances in the cloud from 50 to 500 cm™?, 5.10 Draine initial UV
radiation field
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Figure 8.9¢: Variable model excitation temperatures and W(CH) for ny from 50 to 500 cm™?, 0.57 and
1.70 Draine initial UV radiation field
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Figure 8.9f: Variable model excitation temperatures and W(CH) for nyy from 50 to 500 cm ™2, 5.10 Draine
initial UV radiation field
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CHAPTER 9

CONCLUSION

This thesis has been primarily studying CH in the ISM, with a focus on measuring or simulating the
excitation temperature of the CH main line. We have also tested using the CH 3335 MHz emission line
as a potential method for tracing CO-faint gas in diffuse molecular clouds.

In chapter 2 we examined the relationship CH has with extinction and molecular hydrogen in order
to estimate the average excitation temperature. With a sample of optical and UV data collected from the
literature, we found that N(CH)/N(Hz) = 4.75 £ 2.20 x 10~® where the uncertainty is the standard
deviation, which is similar to the value determined by Liszt and Lucas (2002), N(CH)/N(Hz) = 4.3 +
1.9 x 1078, Using radio observations, where N(Ha) is calculated from extinction and N(HI), the slope
of N(CH)/N(Hz) = 8.73 & 6.11 x 1078, The descrepency between the two relations may be due to
the excitation temperature, in the radio-derived N(CH)/N(H>) calculation, N(CH) was determined
assuming Toy > Ti,e. A small value of Ty, will cause N(CH) to be reduced, and given the optical/UV
and radio derived relations, N(CH) is likely reduced by a factor of approximately 0.57. This is equivalent

to an excitation temperature of 3.7 K with a background temperature of 2.8 K.
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N(H;) was derived indirectly instead of measured from observations of the molecule itself, so the
N(CH)/E(B — V) relation was also determined for both data sets. This comparison was complicated by
the different fractional H, abundance present in the lines of sight for each group, but it is unlikely that the
difference in f{Hs) could account for the difference in optical/UV and radio derived N(CH)/E(B — V).
The slopes of the two CH and color excess relations indicate there is a similar drop in the CH column
density of approximately 0.52, which is equivalent to T, = —3 K with Tj,, = —2.8 K.

We determine the excitation temperature of a few lines of sight more directly in chapter 3. If the CH
column density and the velocity-integrated brightness temperature of a line of sight are known, then 75
can determined. We use optical and UV observations of stars in the literature to find N(CH), and we
observed those lines of sight using the Arecibo 305-m telescope to determine W(CH). Unfortunately,
due to the limited number of suitable stars for measuring absorption lines of CH, this method is limited
to those lines of sight.

From the 16 lines of sight observed, we were able to eftectively determine 7y for 5 lines of sight. In
this small sample, T¢ varied between the individual lines of sight. HD24534 and HD26571 both had
very low excitation temperatures, while HD21483 and HD27778 had excitation temperatures which are
much greater than the background temperature. In order to draw more far-reaching conclusions, the data
set would have to be greatly expanded.

We discuss other methods of determining 7 in chapter 4; on-source and off-source observations of
radio continuum sources and the 4300 A blended CH line. The former method is the one traditionally
used by radio astronomers to determine T of the 3335 MHz line. It was these measurements that led
to the widespread belief in the radio community that |Tox| > Ti,e. Our result for J0530 + 13 showed a

Tox of —21.0 £ 11.2 K, which is somewhat consistent with earlier results and indicative of a population
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inversion. To test how well observations of the 4300 line can determine the excitation temperature of
the lambda doublet, we created several synthetic spectra based on the gaussian profiles of the doublet.
Due to the logarithmic nature of the excitation temperature equation, low excitation temperatures can
be determined fairly easily, but the noise in actual observations makes it impossible to reliably determine
high excitation temperatures.

In chapters 5 and 6 we examine CH in MBM 16 and MBM 53 to determine its potential as a tracer
of CO-faint gas. This issue may be the most important question in current molecular cloud research.
In MBM 16, there is a small clump of CO at 1=170.66°, b=—37.32° which is not seen in extinction.
The Hj column density seems to be roughly constant over the sampled region when determined from
extinction and HI survey data and from CH detections, so it is likely the CO peak shows the transition
from poorly-shielded CO to well-shielded CO. In the regions where CO is poorly shielded it does not
trace Hy effectively, so CH is a better tracer of this material. There are clear indications from this study
that CH, in some cases, is a better tracer of molecular gas than the CO(1 — 0) line.

In MBM 53, we observed several sets of 13 points along a grid over the cloud. The gas is more diffuse,
between half to a tenth of the value of N(Hs) in MBM 16, which makes it difficult to detect CH. CH
was only detected in sets where CO was detected, which would seem to imply that, in this instance, CH
is not able to trace the gas as well as CO. However, the 13 individual lines of sight within each set were
usually not filled fully by CO observations. The sets of observations at G92431 and G93534 both had
lines of sight which did not have CO detections, but CH was able to be detected. Due to how faint the
CH line is, CH is only able to trace CO faint gas as long as there is enough Hj for a detectable CH signal.

In addition to the OH observations collected by Donate, White, and Magnani (2019), they collected

but never analyzed high resolution and high signal to noise HI observations of MBM 53. In chapter 7
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we analyze these data primarily by decomposing the gaussians to determine the velocity structure of the
clouds along the line of sight. We find that, in the sampled portions of MBM 53, more than half of the
neutral atomic hydrogen is in the thermally unstable warm neutral medium, consistent with Gazol et
al. (2001). It appears that the high signal-to-noise data from the A3021 observations and the GALFA-
DR2 data have similar results, but the A3021 data suggest there is less HI in the thermally unstable warm
neutral medium than the GALFA data (52 and 59 percent). In the sampled region, a large portion of the
WNM is unstable (86 percent), which could suggest that there is a lot of turbulence in the cloud.

Finally, in chapter 8 we used a modified version of the 3D-PDR code (Bisbas et al. 2012) to simulate
the photodissociation region of a molecular cloud to calculate the excitation temperature for a variety of
conditions. We simulated constant density clouds and clouds where the density increases as r—! with initial
UV radiation fields between 5.1 and 0.57 Draines. While the simulation is able to reproduce detectable
quantities of CH, the simulated main line excitation temperatures are not consistent with observations,
which may suggest that there is another collision partner of CH which is important for populating the
upper half of the lambda-doubled ground state.

The above work demonstrates both the appeal and frustration of studying CH in the diffuse ISM
with the 3335 MHz line. On one hand there are clear indications that, in some regimes, this line can
trace low-density, low-extinction gas more effectively than the traditional CO(1 — 0) line. On the other
hand, the lower abundance and weakness of the 3.3 GHz lines makes observations difficult and time
consuming. Some of the more intriguing issues raised in this thesis, particularly in chapter 5 and 6, merit
a more thorough study. CH remains an excellent tracer of Hy in the diffuse ISM and its study using the

3.3 GHz lines is worth pursuing.
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