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Abstract

We explore the use of the 18cm hydroxyl (OH) lines as a novel tool for
observing and characterizing molecular gas on Galactic (kpc) scales. We
report the results from a highly sensitive (AT, ~ 3mK) survey for thermal
OH emission at 1665 and 1667 MHz over a dense, 9 x 9-pixel grid covering a
1° x 1° patch of sky in the direction the Perseus spiral arm of our Galaxy. We
explore the possible physical conditions of the observed features using a set
of diffuse molecular cloud models. Both OH and CO emission disappear at
current sensitivity limits below an Ay of 0.2 mag. CO emission does not appear
in the context of the models unless the volume density exceeds 100-200 cm 3.
These results demonstrate that a combination of low column density (Ay)
and low volume density (1n15) can explain the lack of CO emission along sight
lines exhibiting OH emission. We then present the serendipitous discovery
of an extremely broad (AVisg ~ 150 km s71), faint (Tpp < 10mK), and
ubiquitous 1667 and 1665 MHz ground-state thermal OH emission towards
the 2nd quadrant of the outer Galaxy (Rga > 8 kpc) with the Green Bank
Telescope. The longitude-velocity distribution of the emission unambiguously
suggests large-scale Galactic structure. Our results imply the existence of a

thick (=200 < z < 200 pc) disk of diffuse (1, ~ 5 X 1073 cm—3) molecular

il



gas in the Outer Galaxy previously undetected in all-sky CO surveys. Finally,
we present the first extragalactic detection of thermal, ground-state 18cm
(1667 and 1665 MHz) OH emission from the Southern galactic disk of M31.
The velocity distribution of the OH emission is found to be similar to the HI
distribution. At face value, these results may indicate the ubiquity of abundant
‘CO-dark’ molecular gas at large galactic radii in spiral galaxies. We conclude
this thesis with a technical overview of the field of radio observations of 18cm
OH as a molecular gas tracer in the future and review upcoming telescopes

which may enable large surveys of faint OH emission in the future.

Primary Reader: Joshua Peek
Secondary Reader: David Neufeld
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Chapter 1

Introduction

1.1 Overview

To the unaided eye, it may seem like the space between stars is empty
and void. For most of recorded history the field of astronomy has concerned
itself with the cataloging of bright celestial objects that move or appear in the
sky. In reality, interstellar space is not a complete state of vacuum. This space
between stars, and the material in it is collectively known as the interstellar
medium (ISM). The ISM is an incredibly dynamic place, with gaseous material
and dust in many phases of temperature and density. The interplay between
the different phases of the ISM plays a fundamental role in how galaxies
appear to us, how stars form, and how energy is transported in the galaxy.
The distribution of gas in the galaxy informs our knowledge of star formation
history, as gas is the fuel for molecular clouds to form. It is in the cold and
dense molecular clouds that the required densities where stars can finally
form. The elements the gas is comprised of can come in forms of ionized,

atomic or molecular, the constituents of the mass of the ISM is summarized



Phase \ M (10° My,) \ fraction

Total Ionized Hydrogen (HII) 1.12 23%

Total Atomic Hydrogen (HI) 2.9 60%

Total Molecular Hydrogen (Hy) 0.84 17%
Total HII, HI, and Hy 4.9
Total Gas (including He) 6.7

Table 1.1: Constituent mass of HI, HII and H; in the Milky Way’s ISM (R < 20kpc),
adapted from Draine (2011).

in 1.1. The study and understanding of the ISM is thus imperative for many

tields of astronomy.

Because stars are typically created in molecular clouds the enterprise of
observing molecules in the galaxy became important to the overall under-
standing of the galactic ecosystem. Unfortunately for astronomers, the most
abundant molecule is molecular hydrogen (H;), and as a symmetric molecule
with no dipole moment, the allowed quadrupole radiation at 28um (hv/kp ~
500 K) occur at energies much too energetic to be present at the cold quiescent
molecular phase of the ISM, where the temperatures are below regularly 100K.
The solution for observing the bulk of molecular gas in the galaxy, and in
other galaxies, has been for some time to observe trace molecules, assumed to
be well-mixed with H; and apply either a mass-to-light ratio (in the case of

CO) or an abundance ratio of the molecules to estimate the content of H.

1.2 The Dark Molecular Gas and This Thesis

The CO molecule has for years been the workhorse for tracing the bulk of

the molecular gas content in our galaxy and others, and for good reason, CO



is bright and abundant and easily observable from ground based millimetre
observatories at the J=1-0 3mm rotational line. There is, however, convincing
evidence that CO does not trace all of the molecular gas. Grenier, Casandjian,
and Terrier (2005) coined the term dark molecular gas for this phase of molecules
not well traced by CO, but early evidence hinted at this phenomenon even
earlier Blitz, Bazell, and Desert (1990). Research into this phenomenon has
suggested that the gas not traced well by CO is diffuse molecular gas, where
the CO molecule is either not collisionally excited or shielded by ionizing
photons from the ambient ISM (Wolfire, Hollenbach, and McKee, 2010; Planck
Collaboration et al., 2011; Murray et al., 2018; Seifried et al., 2019).

The main scientific goal of this thesis is to pioneer the use of the molecule
OH to search for molecular gas in extremely diffuse phases of the ISM, where
the canonical observational method of observing the CO molecule appears to
fail to trace a large fraction of Hj in this environment. The thesis is presented

in three major chapters.

First, we present a survey completed with the Green Bank 100m Telescope
of the 18cm OH emission towards the Perseus Arm region of the Outer Galaxy.
The main goal of this chapter was map the structure of the OH emission and
compare it to that of the CO emission. The survey is called (unimaginatively)
the "One-Square-Degree" survey because it covers one square degree of sky.
The observed OH and CO profiles are presented in a heat map to show that
the detectable OH extends to far greater spatial extents than the CO in this
region. Physical models to deduce the conditions of the gas are also presented.

The goal of the chapter is so ascertain why OH is a good tracer of H; in regions



where CO is not, and to present observations that fueled this conjecture. The
tirst chapter of this thesis is published in The Astrophysical Journal as a paper
titled, "The Structure of Dark Molecular Gas in the Galaxy. II. Physical State
of "CO-dark" Gas in the Perseus Arm” (Busch et al., 2019), with formatting

revisions to adapt to the requirements of the thesis

Next, we present the discovery of a large 18cm OH emission structure
towards the Outer Galaxy, found (mainly) accidentally with the Green Bank
100m Telescope and later confirmed with the 20m telescope at the Green
Bank Observatory (GBO). The discovery spectra are presented, along with
initial analysis of follow-up in galactic longitude to show that the emission
obeys simple laws of galactic structure, suggesting that the OH structure
is incredibly large and present throughout the entire outer galaxy. While
completely undetected in CO surveys, this discovery may indicate a large
amount of molecular gas hidden in extremely low density environments.
This chapter was published in The Astrophysical Journal titled, "Observational
Evidence for a Thick Disk of Dark Molecular Gas in the Outer Galaxy” (Busch
et al., 2021), with formatting revisions to adapt to the requirements of the

thesis.

Finally, we present the first detection of 18cm thermal OH emission in
another galaxy for the first time. While OH has been detected in absorption
towards bright background sources, it has never been detected in the emission
from the ground state in another galaxy. The discovery spectra from, once
again, the Green Bank 100m Telescope are presented and discussed along

with the comparable archival CO spectrum. The detection was towards one



pointing in the outer parts of the southern disk of M31 (Andromeda), with
follow up planned. This chapter opens the door for the use of OH as an
extragalactic tracer of dark molecular gas. At the time of writing a manuscript

is in preparation for submission to an astronomical journal.
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Chapter 2

The Structure of Dark Molecular
Gas in the Galaxy: The Green Bank

Telescope "One-Square-Degree"
Survey for 18cm OH

2.1 Introduction

The formation of molecular hydrogen gas H, from atomic hydrogen H1
in galaxies is widely considered to be a critical step for the formation of new
stars from the interstellar gas, and hence it is one of the most important
processes that occurs in the interstellar medium (ISM). Unfortunately, as a
symmetric molecule without a dipole moment, Hj is practically invisible in
emission at the temperature range of 10-100K expected for the bulk of the ISM
in the Galaxy, and indirect estimates are required that make use of surrogate
tracers. The most universally-accepted surrogate tracer for Hj in the ISM is
the lowest-energy rotational spectral line of >CO(1-0) at A = 3mm. This line

is relatively bright and easily observed, often with instrumentation designed



specifically for that purpose. CO observations are commonly used jointly
with an empirically-derived conversion factor, usually called the “X-factor”
(see Bolatto, Wolfire, and Leroy, 2013, for a review). The strength of the 3-
mm CO line emission is measured in units of K km s~! and, by multiplying
this line strength by the X-factor, one directly obtains an estimate of the H,
column density. Under a number of assumptions, this conversion factor has

an estimated uncertainty of about 30%.

A growing body of observational evidence points to an extra component
of the ISM not traced by either the 21-cm H 1 line or 12CO(1-0) emission. This
excess component is usually referred to as “dark gas” (Grenier, Casandjian,
and Terrier, 2005; Wolfire, Hollenbach, and McKee, 2010). This dark gas may
be a large fraction of the total molecular gas content in the Galaxy (Pineda
etal., 2013; Li et al., 2015). Quantifying how much dark gas exists is therefore
of great interest in an effort to calibrate the X-factor and work towards a
single prescription for scaling between a molecular tracer line emission and an
accurate total molecular mass of Hy. Wolfire, Hollenbach, and McKee (2010)
constructed models of molecular cloud surfaces and determined that dark
gas in molecular cloud surfaces can amount to ~ 30% of the total molecular
mass of the cloud. Here, the column density is large enough so that Hj has
sufficient column to remain self-shielded against the ambient UV flux, but CO
is photodissociated and the carbon is the form of C or C*. However, a large
fraction of the faint CO gas might also arise in the diffuse ISM (Papadopoulos,
Thi, and Viti, 2002; Liszt, Pety, and Lucas, 2010; Allen et al., 2012; Allen, Hogg,
and Engelke, 2015; Xu et al., 2016a).



Initially discovered in absorption at centimeter radio wavelengths in the
diffuse ISM', OH has also recently been detected in the far-IR (Wiesemeyer et
al., 2016), also in absorption. The work reported here mainly concerns new 18-
cm emission observations in the outer Galaxy. Allen et al., 2012 reported faint
and widespread 18-cm OH emission in a blind survey of a small region in the
second quadrant of the Galactic plane using the 25-m radio telescope at Onsala,
Sweden. However, owing to spectrometer limitations and radio interference
in the spectra, the Onsala blind survey was limited to the 1667 MHz OH line
and to within 2 kpc of the Sun. Similar results were presented by Dawson
etal., 2014 with the SPLASH survey using the Parkes Telescope; however, their
survey of OH encountered high levels of background synchrotron continuum
emission from the inner Galaxy at levels approaching the typical excitation
temperatures of the 18-cm OH lines, effectively suppressing the extended
OH emission outside of the ‘CO-bright’ clouds. In the outer Galaxy, we can
typically avoid this issue as the integrated background synchrotron emission
is much weaker. More recent observations in the outer Galaxy by Allen, Hogg,
and Engelke (2015, hereafter Paper 1) using the GBT have shown main-line
(1665 and 1667 MHz) OH emission to be present in regions largely devoid of
CO emission, strongly suggesting that OH may be a good tracer of the dark
gas. The main lines of OH emission in these regions are observed to be in the
5:9 ratio characteristic of optically-thin emission lines with level populations
in local thermodynamic equilibrium (LTE). This makes calculating a column

density of OH relatively straightforward as long as a good estimate for the

! Additional historical information on the discovery and early observations of the 18-cm
radio lines of OH both in emission and absorption can be found in Allen et al., 2012 and Allen,
Hogg, and Engelke, 2015.



excitation temperatures can be found. With an OH column density known
from emission observations, the H, column density can be directly estimated
using the N(H,)/N(OH) ratio of approximately 10~7 measured from UV
absorption data (Weselak et al., 2010; Nguyen et al., 2018; Engelke and Allen,
2018).

In this paper we present the results of a densely-sampled, blind, highly-
sensitive GBT emission survey of the two main OH lines in a one-square-
degree field of the Perseus Arm. The purpose of this survey is to further
explore the apparent connection of extended OH emission to the so-called
"dark molecular gas’, and attempt to resolve structures of diffuse molecular

gas on a large scale that are otherwise invisible to CO observations.

In Paper 1, we were able to compare sparse OH survey measurements
taken with the GBT (FWHM ~ 7.6") with spectra provided directly from
archives of the CFA CO survey (Dame, Hartmann, and Thaddeus, 2001), since
both data sets were observed at closely similar angular resolution (~ 7.6 for
the GBT vs ~ 8.4’ for the CfA telescopes). However, the Five College Radio
Astronomy Observatory (FCRAO) 2CO “Outer Galaxy Survey” (Heyer et al.,
1998) has significantly higher angular resolution (~ 50”) than the CFA 12CO
survey, and hence significantly better sensitivity when smoothed to the GBT
beam. We have therefore compared our OH data with a smoothed version of
the FCRAO data. This allows for a direct, dense, observational comparison
between these two important molecular tracers with comparable sensitivities

for the first time.

It was observed in Paper 1 that OH emission was widespread, and that
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there was varying structure to the emission profiles on scales of ~ 30 pc at the
distance of the Perseus Arm feature. In an attempt to resolve the structure
of this emission a new observing program was undertaken to increase the
coverage of the original 2015 sparse survey. In this paper we therefore chose to
restrict our analysis to the Perseus Arm feature in particular in an attempt to
map the OH emission spatially and compare it to the CO emission at the ~ 7
pc scale, as we show in Sect. 2.4.2. Due to the absence of the kinematic distance
ambiguity in the outer Galaxy, we are able to differentiate components of the
OH spectra (see Fig. 2.2). The distance of the Perseus Arm offered us the best
consistently apparent option to measure this structure. The availability of
accurate parallax distances in this direction (see Sect. 2.2.4) made this spatial
comparison possible. Statistical and spatial comparisons of OH and CO
emission between the local and inter-arm features would also be interesting

and will be the subject of future papers.

2.2 Observations and Data

We carried out highly-sensitive observations of main-line OH emission
at 18 cm with the Robert C. Byrd Green Bank Telescope (GBT) in project
AGBT14B_031 at the 81 locations indicated with small circles in Fig.2.1. For
comparison with the OH data, we used the '>CO(1-0) data from the FCRAO

survey, as explained above.
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2.2.1 OH Observations

Paper 1 reported the results of a ‘sparse” survey with the GBT at 0.5°
spacing interval at sightlines indicated with "X" in Fig.2.1. The observations
discussed in this paper were made between September 11, 2015 and January
31, 2016, also with the GBT. The receivers selected are situated at the Gregorian
Focus and operate in the frequency range 1.15 to 1.73 GHz (L-Band). There is
one beam on the sky, with dual polarizations. The amplifiers are cooled Field
Effect Transistors (FET) with an effective system temperature of 20 K or less in
good weather and for intermediate elevations of the GBT. These observations

were made with linear polarization.

In particular, an unanticipated but significant amount of observing time
was obtained in irregular periods beginning in December 2013 and finally com-
pleted in August 2015 with the GBT under project number AGBT14B_031B,
providing a highly-sensitive (AT,,;, ~ 3.0 —3.5mK in 0.55 km/s channels)
survey with unprecedented detail over a one-square-degree (OSD) patch of

sky in the direction of the Outer Galaxy.

The spectrometer employed to measure the spectra was Vegas (Prestage
et al., 2015), an extremely versatile FPGA-based instrument which can be
deployed in a variety of configurations. In the present application eight bands
were centered on 1420.405 MHz, 1617.40 MHz, 1666.400 MHz, and 1720.530
MHz, providing polarization data on neutral Hydrogen, the two main OH
lines at 1665.401 MHz and 1667.358 MHz, and the two satellite lines of OH
at 1612.231 MHz and 1720.533 MHz. Each band contained 16384 channels of
width 1.0300 KHz( 0.1853 km/s at 1666 MHz; 0.2174 km /s at 1420 MHz).

12



Observations were made in the frequency-switching mode because of the
potential difficulty in locating a nearby reference position which would be free
of an OH signal. Switching was done +/- 2 MHz with respect to the center
frequency. For the mainlines of OH the center frequency was chosen such that
the two lines were included in each of the two switching cycles in order to
improve the integration time by a factor of two. The resulting spectrum is
approximately 12.8 MHz in width. For the main lines of OH this spectrum
lies between 1660.0 and 1672.8 MHz.

The observations were taken using the L-band wide receiver system oper-
ating in the frequency range of 1.15 - 1.74 GHz. The receiver is a single-beam,
dual polarization instrument with an effective system temperature ranging
from 16 - 20K depending on weather and the Galactic background continuum.
A bandwidth of 12.5 MHz is chosen to minimize the appearance of radio

frequency interference.

This new OSD survey covers a 9 x 9 grid of GBT sightlines, which roughly
corresponds to 60 x 60 pc region at a 3.2 kpc distance to the Perseus Arm,
centered on 1 =105.0°, b = 2.5° and at intervals of 0.125° = 7.5/, closely corre-
sponding to the angular resolution of the GBT at the frequency of the OH main
lines (FWHM ~ 7.6"). At each position 12 individual scans, each of duration 10
minutes, were made. For an individual scan, in one polarization, the effective
integration time was approximately 292 seconds, and the expected rms in a
single channel in the corresponding spectrum is approximately 34 mK. The
effective integration time of the final spectrum after combination of the data

from all scans, in both polarizations, is just under two hours.
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2.2.2 Archival CO Data

The 2CO(1-0) observations were made between 1995 and 1998 using the
14m telescope of the FCRAO (Heyer et al., 1998). This FCRAO “Outer Galaxy
Survey” observed a 336 square degree region of the second quadrant of the
Galaxy sampled at 50" intervals with a FWHM beamwidth resolution of 45”.
For the purposes of our direct comparison, this survey was first smoothed to
the GBT resolution. The final CO spectra have a sensitivity of 60 to 100 mK

rms, and a velocity resolution of 0.8 km s~ 1.

2.2.3 Data Reduction

The GBT OH data were reduced using the GBTIDL software (Garwood et
al., 2006). The quality of this data is generally very high, and each polarization
of each 10 minute scan was reviewed for the presence of radio frequency
interference and problems from instrumental effects. It was quickly evident
that the spectra would be heavily influenced by the baseline ripple discovered
during commissioning of the GBT (Fisher, J. R., Norrod, R.D., and Balser, D.S.
2003, Electronic Division Internal Report No. 312). The dominant feature
is a broad ripple with an approximate periodicity of 9 MHz. Fisher et al.
deduce that this ripple is caused by multipath reflections in which a part of
the system noise enters the receiver system directly and a part is returned
from the subreflector. Typical values of the amplitude are 0.4 K in Y and
0.1 Kin X, the orthogonal polarized channel. Because the periodicity of this
ripple is much larger than the frequency range expected for the OH signal,

the ripple can in general be satisfactorily removed by fitting and subtracting a

14



polynomial of low order to the baseline.

The residual spectrum shows an additional ripple feature that is more
problematic. This ripple is comprised of several components having frequen-
cies in a range between 1.3 and 1.8 MHz according to Fisher et al. The ripple
is stronger in the Y polarization, is variable with a dependence on the configu-
ration of the main reflector and the subreflector, and is presumed to also arise
in multipath reflections from the circumferential gaps between the surface
panels. The amplitude of the ripple is larger in the Y linear polarization whose
E-vector is parallel to the plane of symmetry of the telescope. Typical worst
case amplitudes are about 1.5 mKin the Y polarization. The placement of the
pattern in the bandpass is a strong function of the position of the subreflector.
An attempt was made to reduce the amplitude of the ripple by observing the
same position with the subreflector set at focus positions differing by A /8.
Some improvement was noted, but the ripple was never completely canceled

out.

All of the data for a given position were assembled and reviewed for
quality. Where necessary, data contaminated by (infrequent) interference or
equipment instability were edited out. The data for each polarization were
averaged, and the 9 MHz ripple was removed by fitting a baseline polynomial
of order 5 to the spectrum in the frequency range 1661.4 MHz to 1671.4 MHz.
Each spectrum was then used to compare the 1667 and 1665 MHz lines to judge
if the emission is in LTE line ratio. The relative intensities of the four lines are
1:5:9:1 for the 1612-, 1665-, 1667-, and 1720-MHz lines respectively. Instances

where the ratio differed from the LTE value proved to be rare. The comparison
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of the two spectra also provided a useful validation of faint spectral features.

The next step was to average the two polarizations in order to improve
S/N, and to smooth the data by a Gaussian function to an effective spectral
resolution of 1.0 km s~!. For these spectra the rms of an individual point
is 2.2 mK, but there is variation from spectrum to spectrum because of the
remaining uncertainty in the determination of the baseline. Including baseline
uncertainties, the resultant RMS uncertainty in the OH spectra is on the
order of 3mK in T},,;, units. The final spectrum was shifted to the rest frame
velocity of the 1665 or 1667 MHz line for further detailed parameterization.
An example spectrum from the OSD is shown in Fig. 2.2, the OH emission
from the local gas, inter-arm, and Perseus spiral arm are observed at Vi gg ~ 0,

-20 and -65 km s~ ! respectively.

The final step was to make the best estimate of OH emission from the
Perseus Arm Region. We assumed that emission from the Perseus Arm would
be limited to a spectral region of width 25 km/s centered on the expected
velocity. For the expected velocity we were guided by the profile of the neutral
hydrogen as mapped in the DRAO "LRDS" survey, in the vicinity of -75 to -50
km s~ ! (Higgs and Tapping, 2000; Higgs et al., 2005)

To remove the residual effects of the 1.6 MHz ripple we defined two
regions proximate to the OH window, each of width 10 km/s, and fitted a
linear baseline to these regions. At the same time the CO emission from the
region is computed from the archival data from the FCRAO (Heyer et al., 1998)

over the same velocity range.

A 9 MHz spectral ripple is removed by a high-order polynomial fit to the
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spectra in places where signal is absent. We note that a shorter, low-noise
ripple on the order of 1.5 MHz is present that we have not yet found a way
to subtract confidently. As such the GBT is currently limited to AT,,;, ~
3.0 — 3.5mK, and further integration would not lower the error below this

instrumental threshold.

The finished products from the >?CO data sometimes suffer from a long-
wavelength ripple in the spectra, which has been removed by a similar poly-
nomial fit. However, negative values are sometimes recovered owing to the
variation in spectra where there is no CO signal (as is the case in most of the
sightlines in the area studied here), see e.g. Figure 1 in Heyer et al., 1998,
where there is a demonstrative negative feature, a probable artifact of this

baseline ripple, at roughly the Perseus Arm velocity range.

2.2.4 Distance to the Perseus Arm

The physical size of the Perseus Arm structures that we are observing are
known from precise VLBI distance measurements (Reid et al., 2009; Reid et al.,
2014; Choi et al., 2014). In the direction of [ = 105.00°,b = +2.50° we use
the Bayesian Distance Calculator’ from The Bar and Spiral Structure Legacy
Survey (BeSSeL) (Reid et al., 2016) to estimate the distance to our observed
Perseus Arm sources. We note that the galactic rotation model utilized by
the BeSSeL project does not incorporate the so-called “rolling motions” of the
Perseus Arm (Yuan and Wallace, 1973; Foster and Cooper, 2010), and that

the Bayesian Distance Calculator treats the Perseus Arm Vjgr as constant

Zhttp:/ /bessel.vlbi-astrometry.org /bayesian
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with galactic latitude. While many of our observed features at high latitudes
contain LSR radial velocities inconsistent with the Perseus Arm V} sg range
provided by the BeSSeL model, we believe that rolling motions account for
this variation in Vj g and that our observed features do indeed fall within
the Perseus Arm. We therefore use the parallax distances from the calculator
as opposed to the kinematic distance PDF; we adopt a distance estimate of
3.2 kpc to the Perseus Arm. As noted in the previous section, any feature we

1

observe in the vicinity of -75 to -50 km s~ we associate with the Perseus Arm.

2.2.5 Determining Line Strengths

The line strengths of all features corresponding to the Perseus Arm velocity
interval (Vigg ~ —65 km s, see Fig. 2.2) of the 81 1667 MHz OH spectra in
the survey were calculated. The line profile strengths of the CO and OH lines
are plotted against each other in Fig. 2.3. All 81 Perseus features in the OH
spectra were manually identified and the velocity range’s integration limits
were chosen from visual inspection of the OH spectra. The corresponding line
strengths from the CO spectra were obtained over the same velocity range.

The expression used to calculate the line strengths is:

S=)Y Tu XAV, (2.1

in units of K km s~!, where T,,;, is in units of main-beam brightness temper-
ature, and AV is the channel spacing of the data. Note that, for the GBT, T,
and T, are the same to within 5%. The summation is done numerically over

the channels containing measurable signal for each Perseus Arm feature in
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the 81 OH spectra. After this process, the 12CO(1-0) spectrum is extracted
from a spatially-smoothed version of the FCRAO data cube and integrated
over the same velocity range. This process was repeated for all 81 Perseus
Arm features (and lack of features around V;gg ~ —65 km s~ 1) until all of the
data in the OSD was processed. The error analysis is the same procedure as
outlined in Allen, Hogg, and Engelke, 2015 section 4.2. We also computed the
scaled difference between the 1665 and 1667 MHz lines with each sightline
and find that most emission is the LTE ratio of 5:9, as is expected if these lines

are excited chiefly by collisions.

2.2.6 Estimating the Continuum and Excitation Temperatures

In order to fit our OH observations and the corresponding CO data to
models of diffuse clouds in the ISM, we need estimates of the column density
of OH based on our line strength data. OH column densities are calculated
from OH 1667 MHz emission lines using the following equation see, e.g. Liszt
and Lucas, 1996:

N(OH) = CTexT—ixTC / T, (v)dv, (2.2)

which in turn means that values for the continuum temperature in the back-
ground of the OH and of the excitation temperature of the 1667 MHz line are
both needed as inputs. The coefficient C = 2.3x10'* for the 1667 MHz line
yields N(OH) in terms of cm—2. However, determining the exact value of the
continuum temperature is difficult, as observations have been made at 408
MHz, 1420 MHz, and 2695 MHz, but not at 1667 MHz; moreover, there are

different components to the continuum, each of which have different spectral
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indices, making interpolation complicated. In order to estimate T¢ at 1667
MHz, we use the "diffuse component" of the continuum at 1420 MHz as re-
ported by Reich, Reich, and Fiirst (1997), and at 2695 MHz as reported by Furst
et al. (1990), and we estimate the diffuse component from Haslam et al., 1969
as reported in Taylor et al., 2003. We then made a quadratic interpolation on a
logarithmic plot among the continuum temperature at these three frequencies
to estimate the diffuse component of the continuum at 1667 MHz. Uncertain-
ty still remains, however, since we do not know how much of the Galactic
background portion of the continuum exists in the foreground versus the
background of the OH. As such, we choose two possible values representative
of the range of plausible T¢ values of 4.0 K and 5.0 K for this work. The value
Tc = 5.0 K assumes that the continuum is mainly in the background, and T =
4.0 K assumes that half of the continuum is in the background, using Xu et al.

(2016b) Figure 2 as a rough basis.

The excitation temperature is another unknown quantity, but reasonable
estimates are possible. Given that at the coordinate 104.75°,2.75° CO is detect-
ed while the corresponding OH signal is very faint, and also that the source
component of the continuum contains a small elevated patch in this vicinity
which has been catalogued as the probable HII region GB6 B2214+5950 Grego-
ry et al., 1996, it seems plausible that at this coordinate the higher value of T¢
is close to the value of T,y. That would put T,, at approximately 1 K above
the surrounding value of T¢. Although this is the most likely scenario, since a
Tex value closer to Tc would have a significant effect on the resulting column

densities, we also try a value of T,y only 0.5 K above the surrounding T¢ in
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our analysis.

2.3 Results

Here we present the main results of this survey, beginning with a scatter
plot of OH and CO profile integrals to demonstrate the presence of extended
OH emission outside of CO-bright clouds in Fig. 2.3. In addition, we display
a9 x 9 color-coded heatmap based on profile integral strengths, which shows
spatially the ubiquitous OH emission in the Perseus Arm in contrast to the
relatively compact CO emission in Fig. 2.4. Each square in the heatmap
represents a GBT beam which, at the assumed distance of the Perseus Arm,
corresponds to roughly 7 pc in spatial extent. In a following subsection we
present and discuss theoretical models of diffuse clouds which allow us to

explore the physical environments of this gas in Fig. 2.6.

2.3.1 Cloud Model Predictions

We have compared the observed 12CO(1-0) and OH 1667 MHz profile inte-
grals with the predictions of a set of diffuse cloud models. Here, we used the
model described by Hollenbach et al., 2012, with the modifications discussed
by Neufeld and Wolfire, 2016, to obtain predicted CO profile integrals and
OH column densities. These were obtained as a function of the thickness of
the cloud — measured in magnitudes of visual extinction, Ay (tot) —and the
volume density of H nuclei, nyy. Results are shown in Fig. 2.6, where colored
contours representing fixed values of ny and black contours representing

fixed values of Ay (tot) are plotted in the plane of observable quantities (i.e.
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the velocity-integrated brightness temperatures for the OH and CO transitions
with the OH converted to column density.) All of the predictions shown here
were obtained for an assumed cosmic-ray ionization rate of 2 x 1076 s~ (pri-
mary ionizations per H atom) — the mean Galactic value favored by Neufeld
and Wollfire, 2017-and an assumed interstellar ultraviolet radiation field equal

to that given by Draine, 1978.

The resulting values of gas volume density predicted by the cloud model
for three representative values of the factor F = T /(T®7 — Tc) are displayed
in Table 2.1. Note that for all three cases of input values of Tc and T%/, the
predicted average volume density is greater for the CO-bright gas than it is for

the CO-dark gas. As the CO-dark gas volume density predictions are upper
limits, this result is further strengthened.

The diffuse cloud models suggest that the portion of the survey that is
OH-bright, CO-dark gas is mainly molecular. According to the model, in the
representative case where Ay (tot) = 0.3 mag and ng = 166 cm ™3, the molecular
fraction of the gas is found to be 0.7. We also find that the predicted Ay (tot)
is greater than ~ 0.2,0.25,0.3 mag for F =5, 6, 11 respectively. This lower limit
to Ay (tot) most likely results from the sensitivity of the observations and the

required OH line strength to be detected above the noise.

2.4 Discussion

24.1 Comparing OH and CO Line Strengths

Fig. 2.3 shows the 81 data points resulting from a profile analysis of the

OH and CO features, over the same velocity ranges, in the Perseus Arm.
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OH emission appears widespread in this region and, if there is a CO signal
detected, it is roughly correlated with the OH signal. It is apparent that a
substantially larger region of the ISM contains molecular gas than is indicated

by the 12CO line.

It is noteworthy to mention that the area of this survey (densely covering
one square degree) and that of Allen, Hogg, and Engelke (2015, sparsely
covering four square degrees) are quite different, and yet they both statistically
show very similar results: 40% of the pointings in Paper I. showed 30 CO
emission, while all of the pointings showed OH emission. In the present
survey, 19% of the analyzed pointings showed CO emission and 86% showed
OH emission. Both these results reveal large amounts of ‘CO-dark” molecular
gas in the ISM. The present survey is dense, showing structure on the scale
of the GBT beam itself is 7 pc at the 3.2 kpc distance to the Perseus Arm in
this direction, whereas the survey of Allen, Hogg, and Engelke, 2015 was not
restricted to certain features in velocity space and was a sparse, blind OH
survey that showed "CO-Dark’ gas structures on larger scales with large gaps

between sight lines.

2.4.2 Dark Gas Morphology on 0.125 Degree Intervals

The structure of dark gas is of interest for many reasons. Indirect ob-
servational evidence suggests that the diffuse molecular gas surrounds the
‘CO-bright’, molecular gas. Direct mapping of OH emission is extremely diffi-
cult due to sensitivity requirements but also shows observationally consistent

results: the OH is extended beyond the CO-bright clouds (Wannier et al., 1993;
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Allen et al., 2012; Allen, Hogg, and Engelke, 2015; Xu et al., 2016a). If one
assumes that the OH molecule can trace all of the diffuse molecular gas, then
the extent of the OH emission can tell us how extended this ‘CO-faint” com-
ponent of the molecular gas actually is. In this regard, we visually identified

three interesting regions of note in Fig. ??:

¢ Feature A: A CO-bright region centered on 1 = 104.7, b = 2.75, on the

order of 12x12 pc, surrounded by extended OH emission;

* Feature B: A CO-bright region centered on1=105.25, b = 2.25. A dim-
mer and smaller structure than feature A, surrounded by extended OH

emission, and;

* Feature C: A CO-dark region around 1 = 105.25, b = 2.875 which shows
no CO emission but significant amounts of OH emission. This latter

feature extends beyond feature A and B by at least 10-12 pc.

In the case of Feature C, we note that there is clearly a CO-dark region
with corresponding OH emission. Note also that our survey is also not fully
sampled, that is: the intervals are beamwidths and not half-beamwidths.
Finally, while the structure of the CO-bright regions are compact clouds which
appear to be localized in our survey area, the structure of the OH emission is
more diffuse and we cannot reliably conclude from our limited survey just
how extended the dark gas actually is in relation to the CO-bright regions.
Grenier, Casandjian, and Terrier, 2005 have described the ‘dark gas” as being
‘similar in extent to that of atomic HI; it appears to surround all CO-bright

regions and bridges the dense cores to the more extended atomic distribution’.
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Our results show that OH emission is morphologically and quantitatively

consistent with this description of the dark gas.

2.4.3 The Physical Environment of the Dark Molecular Gas

The physical state of the dark molecular gas is inferred to be diffuse clouds
of Hp, without the necessary volume density to collisionally excite the 3mm
CO(J=1-0) line. The Planck satellite detected an overabundance of IR emission
in the column density ranges corresponding to A, < 2 (Planck Collaboration et
al., 2011). Wolfire, Hollenbach, and McKee, 2010 theoretically studied the dark
gas phenomenon at the surface of molecular cloud surfaces and concluded
that in this density range H; self-shields while CO can be photo-dissociated.
As noted before, the OH-bright, CO-dark gas maintains a high molecular
fraction (~ 0.7) in the models and remains a good candidate tracer of the dark
molecular gas. However, for lower column and volume density regimes than

studied in this paper, this may not be the case and further study is warranted.

Fig. 2.6 shows the diffuse cloud model predictions for the CO emission line
strength and OH column densities, along with our Perseus Arm observations
overplotted (see 2.3.1). We observe a density effect that is responsible for the
CO-faint gas at the current sensitivities of the observations. In the context of
these models, variations in the gas density are the most likely explanation
for why some positions with detectable OH emission show CO emission
above our detection threshold whereas other such positions do not. A density
dependence arises because the CO J = 1 state is subthermally populated over

much of the density range of interest, and thus the rate of CO emission per
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molecule is roughly proportional to the density. The OH lambda-doubling
transitions, by contrast, become thermally-populated at much lower densities,
owing to their much smaller spontaneous radiative decay rates. Thus, the OH
emission rate per molecule is independent of density, and the CO/OH line
ratio is an increasing function of density in the regime of relevance. Given the
line sensitivities achieved in these observations, this behavior results in OH
detections that are unaccompanied by CO detections when the gas density is

low.

A simple physical explanation for this effect is that for a given state of
a molecule to be sufficiently populated for the given transition, the volume
density of the environment of the molecule must roughly reach the critical
density for that particular molecular transition, where the stimulated emission
equals the spontaneous emission (n* = A,;/7,;, where A is the Einstein A
coefficient for spontaneous emission and 4 is the collisional de-excitation rate
coefficient). This concept is an oversimplification, as it neglects the molecular
abundances and column density considerations. However, the theoretical
predictions of a modified model (Hollenbach et al., 2012) seem to reinforce the
argument that the dark molecular gas can be explained by low volume density
environments. While molecular lines in the UV and optical are routinely ob-
served in environments more diffuse than their critical density, this radiation
is dominated by spontaneous emission, due to a difference in frequency that

4 .
- 2%[3 Vgl |P‘iz| where v is the

factors into the Einstein A coefficient as 13: A,

frequency and y is the mean electric dipole moment of the transition.

The critical density for the CO line is usually estimated as ~ 10> (Bolatto,
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Wolfire, and Leroy, 2013). However, this estimate is likely to be oversimplified;
the CO emission is generally aided by radiative trapping which can reduce
the critical density to well below the optically-thin approximation, possibly
by as much as an order of magnitude, depending on the optical depth see
e.g. Shirley, 2015. Conversely, we observe OH even in very low density
environments, and as the CO non-detections only provide upper limits the
OH-bright gas could be in even lower density environments. The critical
density for the OH molecule at 1665 and 1667 MHz is n* ~ 1cm 3, significantly

lower than the CO molecule®.

The results presented in Table 2.1 for the mean volume density of the
CO-bright and CO-dark gas imply that, for the current level of sensitivity dis-
cussed in this paper, molecular gas becomes CO-dark below a volume density
of H nuclei of ~ 100 — 200 cm 3 in the survey region, which corresponds to
a gas volume density of ~ 50 — 100 cm 3 if the gas is primarily molecular
hydrogen. The result that molecular gas becomes CO-dark below ~ 50 — 100
cm 3 is consistent with the fact that the critical density for the 1>?CO(1-0) line
is 1000 times larger than that of OH 18 cm transitions see e.g. Wilson, Rohlfs,
and Hiittemeister, 2013, Chap. 16.2.1 and Fig. 16.1. Since the OH emission
lines at 1665 MHz and 1667 MHz are observed to be approximately in the LTE
ratio of 5:9, collisions are expected to be the dominant source of excitation
in this environment (Elitzur and Moshe, 1992). The measured fraction of
CO-dark molecular gas will depend on the detection threshold and velocity

resolution of the comparison CO data set used (Donate and Magnani, 2017; Li

SHowever, it could be higher once stimulated emission and absorption of the cosmic
microwave background are included (Wannier et al., 1993; Rugel et al., 2018)
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etal., 2018).

2.5 Conclusions

The results presented in this paper demonstrate that a substantial fraction
of molecular gas is invisible in 12CO(1-0) emission at the current sensitivity
level of the FCRAO survey, and this component of the molecular ISM can be

effectively traced by sensitive 18-cm OH observations.

* We presented a dense OH survey in the outer Galaxy with particular at-
tention to the Perseus Arm molecular cloud velocity range (Vysg ~ —65
km s~1). We showed that OH emission is widespread, which reaffirms
previous observational results (see Allen et al., 2012; Allen et al., 2013;
Allen, Hogg, and Engelke, 2015), and can be spatially decoupled from

CO emission.

* We presented diffuse cloud models to predict the physical conditions
of the molecular clouds studied in this paper. We demonstrated that
the data, with reasonable assumptions for T%/ and Tc, prefer theoretical
densities that are well below the optically-thin critical density approxi-
mation for the >CO(1-0) line. This offers a simple physical explanation
for the simultaneous lack of observed CO emission, and yet the pres-
ence of extended OH emission in this region. The reason for this is
because in the radio regime of low density molecular gas spectral line
emission, stimulated emission is the dominant radiation mechanism

(Wilson, Rohlfs, and Hiittemeister, 2013).
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¢ The 18-cm OH lines appear to trace the behavior of the dark molecular
gas, the CO-dark component of the molecular ISM that has been revealed
from analysis of Planck data (Planck Collaboration et al., 2011), gamma-
ray (Grenier, Casandjian, and Terrier, 2005; Ackermann et al., 2009;
Ackermann et al., 2011), and [CII] data (Velusamy et al., 2010; Glover
and Smith, 2016).

* We demonstrated that the additional application and analysis of OH as
a low-density molecular gas tracer can also constrain the volume density
of molecular clouds with corresponding CO data, if used in conjunction

with theoretical models as presented in Fig. 2.6.

* We presented the spatial distribution of the observed OH and CO emis-
sion in a one-square-degree patch of the outer galaxy, demonstrating
the extended OH emission on scales of ~ 10’s of pc. However, we note
that our survey area is still too limited to draw conclusions as to the
typical full extent of this emission. Grenier, Casandjian, and Terrier, 2005
pointed out that the dark gas appears to ‘bridge’ the dense molecular gas
and the atomic gas; our OH results are consistent with this observation.
A wide-field, sensitive OH survey could reveal such a connection in the

future.

We also showed how CO and OH data, examined jointly with simula-
tions of the diffuse ISM, can reveal the physical conditions of the dark
gas. The large-scale distribution of 18-cm OH emission in the galaxy
could shed light on the features of the galactic molecular ISM not re-

vealed by conventional CO mapping observations. Future observations
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by the 500m FAST telescope (Li and Pan, 2016), and the SKA (Dickey
et al., 2013) may help to reveal a portion of this dark molecular ISM
content through OH absorption studies; however, the low excitation
temperature of the 18-cm OH lines (Engelke and Allen, 2018) remains an
impediment to the straightforward interpretation of OH observations
in the inner Galaxy in the presence of substantial ambient nonthermal
continuum emission. An all-sky survey for OH emission in the outer
Galaxy would not be hindered by the much weaker continuum of the
galactic background there; however, an effective OH emission survey
may be presently out of reach of current instruments owing to the long
integration times required to obtain the necessary sensitivity. Neverthe-
less, such a survey could be critical for an understanding the true extent

of diffuse molecular gas in the outer Galaxy.
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OH Surveys AGBT13B_044 + AGBT14B_031
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Figure 2.1: The blind survey areas discussed in this work. The “X” markers indicate
the original 3x9 ‘sparse” survey carried out with the GBT ACS spectrometer in pro-
gram AGBT13B_044 as reported in Paper 1. The set of 9 “X” sightlines in the range of
+2° to +3° were later re-observed using the newer VEGAS backend for consistency
with the remaining sightlines. The "+" markers indicate the next 5x6 survey carried
out in program AGBT14B_031. As unexpected but significant L band GBT observing
time became available, we changed the observing goal to sample an entire square
degree. The "O" markers indicate the final "One-Square-Degree" 9x9 dense 81-point
grid, also carried out under AGBT14B_031. These data are the subject of this paper.
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GBT - Spectrum of OH Emission in the Outer Galaxy
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Figure 2.2: Above: Example of a 1667 MHz OH spectrum from the One Square Degree
survey. This spectrum was taken at [ = 104.625°, b = +2.875° with 2 hr of exposure
time on the GBT. We consider any feature detected between -75 and -50 km s~! to
be associated with the Perseus Arm. In this spectrum, the OH feature associated
with Perseus Arm is located near -65 km s~!. Smaller OH features, possibly spurious,
can be observed sometimes at -80 km s~ ! and at -120 km s~!, corresponding to the
Outer Arm and Outer Scutum-Crux Arm respectively. The RMS on this spectrum as
calculated by GTBTIDL between -190 and -130 is 2.3 mK with a velocity resolution
of 1 km s~1. Below: The corresponding example FCRAO CO spectrum in the same
direction. Profile integrals are calculated over the same velocity range in both the
CO and OH spectrum in the vicinity of the Perseus Arm. While this example does
not demonstrate the CO-dark gas at the Perseus Arm velocity, it clearly does at local
velocities. However, as shown in Fig. ??, a large portion of this survey is CO-dark at
the velocity range of the Perseus Arm. The velocity resolution of the CO spectra is 0.8
km s~ !, and the rms ranges between 60 mK to 100 mK.
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Perseus Arm Profile Integrals
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Figure 2.3: The OH 1667 MHz emission line strength and the 2CO(1-0) line strength
integrated over the same velocity range near Vysg ~ —65 km s~ !, corresponding the
Perseus Arm. The pointings with detectable (above 3 ) CO and OH are marked in
red. Pointings only with detectable OH are marked in blue. There are 9 pointings
with no detections in either OH or CO that are not shown on the plot. We note that
there are no pointings that have a CO detections and an OH non-detection.
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OSD: CO Profiles
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Figure 2.4: The profile integral strengths for the CO line in the Perseus Arm velocity
range (Visg ~ —65 km s™1). The squares in these “heatmaps” are 7 pc on a side
assuming they are at the distance of the Perseus Arm (~ 3.2 kpc). Extended OH
emission is detected outside and surrounding the standard "CO-bright” molecular gas,
to distances on the order of 10-20 pc. The detections displayed here are in excess of
30,ms for both the CO and OH data; locations that are below that detection threshold
are set to zero. The letters correspond to interesting features that we highlight, by eye,
in Section 4.2.
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OSD: OH Profiles
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Figure 2.5: The same figure as 2.4 but showing the OH profile integral strengths.
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Figure 2.6: The predicted OH column densities and brightness temperatures of the
CO(1-0) line as a function of the thickness of the cloud and the volume density of
H nuclei (ng = ngy + 2 ny,). The colored contours indicate volume density of H
nuclei, and the black dashed curves indicate thickness of the cloud in terms of visual
extinction. OH Column densities calculated for each of our OH observations and the
FCRAO Outer Galaxy CO data are plotted on the model curves. The data indicate
that this region of the Perseus Arm exhibits low volume and low column densities
and that the volume densities are typically lower for CO-dark gas than for CO-bright
gas. The model was run with three sets of input values of Tc and T¢/, and the factor F
=TS /(TS — Tc) representative of the plausible value range for this region. Error bars
from the noise level on the OH observations are not shown but would be comparable
in size to the size of the data markings.
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Figure 2.7: Same as Fig. 2.6 but with different input values.
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Chapter 3

Observational Evidence for a Thick
Disk of Dark Molecular Gas in the
Outer Galaxy

3.1 Introduction

Molecular Hydrogen (H>) is the most abundant molecule in the Universe
(Draine, 2011). It is important for cooling of the interstellar medium and thus
regulates star-formation in galaxies (Glover and Abel, 2008). It is a catalyst for
interstellar chemistry. Hy can be observed using the higher ] rotational states
in warm molecular gas (Goldsmith et al., 2010), but these require energies
usually not available in cold molecular gas, where the bulk of the Hj lies.
This means that despite the importance of H, to most areas of astrophysics, it

remains difficult to study.

The carbon monoxide (CO) molecule has been used historically to trace
the overall distribution of molecular gas in our Galaxy and other galaxies

(Bolatto, Wolfire, and Leroy, 2013), due to its substantial relative brightness
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and abundance. Surveys for the lowest rotational transition of >CO (J=1-
0) at 2.6 mm have made invaluable contributions to our knowledge of the
overall distribution, morphology and mass content of molecular gas (Heyer

and Dame, 2015).

There remain difficulties in using CO as a tracer for the total H, content.
The CO line is commonly optically thick, and thus an uncertain and indirect
conversion factor, X(CO), is used to convert between a CO line intensity to
a Hp column density. Secondly, a growing body of observational research
using indirect total gas tracers (Dust, y-ray) have shown that there exists
a significant portion of Hj in diffuse regions that are not observed in CO
surveys (Blitz, Bazell, and Desert, 1990; Grenier, Casandjian, and Terrier, 2005;
Ackermann et al., 2010; Planck Collaboration et al., 2011). Wolfire, Hollenbach,
and McKee, 2010 coined the term ‘dark molecular gas’ to describe the gas not
observed by CO, and theorized that up to 30% of H, can be missed by CO in

the surface layers of molecular clouds.

The physical conditions of the dark gas have been mysterious for much
of the past decade, but recent research has shown that the missing portion of
gas is not predominately explained by optically thick HI (Murray et al., 2018),
which was a promising possible avenue for explaining the dark gas (Fukui
et al., 2015). The indirect tracers of gas content such as dust emission and
y-rays are suggestive that the content is in fact molecular gas not traced by

CO, but only a molecular tracer could provide such confirmation.

Additionally, these tracers cannot provide radial velocity measurements

and hence we lack structure information about the distribution of the dark
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gas in the plane of the Galaxy. Using a molecule, and particularly for chemical
reasons, an abundant hydride (Neufeld and Wolfire, 2016) such as CH (We-
selak et al., 2010; Xu and Li, 2016; Jacob et al., 2019; Jacob et al., 2020) or OH
(Weinreb et al., 1963; Weinreb et al., 1965; Heiles, 1968; Dickey, Crovisier, and
Kazes, 1981; Wannier et al., 1993; Allen et al., 2012; Dawson et al., 2014; Allen,
Hogg, and Engelke, 2015; Xu et al., 2016; Engelke and Allen, 2018; Nguyen
et al., 2018; Rugel et al., 2018; Engelke and Allen, 2019; Busch et al., 2019)
can provide both the unambiguous conclusion that the dark gas is indeed
diffuse molecular gas, and the radial velocity information from a spectral line
to describe the Galactic distribution of the gas by utilizing the velocity field of
the Galaxy (Brand and Blitz, 1993) Studies of the large-scale distribution of gas
have been completed mainly using HI (Kalberla et al., 2005; Peek et al., 2011;
Winkel et al., 2015) or CO (Heithausen et al., 1993; Heyer et al., 1998; Dame,
Hartmann, and Thaddeus, 2001; Heyer and Dame, 2015), and thus the diffuse
(or “dark”) molecular gas, and its mass content and Galactic structure, are in-
herently excluded by these studies (Blitz, Bazell, and Desert, 1990; Goldsmith
etal., 2010; Li et al., 2015; Xu et al., 2016; Li et al., 2018).

The situation also has been uncertain in the outer Galaxy, where an analysis
of the diffuse Galactic y-ray distribution from the Fermi LAT satellite has
suggested that “vast amounts of missing gas in the outer Galaxy are also
possible” (Ackermann et al., 2010). This is called the ‘CR (cosmic ray) gradient
problem’, as the observed decline of CR emissivity is inconsistent with CR
propagation models. The presence of a warm (T ~ 100-200 K), extremely

diffuse (n ~ 5-20 cm~2) phase of molecular gas at large galactic radius was
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suggested by Papadopoulos, Thi, and Viti (2002) as an explanation for several

observational facts.

These findings led us to the conclusion that an additional large-scale mole-
cular gas tracer is needed besides CO, one that could provide an independent
estimate of molecular gas content without being subject to the same set of
properties and deficiencies as signals from the CO molecule. Desirable fea-
tures of such a reliable, alternative molecular tracer would include being
optically thin, and containing low critical densities for excitation, so as to
better detect lower density, more diffuse molecular gas not traced by CO.
Such a tracer would provide information on column density, structure, and
kinematics, as well as possibly other physical properties of the gas (Busch
et al., 2019; Engelke, Allen, and Busch, 2020; Petzler, Dawson, and Wardle,
2020).

The OH molecule, first observed in radio by Weinreb et al., 1963, is one
promising alternative molecular tracer. It produces four optically thin spectral
lines centered near 18 cm, with critical densities three orders of magnitude
below those of the CO(1-0) transition. As such, OH 18 cm emission lines
provide a tracer for molecular gas including diffuse, low density regions, and
can yield direct calculation of column densities using equations of radiative

transfer.

Since 2012, we have demonstrated in a series of papers Allen et al., 2012;
Allen et al., 2013; Allen, Hogg, and Engelke, 2015; Busch et al., 2019 that OH
successfully functions as an alternate tracer for molecular gas in observations

towards a quiescent region of the Outer Galaxy; further observations in the
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vicinity of the W5 star-forming region extend the use of OH as an alternate
tracer to star-forming regions and further develop the techniques of the field
Engelke and Allen, 2018; Engelke and Allen, 2019; Engelke, Allen, and Busch,
2020. These projects confirmed the viability of OH as a tracer for molecular
gas and studied the structure, column density, volume density, and kinematics

of molecular gas in these regions.

We proposed another project in 2014 for the Robert C. Byrd Green Bank
Telescope (GBT), aimed specifically at the Perseus Arm towards the Outer
Galaxy, with the intention of analyzing several outstanding questions in the
tield of Galactic structure from the standpoint of molecular gas as traced by
OH. During the course of this observing run, an observation at | = 108.0°,
b = 3.0° performed by RJA in September 2015 and reduced and analyzed
by PDE, showed evidence of a broad, low bump-like feature between the
narrower, taller features associated with the Perseus Arm and other clumps
of molecular gas, and most notably visible near ~ —95 km/s. The feature
did not go away when baseline fitting procedures were performed, and at
tirst we contemplated the possibility that the feature was an observation of
the Outer Arm. However, the feature was not amenable to Gaussian fits,
and comparisons to individual peaks in the HI spectrum at that coordinate,
which typically contain corresponding features, did not match. The initial
conclusions were that the spectral feature was not Gaussian in shape, and
did not correspond to any specific HI peaks, or that there was a source of
error in the analysis. More observations were planned and carried out on

the coordinate to improve the signal-to-noise on the detection during the fall
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of 2015 as well as observations at adjacent coordinates to see if the feature
appeared in them or not. The result was an unambiguous broad feature
between the spectral peaks, which continued to evade subtraction by baseline
titting procedures. At this point we hypothesized that the feature could be a

baseline artifact resulting from reflections in the structure of the GBT.

Further work was carried out beginning in 2018, when MPB and RJA
performed observations with the 20m telescope at the Green Bank Observatory
(GBO) ! at the same coordinates to determine whether the broad spectral
feature was an artifact of the GBT or a real astronomical detection, and we
developed several redundant methods to analyze the baselines attempting
to demonstrate that the feature could be an artifact. Nevertheless, these
observations and analyses have bolstered the evidence for a detection of a
broad, diffuse OH signal in between the arms of the Galaxy. From here, we
performed new observations at several other pointings in the vicinity to map
out the extent of this broad Galactic feature in Galactic longitude; the full

results of that survey will appear in a follow-up paper.

In this paper, we present the serendipitous discovery of extremely broad,
faint OH emission towards the Outer Galaxy, seemingly underlying the nar-
rower (AVrgr = 10 km s~ 1), brighter (T},,;, > 5mK) line emission from discrete
molecular clouds in spiral arms. The velocity extent and morphology suggest
that the H, content traced by the OH is in the form of extremely diffuse mo-
lecular gas in the geometry of a thick disk. We compute the profile integrals

in HI and OH and transform those to column densities under a number of

'The Green Bank Observatory is a facility of the National Science Foundation operated
under cooperative agreement by Associated Universities, Inc.
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assumptions. We then compute the abundance ratio OH/HI, and, using dust
reddening as a calibration for the total column density of gas in this direction,
we calculate the abundance ratio of OH/H,. Under several assumptions, we

also calculate preliminary mass estimates.

3.2 Observations and Data

In this study, we present observations of the OH molecule at the main line
transitions of 1667 and 1665 MHz using two telescopes, the 100m Green Bank
Telescope and the 20m Telescope, at the GBO. We utilize the “SFD” (Schlegel,
Finkbeiner, Davis) dust map (Schlegel, Finkbeiner, and Davis, 1997; Schlafly
and Finkbeiner, 2010) through a query from the Python package dustmaps
(M. Green, 2018).

3.2.1 100m Green Bank Telescope

We have observed the ground state, A-doubling OH emission lines at 18 cm
with the 100m Robert C. Byrd Green Bank Telescope, located in Green Bank,
West Virginia, with multiple observational projects over the past five years in
order to probe the characteristics of the OH emission from diffuse molecular
gas in the outer Galaxy. The project IDs: AGBT14B_031A, AGBT14B_031B,
AGBT15B_004, and AGBT19A_453 were all observed for various OH emission
projects in the outer Galaxy, but later were reanalyzed to probe the robustness
of the result presented. The first profile showing the broad emission feature
was under Project ID AGBT15B_004 at | = 108°, b = 3°, and was thought to

be a ‘baseline feature’ that was difficult to subtract.
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A follow-up Project, AGBT19A_484, was undertaken during the summer
of 2019 with the GBT in order to directly observe the source geometry of the
extremely broad OH emission as a function of Galactic longitude and latitude
for the first time. These observations were completed by using frequency-
switching by 2 MHz centered on 1617, 1665, and 1720 MHz (O’Neil, 2002)
using the VEGAS spectrometer in the L-band range (Prestage et al., 2015). The
observations cover all four ground-state OH emission lines, although the 1612
band is commonly unusable due to radio frequency interference (RFI). The

beam size of the GBT at 18 cm is 7.6’.

3.2.2 20m GBO Telescope

After an initial discovery in 2015 in a GBT spectrum towards / = 108.000°,b =
3.000°, we hypothesized that the broad signal was a faint baseline artifact
caused by multipath reflections in the structure of the GBT itself and endeav-
ored to prove that the OH signal was erroneous. This type of instrumental
artifact was discovered during the commissioning of the GBT (Fisher, Norrod,
and Balser, 2003), where ripples affect the Y linear polarization more than the

X linear polarization due to the geometry of the telescope structure.

To test this hypothesis we observed the same position with the 20m tele-
scope at the GBO, and an additional position separated by a degree on the
sky. The 20m telescope has completely different structural reflections from the
GBT due to its geometry. The detection of the broad, faint OH emission with
two different telescopes eliminated the possibility that the broad OH signal

was a systematic inherent in the 100m dish of the GBT.
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We observed the extended OH emission with the 20m telescope at the
Green Bank Observatory during the summer of 2018. Observing time on the
20m telescope for this project was purchased using funds from the Director’s
Discretionary funds at Space Telescope Science Institute (STScl). The telescope
operated in the L-band (1.3-1.8 GHz) range and provided two spectral win-
dows with one centered on the 1667 and 1665 MHz lines, and the other on the
1720 MHz satellite line. The beam size of the 20m at 18 cm was 45’. While the
observations with the GBT used frequency switching On/Off observations,

the stability of the 20m receiver allowed for total power observations.

3.2.3 Dust and HI

To trace the total gas column density N, we use the all-sky dust reddening
map from Schlegel, Finkbeiner, and Davis (1997) and Schlafly and Finkbeiner
(2010); the well-known “SFD” dust map. We integrate the entire sightline
towards the outer Galaxy, hence the more updated 3D dust maps from Green
et al. (2017) are not an appropriate estimation of the total gas column due to
the lack of stellar measurements a few kpc outside the solar circle. Therefore,
we opt to use the 2D SFD dust map. This map has an angular resolution of
6’.1, which is comparable to the GBT beam (~ 7°.8). We query the 2D SFD
dustmap for the coordinates | = 108.000°, b = 3.000°, which returns a dust

reddening value, E(B-V) of 1.86 mag.

We also use HI data to estimate the atomic hydrogen column density N(H).
We use the HI profile towards I = 108.000°,b = 3.000° from the Leiden-
Argentine-Bonn (LAB) survey Kalberla et al. (2005) and HI4PI database (Ben
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Bekhti et al., 2016). Additionally, for an estimate of the optical depth of HI
towards this sightline, needed for an accurate estimate of N(H), we use two HI
absorption-emission pairs from Strasser et al. (2007), to calculate the median

HI optical depth along the entire line of sight.

3.3 Data Reduction

The GBT and 20m OH data were reduced using the GBTIDL software
(Garwood et al., 2006). The quality of this data is generally very high, and
each polarization of each 10 minute scan was reviewed for the presence of
radio frequency interference and problems from instrumental effects. In this
section, we review the experimental and observational tests of the broad OH

emission that heightened our confidence in the result.

3.3.1 Separating the “ON” and “OFF” Spectrum

The observations in AGBT15B_004 were experimented on in several stages
of the frequency switching process in order to test different parts of the inter-
mediate frequency (IF) system to make sure the signal was not introduced by
some previously unknown systematic that was unaccounted for. Our observa-
tions are completed with in-band frequency switching (see e.g. O'Neil, 2002);
the reference measurement of ON-OFF is completed by shifting the central
frequency 2 MHz and differencing the spectrum. When we perform in-band
frequency switching, the science signal is still present in the “OFF” measure-
ment, and the final reduced signal is compiled by shifting and averaging the

“OFF-ON” and “ON-OFF” measurements to decrease the noise in the final
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RMS by +/2. This process is demonstrated in Fig. 3.1.

In each separate ON-OFF and OFF-ON signal, we should expect two
signals from the two OH lines, and the so-called “ghosts” of the subtracted
signals from the shifted frequency. Whichever phase is “ON” or “OFF” is
arbitrary. However, it is important that we check if the broad feature is
introduced in one part of the IF by appearing in one of the “phases” and not the
other. If it were to appear in “ON” but not “OFF”, this would raise the alarm
of an unknown systematic. We show in Fig. 3.1 that this is not the case, and
the positive and negative signals of the OH emission are clearly visible in both
reference spectra. The final product of the frequency switched measurement
is shown in the bottom panel of Fig. 3.1, where the “OFF-ON” measurement

is shifted and averaged together with the “ON-OFF” measurement.

In this final spectrum, we would expect the two signals as well as four
‘ghosts’, or negative, subtracted signals. Higher order polynomial fits are
required for such wide, frequency-switched measurements, as opposed to the

linear baseline fits typically used in position-switched measurements.

3.3.2 Baseline Fitting

We were immediately suspicious that the broad OH signal was an er-
roneous signal introduced by high-order polynomial baseline fitting. We
performed baseline fits for a wide range of polynomial orders to test the ro-
bustness of this method. The broad emission feature is detected in spectra
with polynomial baseline fits from order 8 - 23. The precision of the measure-

ment of the profile integral from the GBT spectra is then constrained by the
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Figure 3.1: The top panel is the “ON-OFF” phase and “OFF-ON” phase plotted
separately. The second spectrum is a shift and average of the top two spectra, typical
of frequency-switched measurements (O’Neil, 2002).
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titting procedure, which introduces ~ a few percent systematic error. To test
the robustness of the data pipelines; we created three different data pipelines
utilizing different common signal reduction techniques including: Fourier
tiltering (or bandstop filtering), ridge regression (or L2 Regularization), and
the standard general orthogonal polynomial regression used in GBTIDL. None

of the data pipelines generated different results.

In the case of our GBT observations, since the emission feature is very
wide in velocity, and the data are frequency-switched, linear baselines cannot
be removed. A new data fitting procedure in GBTIDL had to be created to
deal with such wide profiles. Discontinuous regions of the bandpass that do
not have ‘ghosts’ (negative signal) introduced by the frequency-switching,
or signal from the 1667 and 1665 MHz feature, were used (Ngj,,s ~ 6000)
to fit a single high-order polynomial ranging from order 17-23 based on a
tew different criteria: a) there should be no positive velocity emission due
to galactic structure, b) the chosen polynomial fit does not preferentially
subtract or under-subtract signal from the 1667 or 1665 emission near local-gas
velocities, resulting in a flat baseline, and c) the rms in the highlighted baseline
regions is minimized until no further improvement occurs. This procedure
produced the most consistent results for the GBT spectrum and flat baselines

in all regions where no signal or ‘ghost” were expected.

The pipelines were also used on the 20m spectra to produce the broad
OH signal with identical results to the GBT spectra. The only noticeable
difference in the spectra was the ‘flattening’ of “spiral arm” emission from

discrete clouds due to beam dilution. The size of the beam at 18 cm for the
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GBT is 7.6’, whereas the size of the beam for the 20m is approximately 45".
While the surface brightness is larger in the larger beam, the similar surface
brightness of the broad OH emission feature in both spectra indicate that the
tilling factor of the emitting gas is high, suggesting that the source geometry

of the OH emission is extremely diffuse molecular gas that is volume filling.

In addition to replicating the GBT result with the 20m telescope, we also
opted to forgo frequency-switching so that the baseline fitting of the 20m
spectra would be less complex. Baseline fits of order 2-3 were fit to the
total power spectrum and clearly showed the broad OH feature. This result
demonstrated that detection of the broad feature does not rely on the higher
order (i.e. 17-23) polynomial fits, which conceivably could have introduced
spurious artificial signals into the GBT spectrum. In the 100 hour 20m OH

spectrum, the RMS noise is ~ 0.3 mK at a velocity resolution of 1 km s~1.

3.3.3 Separating the Linear Polarization

The emission appears to be unpolarized. This is an important check be-
cause at cm wavelengths at the GBO observers will sometimes experience
weak, transient and usually polarized radio frequency interference (RFI) that is
time-dependent. We expect any real thermal OH emission to be non-polarized
because it is due to particle motions and collisions in gas that result in dipole
oscillations among the four ground-state lines. We checked that we could
reproduce the characteristics of the broad and faint OH emission features in
1667 and 1665 MHz in the independent orthogonal linear polarizations (XX

and YY). While the YY polarization experiences more baseline noise due to the
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Figure 3.2: The broad OH emission feature as seen in the GBT spectra. Top Panel:
A stacked 40 hr spectrum of XX linear polarization. Middle Panel: A stacked 40 hr
spectrum of YY linear polarization. Bottom Panel: The resulting residual spectrum
from XX-YY. The residual noise is possibly from an additional known spectral ripple
in the YY polarization due to the geometry of the GBT itself (Fisher, Norrod, and
Balser, 2003).
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aforementioned multi-path scattering, we were able to replicate the spectrum
and calculate a residual spectrum between the polarization which shows a
spectrum with zero emission from the velocity range of the broad OH feature.
If the emission were only detected in one polarization, that would indicate
that it would be some type of systematic error that we were previously not

accounting for.

In this experiment, we stacked five GBT OH spectra towards I = 108.000°,
b = 3.00°, keeping the linear polarizations separate throughout the reduction.
Then, the spectra are smoothed to a velocity resolution of 1 km s~1. The XX
and YY spectra are displayed in the top two panels of Fig. 3.10. The residual
spectrum of XX-YY is also shown to demonstrate that the two polarizations
behave differently at a very small level. The resulting integration time on the
spectra in Fig. 3.10 is approximately 40 hours with a RMS noise of Trpys =
300 K. The systematic from the YY spectrum is at the level of 0.5-0.6 mK, the
brightness temperature of the 1667 MHz emission is higher at T,,;, = 1 — 3mK,
and the 1665 MHz emission is about half of that, allowing a detection of
this feature at high S/N, especially if only using XX data. We rule out the
possibility that the emission from the this feature is a polarized systematic

baseline ripple in the GBT.

3.4 Results

In this section we will describe the two main spectra presented in this
paper, the nature of the OH main lines, and how column densities of HI, OH

and H; are computed.
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Figure 3.3: The observed broad emission in spectra towards the Outer Galaxy at
I =108°, b = 3° comparing the results from the 100m GBT and the 20m telescope at
the GBO. The top panel shows the HI emission at 1420 MHz (21 cm) observed with
the GBT. The middle panel shows the OH spectra observed at 1667 MHz (blue) and at
1665 MHz (green) using the 100m GBT, while the bottom panel shows the OH spectra
observed at 1667 MHz (red) and 1665 MHz (yellow-brown) using the 20m telescope
at the GBO. Note that while the telescope resolution varies from 7.6" at the GBT to
45" at the 20m telescope, the broad emission is detected with both of these telescopes.
The dashed lines are the 3¢ statistical detection limit, corresponding to 3 mK for the
100m telescope and 2 mK for the 20m telescope.
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3.4.1 GBT Spectra

It became apparent that many sightlines could be stacked from multiple
OH projects because of the extended nature of the broad OH emission, which
appeared to be beam filling. This allowed for artificially extremely long
integration times (up to 300 hours). Depending on how many positions are
averaged together, the rms noise in the spectra was between ~ 300-800 uK.
The GBT spectra shown in the middle panel of Fig. 3.3 come from an 80 hour,
stacked OH spectrum centered at 1666 MHz, which was then re-centered for
the 1667 and 1665 MHz lines respectively. The positions used in this spectra
are seven ten-hour exposures around the coordinates (I = 108°, b = 3°). The
main beam efficiency of the 100m at L-band is estimated to be #,,;, = 0.95,

which we used to convert antenna temperature to main beam temperature.

3.4.2 20m Spectra

After averaging 100 hrs of observations at two separate positions (I = 108°,
b =3%and | = 109°, b = 2.5°), separated by a degree on the sky, and
smoothing to 1 km s~!, the rms noise in the spectrum was ~ 300 uK. We have
aligned the local gas emission in the two spectra using a LSR (local standard of
rest) velocity correction calculator kindly provided by F. Ghigo”. The resulting
OH spectrum at 1667 and 1665 MHz are shown in the bottom panel of Fig. 3.3.
The main beam efficiency of the 20m is estimated to be 7,,;, = 0.77 (F. Ghigo,
private communication), which we used to convert antenna temperature to

main beam temperature.

thtps: //www.gb.nrao.edu/ fghigo/gbt/setups/radvelcalc.html
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3.4.3 1667 and 1665 MHz OH Lines

On a GBT spectrum with 10 hours of integration time, the resulting rms
at a velocity resolution of 1 km s~ is close to 1 mK. Typical brightness tem-
peratures per channel are T,;;, ~ 1 — 3mK, and thus the profile integral over
the large velocity width (Avpgg ~ 150km s~1) of the emission results in a
signal-to-noise (S/N) of approximately 25. The emission also appears clearly
in the two main lines of the OH ground state (AF = 0) at 1667 and 1665 MHz.
The profile integrals of the observed emission regularly appear to be in the
9:5 LTE ratio set by the quantum mechanical transition strengths (Townes and
Schawlow, 1955; Turner and Heiles, 1971). This ratio indicates that collision-
al excitation of OH is the dominant radiation mechanism in the gas, as the
energy levels approach the typical Boltzmann distribution as described by
an excitation temperature Ty, yet the brightness temperature is not near the

actual gas temperature.

3.4.4 Column Density of OH

The expression for the total molecular gas column density is (Mangum

and Shirley, 2015):

o 3h Qrot Ey hv B _1/
Niot = 5 i g exp (kTex) [exp (kTex) 1] T,dv (3.1)

where Qy,; is the rotational partition function, the statistical sum over all
rotational energy levels in the molecule (for the OH hyperfine, A-doubling

ground states, this sum is 16), and g, is the degeneracy of the energy level u.
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In the analysis of OH emission line profiles, this equation can be converted
to mostly observables. Consider a molecular cloud located in the ISM at a
distance S along a line of sight from the Sun towards the outer Galaxy. The
beam-averaged column density of OH molecules (N(OH)) along the line of
sight through the cloud is (Liszt, Pety, and Lucas, 2010):

(N(OH)) = Ce7 {T67T67 } /A (3.2)

where AT (v) is the (main beam) brightness temperature of the OH emis-
sion profile from the cloud as observed in one of the 18-cm OH transitions
(in this example the transition that gives rise to the 1667 MHz line), minus
an estimate of the underlying radio continuum brightness at the same radial
velocity (the ‘baseline’); T67 is the excitation temperature for the 1667 line; T,
is the brightness of the Galactic continuum emission at 1667 MHz incident on
the back surface of the cloud, and the integration over velocity includes all the
molecular emission thought to arise in that particular cloud. This equation
assumes that the Rayleigh-Jeans approximation applies, that the optical depth
of the cloud in the OH line is small, that all the OH molecules are in the ground
rotational-vibrational state, and that the 4 ground-state levels are populated

according to LTE. Under these conditions, the constant C, consists of:

87rk1/u12gi

CV - hCZAulgu

X (vy1/¢) (3.3)

where v, is the transition line frequency, A,; is the Einstein A coefficient
for that transition, 2.g; is the sum of the statistical weights of the four levels

giving rise to the 18cm lines (=16), g, is the statistical weight of the upper
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energy level that gives rise to the specific line (e.g. = 5 for the 1667 line), and
k, h, and c designate the usual physical constants. This equation has been
grouped into two terms; the first is from Goss, 1968, and the second provides
the conversion from line widths in Hertz (used by Goss) to the currently
more conventional units of doppler velocity. Using the entries for the line
frequencies and Einstein A coefficients found in the Splatalogue data base’
appropriate for the 1667 MHz line, the value of Cgy is 2.257 x 1014 cm~2 for

AT in Kelvins and velocity in km s~ 1.

In this analysis, we assume an excitation temperature of 5.1K =+ 1K, as the
excitation temperature is usually found to be within 1-2K above the continu-
um temperature (Li et al., 2018; Engelke, Allen, and Busch, 2020), although
we stress caution because the real excitation temperature of the gas may be
lower, closer to the Galactic background as found in Li et al. (2018). The
possible range of excitation temperatures and continuum temperatures alone
introduces systematic uncertainty in the resulting N(OH) values, which we
explore below. To obtain an estimate of the continuum background brightness
temperature, T., we estimate the synchrotron contribution from the 408 MHz
continuum map of the Canadian Galactic Plane Survey (CGPS, Taylor et al.
(2003)) by adopting a temperature spectral index of 2.8 (Reich and Reich,
1988):

T. = 2.7 + T, 408(1667/408) %3, (3.4)

which results in a T, of approximately 4K. An approved GBT program

3http: //www.cv.nrao.edu/php/splat/
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Figure 3.4: Left: The atomic (top) and molecular (bottom) content towards the
sightline | = 108°, b = 3° as traced by HI and OH with a 7.6" beam. Middle:
The same at | = 138°, b = 3°. Right: The same at [ = 158°, b = 3°. Notice that
because / is approaching 180°, the velocity of the emission begins to crowd towards 0
km s~ !due to the geometry of the Galactic velocity field.

for this coming year will attempt to observe this dark disk in absorption and
emission pairs, which should unambiguously provide an accurate measure-
ment of T,y in the future. The resulting column density is: N(OH) = (7.41 £
0.17) x 10 cm~2, which includes statistical error. For a sensitivity calculation
on systematic errors, we calculate the possible ranges of OH column densities
using 4.1K < T, < 4.5K, and 4.6K < T, < 6.1 K. This range results in: N(OH) =
(1.0 £ 0.017 statistical + 0.4 systematic) x 10'®> cm 2. Note that the systematic
uncertainty due to the unknown values of T, and T,y dominate. We remind
the reader here that the continuum temperature and excitation conditions are
likely not constant through the entire outer Galaxy, and thus a more precise

treatment in the future will be warranted when more data are available.
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3.4.5 Column Density of HI

An accurate measurement of the column density of HI is needed to calcu-
late the presumed amount of H; in the sightline from the gas content as traced
by dust reddening. We estimate the optical depth of HI, 7, as a constant value
across the sightline by examining two absorption-emission pairs from Strasser
et al. (2007) that we read from their online data: [ = 108.446°, b = 4.0498°; and [
=108.753°, b = 2.5772°. Although T changes along the line of sight, we take
the median value from these sight lines as a constant for the calculations of the
column density of HI at I = 108°, b = 3° because they are close in proximity
and representative of the diffuse ISM in this direction. The median across the
line of sight in these two directions results in a T = 0.103 & 0.03, which we use

as the 7 in the following HI column density calculations.

We use Equation 5 in Dickey and Benson (1982) to calculate the column

density of HI using the LAB survey HI spectrum at 1 = 108°, b=3°:

T
1—e 7

(N(HD) = Co [ Tu(®) do (3.5)

where Cy = 1.82 x 1018 ﬁ_;l This calculation assumes an isothermal
medium along the line of sight, with constant HI spin temperatures; which is
likely somewhat incorrect because there are different environmental regions
along the entire line of sight towards the outer Galaxy. However, because our
estimate of the total gas content, N is from dust IR emission, and hence does

not contain radial velocity information, we cannot reliably decompose the

HI and OH spectrum into their different components if the H, content is of
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pertinent interest. The resulting HI column density is N(H) = (1 £ 0.3) x 10?2

cm 2. The resulting N(OH)/N(H) ratio is ~ a few x 1077.

The HI4PI server” returns an HI column of N(H) = 9.58 x 102! cm—2.
Our column density differs (albeit, within error) because we restrain our
column density calculation only to the Milky Way disk (—150 km s™1< Vs
<100 km s~ 1) and correct for T, whereas the HI4PI N(H) maps calculate their
optically-thin column densities along their entire radial velocity range, —600
km s~!< Vygr < 600 km s~!. This may include not only the Milky Way disk
material, but also HI gas in the MW halo, intermediate and high velocity gas

complexes, and extra-galactic HI objects.

3.4.6 The OH Abundance Ratio

While several estimates of the N(OH)/N(H,) abundance ratio exist for
several Galactic environments (Liszt and Lucas, 1996; Nguyen et al., 2018;
Rugel et al., 2018; Jacob et al., 2019), it is unclear which value is appropriate
to use for this sightline, as most of these estimates were calculated towards
discrete clouds with absorption sources, and typically near the solar neigh-
borhood. We estimate our own abundance ratio in this sightline by using
dust reddening as a tracer for the total gas content, to see if it is consistent
with the latest abundance ratio calculations from the THOR survey (Rugel
et al., 2018) and using CH as a calibration tracer (Jacob et al., 2019). We closely
followed the prescription of this method as laid out in Nguyen et al. (2018).

Reddening is caused by dust grains through the absorption and scattering of

4https: / /www.astro.uni-bonn.de/hisurvey/AllSky_gauss/
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Figure 3.5: The observed 1667 and 1665 MHz OH broad emission toward the outer
Galaxy (I = 108, b = 3), as observed by the 100m GBT and 20m telescope at the GBO.
The dashed lines are the 3¢ (corresponding to 2mK for the 20m, 3mk for the 100m)
statistical detection limit. The HI spectrum is from the LAB survey (Kalberla et al.,
2005). The CO spectrum is from the FCRAO spectrum (Heyer et al., 1998), kindly
provided by M. Heyer.

light, defined as:

A
E(B—V) = R_Z - 1.086RivrymHNH (3.6)

where Ay is the dust extinction, Ry is an empirical coefficient, x is the
emissivity per cross section, r is the dust-to-gas mass ratio, y is the molecular
weight (=2), mp is the weight of a hydrogen atom and N is the total gas
content, defined as: Ny = N(H) + 2N (H,). Ry is typically assumed to be 3.1
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(Cardelli, Clayton, and Mathis, 1989). While it has been shown that Ry varies
on Galactic scales, it does not vary significantly (Schlafly et al., 2016). The SFD

dustmap assumes a value of 3.1, which we use in this paper.

In this analysis we assume that the total gas content is a linear combination
of atomic and molecular hydrogen, Ny = N(H) 4+ 2N (H;). We subtract the
column density of atomic hydrogen and assume that the residual is molecular
hydrogen. The uncertainties in this method include the uncertainty in the
dust reddening, the uncertainty in the Ny /E(B-V) ratio, and the uncertainty
in the optical depth, 7, of the HI.

Using the opacity corrected HI column density from Sect. 3.4.5, we cal-
culate a column density of protons, Ny, of 1 x 10?2, and H, of N(H,) = 3 x
10?0 cm~2. Using this to calculate an abundance ratio, N(OH)/N(H,) = 1.5-4
x 10~®, which is consistent the range of abundance ratios from the literature
(Nguyen et al., 2018; Rugel et al., 2018; Jacob et al., 2019). Our calculations and
the predictions from theory are also consistent with expectations for diffuse

regions, A, < 0.1 mag (Neufeld and Wolfire, 2016).

3.5 Discussion
3.5.1 The large-scale Galactic structure of the OH Emission

In 2019 we undertook a GBT survey in longitude and latitude to probe
the structure of the broad OH emission under Project ID AGBT19A_484. It
was quickly discovered that the emission experiences the same expected
velocity structure of the large-scale HI in the outer Galaxy. That is, the velocity

distribution of the emission approaches zero with increasing I, as shown in
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Fig. 3.4. This unambiguously implies that the broad OH profile is indeed
a large-scale structure in the Galaxy that obeys the geometry of the velocity
tield (Burton and Lintel Hekkert, 1985). The HI and OH emission morphology
appear to behave the same in velocity space, implying a cospatial nature
of this phase of molecular gas with atomic gas in the outer galaxy. The HI
associated with the Galactic disk is known to extend outward from the center
farther than optically observed portions of the Galaxy such as stars, as well as
known molecular components detected with CO. As such, this result extends
the distance outward in the Galaxy in which molecular gas is found. At the
same longitude and latitude, we demonstrate that this gas is by definition
dark, because it lacks a similar detection in a sensitive CO spectrum (Heyer

etal., 1998), see Fig. 3.5.

While the longitude-velocity dependence is suggestive of a large-scale
structure, we also checked for structure between —5° < b < 5° towards
I = 105° by stacking in latitude the data from AGBT15B_004 in longitude. We
were able to detect the broad OH emission to some level in every spectrum. It
was apparent, however, that the OH emission is very small (T},,;, = 1 mK) at
high latitudes, b = —5° and b = 5°. This suggests that the feature has some
scale height of ~ 200 pc. In a future paper we will investigate this further.
Additionally, it appears that the gas has a bi-modal distribution around b = 1°.
This may be because of the Galactic warp in this direction (Yuan and Wallace,

1973), which warps the stellar and gas disk above the Galactic plane.
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3.5.2 The Implied Volume Density of the Diffuse Molecular
Disk

Owing to Galactic rotation, the distance s along the line of sight and the
radial velocity v at that point are approximately linearly related in the outer
Galaxy. This suggests that we can estimate the volume density noy at any
point s along the line of sight by differentiating equation 3.2 with respect to

distance s along the line of sight to obtain:

e ] 67
m(OH) ~ Co | mr—asTy d/ds/ATb (0)dv (3.7)
~ Cg 4 _ AT (v)dv/ds|s—g (3.8)
T -T.(I>L)] " T

where dv/ds is in units of km s~!/cm for the value of Ce7 adopted here. To
determine an approximate value for dv/ds appropriate for any given Galactic
longitude, we use the values of S for a given value of v returned by the
VLBI “Revised Kinematic Distance Calculator” developed by the “BeSSeL.”
collaboration”’; for additional background information see the review paper
by Reid and Honma (2014). This approach allows us to estimate values for
s(v) and ds/dv which are less prone to local perturbations in the velocity field
of the outer Galaxy. For instance, at / = 108.0°, b = +-3.0°, and e.g. at v = —80
km s~ !(the approximate radial velocity of the outer arm of the Galaxy at this
value of ) we obtain the linear approximation s = a — bv with a ~ 0 and

b ~ 0.0875 kpc/(km s~1) at a distance of ~ 7.0 kpc from the Sun. As an

5 http:/ /bessel.vlbi-astrometry.org/home
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illustration, the volume density at this location is 1.8 x 10~ OH molecules
cm ~3per mK of 1667 MHz main-beam brightness temperature, assuming we
are far enough in the outskirts of the Galaxy to set T, (s > S) = 3K (i.e. slightly
above CMB alone), and choosing T = 4.1K (a reasonable value between
the ones found in Engelke and Allen (2018) and Li et al. (2018)). Using the
abundance ratio N(OH)/N(H,) = 2 x 10~°, the corresponding H, volume
density is ~ 7 x 1073 Hy molecules cm3at this location. By changing the
excitation and continuum temperatures within reasonable assumptions (+
2 K, for either), the volume density could be higher or lower by a factor of
10. This is consistent with the volume density of the diffuse molecular gas
phase suggested by Papadopoulos, Thi, and Viti (2002), and consistent with
the average molecular volume density of the ISM found by Bohlin, Savage,

and Drake (1978).

3.5.3 Implications for Diffuse Molecular Gas in the Outer
Galaxy

An estimate of the Hy mass implied by the broad OH emission from the
diffuse OH emission can be calculated using several reasonable assumptions.
It is, however, important that we treat this number with caution because the
uncertainties involved in this method amount to roughly an order of magni-
tude. Since we calibrate our OH/H, abundance ratio for this sightline in an
integrated fashion with dust reddening, we have no knowledge of the evo-
lution of the OH/H; abundance ratio in radial velocity (and hence, distance
towards the Outer Galaxy). With the assumption of excitation and continuum

temperature above, we move forward by transforming our column density of
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Figure 3.6: The observed HI, OH and CO spectrum from Fig. 3.5, transformed into
estimated number of protons traced by each tracer. Estimated number of protons for
the atomic gas component is calculated directly from the HI signal; estimated number
of protons for the molecular gas component is calculated from the OH signal using
our assumed value of N(OH)/N(H,) of 2 x 107°, and from the CO signal using the
X(CO) value 2 x 10 cm~2 (K km s~1)~! from (Bolatto, Wolfire, and Leroy, 2013). We
see that diffuse molecular gas (as traced by OH) may be a component in mass equal to
the atomic gas traced by HI, while much of the molecular gas appears to be CO-dark.
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OH to H; using the abundance ratio calculated in Sect. 3.4.6. The uncertainty
in the abundance ratio is the dominant error in the following calculation.
While we calculate an N(OH)/N(Hy), it is subject to all of the assumptions
implicit in the dust reddening method, and we should also not be using one
number for the abundance ratio for the sightline, as there are multiple envi-
ronments in the spectrum. Nevertheless, if we use the derived abundance
ratio, and the X(CO) number we can transform the T,,;, measurements of the
HI, OH and CO spectrum in proton units. This exercise, displayed in Fig. 3.6,
shows that diffuse molecular gas (as traced by OH) may be a component in

mass equal to the atomic gas traced by HI in the outer Galaxy.

We use a simple geometric model of the outer Galaxy: a cylinder with a
hole in the middle corresponding to the solar circle (R = 8 kpc). We calculate
the volume of this cylinder as V = 7h(r? — r3), where we take the height of
the dark molecular disk as 200 pc, which is motivated by observations but will
be further investigated in a future paper. In broad strokes, the z-distribution of
OH was investigated at the “Perseus Arm” gas velocity (Vi sg = —60 km s~ 1),
by fitting a Gaussian we were able to measure the scale height of the gas
features. We take this as the scale height because it appears that the disk
of emission peaks in surface brightness at this feature. We assume a line of
sight disk length of R = 25 kpc, which is approximately the extent of the HI
disk. The resulting volume of this hollow cylinder is 1 x 10% cm3. Using a
T, = 4 mK, the number density is 7 Hy molecules per liter, the mass in the

outer Galaxy can be calculated as: M = 2m,Vny, ~ 1 x 108 Mg, The main

uncertainties here are: the excitation temperature of OH and the abundance
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ratio of OH to Hy the abundance ratio being the dominant contribution to the

uncertainty.

The current literature values of OH/H, cluster around ~ 1 x 107 (Liszt
and Lucas, 1996; Nguyen et al., 2018; Rugel et al., 2018; Jacob et al., 2019); a
possible value of the mass using this ratio (which results in 150 H, molecules
per liter) is ~ 2 x 10° M, which is about equal to current estimates of CO-
traced Hy mass in the Galaxy at ~ 1 x 10° M (Heyer and Dame, 2015), and
within an order of magnitude of the HI mass, at ~ 8 x 10° M, (Kalberla and

Kerp, 2009).

If we use our calculated value for the abundance ratio for the lower limit
of mass, and the literature value of the abundance ratio for the upper limit
of the mass, the resulting range of molecular disk mass values is ~ 10877
Mg . The existence of a mass of dark Hy in our Galaxy equal to the CO-bright-
traced Hj has been inferred from the indirect observations of y-ray (Grenier,
Casandjian, and Terrier, 2005) and dust (Planck Collaboration et al., 2011). We
provide with this measurement concrete evidence of the existence of these
diffuse molecules and, with the radial velocity distribution, the geometry of
the diffuse molecular gas as a thick disk beyond the Solar circle. Note that the
newly discovered diffuse molecular disk contains CO-dark molecular gas in
addition to the previously reported clouds of CO-dark molecular gas found
during our OH observing program in the arms of the Galaxy (Allen, Hogg,
and Engelke, 2015; Busch et al., 2019). Moreover, it is interesting to examine to

what extent the diffuse molecular disk might affect the total baryonic mass of

the Galaxy. Using an estimate of stellar mass of ~ 6 x 101°M, (Licquia and
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Newman, 2015; McMillan, 2017) and an estimate of the known mass of the
interstellar medium of ~ 1 x 10'°M, (Kalberla and Kerp, 2009), we roughly
estimate that this newly discovered diffuse molecular disk could increase the
baryonic mass estimate of the Galaxy by ~ 0.1 % to ~ 2 %. We anticipate that
turther sensitive surveys of this broad OH emission throughout the Galaxy
will refine the measurement of the mass of the diffuse molecular disk in the

future.

The scale height of the diffuse OH emission corresponds extremely well
with the thick diffuse molecular gas disk found in M51 in extended CO
emission (Pety et al., 2013). This comparison raises the question as to why
the CO sightlines in the Milky Way are CO-dark, when the diffuse molecular
gas in certain other galaxies others are not. One possible explanation for the
detectable CO emission in M51 is the geometric effect of M51 being face-on.
This orientation could result in enough radiative trapping in the z-direction
for the emission from the diffuse component to be detectable at a sensitivity of
~ 1K km s~!. We show in Busch et al. (2019) that CO is subthermally excited
below its critical density of 1000 cm 2, and below this threshold the surface
brightness of CO is heavily dependent on gas volume density. While the CO
emission in Pety et al. (2013) appears to come from diffuse molecular gas of
n ~ 300-500 cm~3, the OH emission may yet still be tracing an even more
diffuse component in addition to the CO-traced diffuse molecular gas because
its critical density isn ~ 1 cm 3. A future study intended to search for OH
emission from diffuse disks in external galaxies known to contain CO-bright

disks, as well as several that do not contain detected CO disks, could provide
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more information about the differences between conditions in the disks of
these galaxies and the properties that lead to a diffuse disk being CO-bright
or CO-dark. Such a study could also demonstrate whether OH traces a larger
total mass of diffuse molecular gas in these disks even for galaxies that already

contain a detectable disk in CO.

Papadopoulos, Thi, and Viti (2002) lays out a theoretical basis for both
H; formation and shielding at large Galactic distances. They argue that both
the ingredients (HI and dust grains) and environmental conditions exist for
H, formation well inside the Galactic HI disk. The existence of abundant
dark H, may also shed light on the puzzling star formation behaviours in
HI dominated regions (Krumholz, 2013). Star formation correlates with H;
down to the lowest column densities that can be detected by CO, but then also
begins to correlate with HI in the outer parts of the Galaxy. If there were a thick
disk of diffuse molecular gas in the outer Galaxy, this may help explain the
star formation in the HI dominated portions of the outer Galaxy, as opposed
to alternative explanations such as high-velocity runaway stars (Andersson,

Renaud, and Agertz, 2021).

Modeling and observations in future papers will have to study the distinc-
tion between the OH and CO-traced diffuse molecular gas disks in order to
fully understand the transition zone between CO-bright and CO-dark molecu-

lar gas.
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3.6 Conclusions

We have discovered an extremely broad OH emission profile towards the
outer Galaxy that is cospatial with the HI velocity distribution. We have
convinced ourselves that it is a real astronomical signal by observing the
feature in: both 1667 and 1665 MHz OH lines, two different telescopes with
vastly different beams and associated instrumental effects, and using three

different data pipelines with which to reduce the data.

This result indicates that the molecular disk of the Galaxy is significantly
more extended than previously suspected. We believe that the geometry of
the molecular gas traced by the emission is in the form of an extremely diffuse
disk, with a thickness observed in the Galactic latitude range —5° < b < 5°.
The signal is indicative of large-scale structure because it obeys the velocity

field of the Galaxy.

A conceptual model of the outer Galaxy using our derived value of the
volume density of ~ tens of H molecules per liter (7-70 x 1073 cm~3) results
in a molecular mass value for the dark molecular disk of ~ 108—° Mg, with the
order of magnitude uncertainty resulting from the adopted range of values of

the abundance ratio, N(OH)/N(H,).

We plan multiple follow up surveys to probe the latitude and longitude
dependence of the OH emission, and to characterize the structure of the diffuse
molecular gas using OH emission. We hope this discovery will motivate
similar searches for extremely diffuse molecular gas using dark molecular gas

tracers on a large, Galactic scale. We anticipate there is much to learn about
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Galactic structure by using an optically thin, widely observed molecular gas

tracer in the Galaxy.

3.7 Appendix A: Several Systematic Tests of the
OH Emission

In 2015 the first emission from a wide OH feature (nicknamed, "the Pedestal")
was observed by R. Allen, D. Hogg and P. Engelke with the 100m Green Bank
Telescope (GBT) and later re-observed in 2018 by R. Allen, D. Hogg and M.
Busch with the 20m telescope at the GBO (see Fig 3.7). This feature appears to
have very a low surface brightness and the emission approached the typical
rms level per channel with 2 hours of integration time on the GBT, which
has a typical Tsys ~ 18K. The "pedestal” appears as a nearly constant surface
brightness, wide velocity profile "underneath" the conventional spiral arm
emission. The similar velocity structure of the atomic gas tracer (HI) and the
molecular gas tracer (OH) suggest that the gas is in the geometry of a thick
disk, and co-spatial with the atomic gas. Multiple followup observations were
completed at the 10 hour level around 1 = 108.000/¢"¢, B = 3.00/ "¢ to probe

the feature.

With 10 hours of integration time, the resulting rms at a velocity resolution
of 1 km s~ lis close to 1 mK. Typical "pedestal” brightness temperatures per
channel are T, ~ 1 —3mK, and thus the profile integral over the large velocity
width (Avrsg ~ 150km s~ 1) of the typical "pedestal” results in a signal-to-noise
(S/N) of approximately 25. The pedestal emission also appears clearly in the two
main lines of the OH ground state (AF = 0) at 1667.359 and 1665.402 MHz.
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Figure 3.7: The observed 20m OH 1667 pedestal emission toward the outer galaxy
compared with HI data from the LAB survey (Kalberla et al., 2005). Note that at these
galactic coordinates, no positive emission is expected and none is seen. The dashed
lines are the 3¢ (corresponding to 1mK) statistical detection limit. We have aligned
the local gas emission in the two spectra.
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The profile integrals of the observed emission regularly appears to be in the
9:5 LTE ratio set by the quantum mechanical transition strengths (Townes and

Schawlow, 1955).

Many different tests were completed to test the robustness of this result
in terms of the data reduction itself. Different data pipelines were created
with 3 different reduction methods including: fourier filtering (or bandstop
filtering), ridge regression (L2 Regularization), general orthogonal polynomial
regression. None of the data pipelines generated different pedestal results,
therefore we moved forward with using the general orthogonal polynomial
titting as used by GBTIDL. We conducted redundant tests in the "order" of
polynomial as well. Since the "pedestal” emission is very wide, and the data is
frequency-switched, linear baselines cannot be removed. Discontinuous regions of
the bandpass that do not have "ghosts" introduced by the frequency-switching,
or signal from the 1667 and 1665 MHz pedestal, were used (N_j;,,s ~ 6000)
to fit a single high-order polynomial ranging from order 17-23 based on a
few different criteria: a) there should be no positive velocity emission due to
galactic structure, b) the order of polynomial does not preferentially subtract
or under-subtract signal from the 1667 or 1665 emission at local-gas velocities,
¢) the RMS in the highlighted baseline regions is minimized until no further
improvement occurs.

In the following sections we describe three different experiments including:
the expected sensitivity in long exposures, inspecting the residuals of the
linear polarization data, and inspecting the "ON" and "OFF" phases of the

frequency-switched data.
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3.7.1 RMS of Extremely Long L-Band Observations

To test the validity and stability of the L-band receiver of the GBT, and
whether or not it acts in the expected according to the idealized radiometer

equation:

Tsys

or , =
mb /AUt

We stacked OH spectra from a compilation of data sets we have recently

(3.9)

observedd with the GBT. These data sets come from observing project IDs:
AGBT14B_031B, AGBT15B_004, and AGBT19A_484. The compiled RMS
calculated from GBTIDL (Garwood et al., 2006) using the stats command in a
region of flat baselines with no expected signal or ghosts from the frequency-
switched observations. The results are listed in Table 1. The resulting plot is

also shown in Fig. 3.8.

The observational results and GBT sensitivity calculator” agree remarkably
well only after ~ 2-4 hours of integration time. The results demonstrate
that while instrumental ripples may be a problem for shorter observing runs,
they are not an impediment for extremely long integration times, and may
in fact be averaged out after successive observing sessions and integration
time is increased. After ~ 6 hours, the observed RMS and calculated RMS is

practically identical.

Since the observed brightness temperature of the pedestal emission is

faint per channel, we need at least 10 hours of integration time to begin to

®https:/ /dss.gb.nrao.edu/ /calculator-ui/war/Calculator_ui.html
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notice the pedestal feature. This is why our previous observations of 2 hours
were not sufficient enough to detect this signal. There is also a noticeable
"point of diminishing returns" on the decreasing RMS around ¢ ~ 20 hours.
Any further reduction in noise should come from smoothing of the velocity
resolution by factors of 2. For example, a 10 hour spectrum with 1 mK RMS
at a velocity resolution of 1 km s~ !will have an RMS of 0.5 mK at a velocity
resolution of 2 km s~!. While the lower resolution is not ideal for studying
the narrow emission of the spiral arms, the pedestal emission is a constant
surface brightness feature over a large velocity width, making such velocity
smoothing a reasonable method to obtain sufficient S/N to detect the pedestal

emission at high S/N.

3.7.2 Separating Linear Polarization Data

Since the pedestal emission is expected to be thermal emission, it is impor-
tant to confirm the emission is unpolarized. It is expected that the radiation
mechanism is largely from collisional excitation between OH and H atoms,
either in the atomic of molecular form. Thus, the emission should not be
polarized. If the emission were only detected in one polarization, that would
indicate that it would be some type of systematic error that we were previously

not accounting for.

In this experiment, we stacked five GBT OH spectra towards 1 = 108.000/¢"°,
B = 3.00/¢", keeping the linear polarizations separate throughout the reduc-
tion. Then, the spectra are smoothed to a velocity resolution of 1 km s~1.

The XX and YY spectra are displayed in the top two panels of Fig. 3.10. The
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Figure 3.8: The observed RMS plotted against the RMS calculated from the GBT
sensitivity calculator in a linear scale to demonstrate the disagreement at shorter
integration times.
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Figure 3.9: The observed RMS plotted against the RMS calculated from the GBT
sensitivity calculator in a logarithmic scale to demonstrate the disagreement at shorter
integration times.
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residual spectrum of XX-YY is also shown to demonstrate that the two po-
larizations behave differently at a very small level. The YY polarization is
known to have additional spectral baselines than the XX polarization due
to multipath scattering, discovered during the commissioning of the GBT
(Fisher, J. R., Norrod, R.D., and Balser, D.S. 2003, Electronic Division Internal
Report No. 312). The resulting integration time on the spectra in Fig. 3.10 is
approximately 40 hours with a RMS noise of Trp1s = 300 # K. The systematic
from the YY spectrum is at the level of 0.5-0.6 mK, however the brightness
temperature of the pedestal 1667 MHz emission is higher at T}, = 1 — 3mK,
and the 1665 MHz emission is about half of that, allowing a detection of this

feature at high S/N, especially if only using XX data.

We rule out that the emission from the this feature is a polarized systematic

baseline ripple in the GBT. It appears to behave like OH thermal emission.

3.7.3 Separating the "ON" and "OFF" Pedestal Emission

The observations in AGBT15B_004 were experimented on in several stages
of the frequency switching process in order to test different parts of the inter-
mediate frequency (IF) system to make sure the signal was not introduced
by some previously unknown systematic that was unaccounted for. Our ob-
servations are completed with in-band frequency switching (see e.g. O’Neil,
2002), the reference measurement of ON-OFF is completed by shifting the
central frequency 2 MHz and differencing the spectrum. When we perform

in-band frequency switching, the science signal is still present in the "OFF"
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Figure 3.10: Top Panel: A stacked 40 hr spectrum of XX linear polarization. Middle
Panel: A stacked 40 hr spectrum of YY linear polarization. Bottom Panel: The resulting
residual spectrum from XX-YY. The residual noise is possibly from an additional
known spectral ripple in the YY polarization due to the geometry of the GBT itself
(Fisher, J. R., Norrod, R.D., and Balser, D.S. 2003, Electronic Division Internal Report
No. 312). This noise is responsible for the systematic error reported in our measurement.
In this example, it is roughly double the statistical error, and dominates the reported
errors. It approximately translates into a 6% error on the total profile integral.

86



measurement, and the final reduced signal is compiled by shifting and aver-
aging the "OFF-ON" and "ON-OFF" measurements to decrease the noise in
the final RMS by /2. This process is demonstrated in Fig. 3.1.

In each separate ON-OFF and OFF-ON signal, we should expect two sig-
nals from the two OH lines, and the so-called "ghosts" of the subtracted signals
from the shifted frequency. Whichever phase is "ON" or "OFF" is arbitrary.
However, it is important that we check if the pedestal is introduced in one part
of the IF by appearing in one of the "phases" and not the other. If it were to
appear in "ON" but not "OFF", this would raise the alarm of an unknown sys-
tematic. However, we show in Fig. 3.1 that this is not the case, and the positive
and negative signals of the pedestal signal are clearly visible in both reference
spectra. The final product of the frequency switched measurement is shown in
the bottom panel of Fig. 3.1, where the "OFF-ON" measurement is shifted and
averaged together with the "ON-OFF" measurement. In this final spectrum,
we would expect the two signals, and four ‘ghosts’ (or negative, subtracted
signals), making baseline fitting of such wide, frequency-switched signals
requiring more than linear baselines (typically used in position-switched

measurements), as explained above.
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Figure 3.11: The top two panels are the "ON-OFF" phase and "OFF-ON" phase plotted
separately. The third panel is an overplot demonstrating the features of the pedestal
in the middle of the data reduction. The final spectrum is a shift and average of the
top two spectra, typical of frequency-switching measurements.
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Chapter 4

First Detection of Thermal 18cm OH
Emission in Another Galaxy: A
Pilot search for 18cm OH in M31

4.1 Introduction

The hydroxyl radical (OH) was the first molecule discovered in the ra-
dio regime in absorption against Cas A almost 60 years ago (Weinreb et al.,
1963). Surveys for OH in our own Galaxy quickly revealed that absorption
measurements were far easier to carry out than emission due to the often
times low excitation temperature (a few K above background continuum) of
the A-doubling OH ground state main lines (Penzias, 1964). The first major
survey for OH was carried out by Goss (1968) in absorption. Within a year, the
detection of OH emission was announced by Weaver et al. (1965); however
the discovery of the masing phenomenon of the OH molecules captured the

most attention (Baan and Haschick, 1987)". It was the discovery and detection

! Additional historical information concerning the early observations and discoveries of
OH in both emission and absorption can be found in Allen et al. (2012).
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of the CO molecule, and its relative brightness and abundance, that led to it
taking over as the choice tracer for Hj (for a review see, Bolatto, Wolfire, and

Leroy, 2013; Heyer and Dame, 2015).

Early work towards detecting OH in external Galaxies were largely prohib-
ited once again by lack of sufficient sensitivity. The first systematic search for
OH in 63 nearby spiral galaxies was led by Schmelz and Baan (1988) using the
305m Arecibo Observatory, which failed to detect any OH. An early search
for OH in the Large Magellanic Cloud (LMC) using the Parkes Telescope also
failed to detect OH emission (Radhakrishnan, 1967). The detection of masing
emission from OH/IR stars in the LMC (Wood, Bessell, and Whiteoak, 1986)
prompted additional searches for OH masers in the Magellanic clouds (Wood
et al., 1992). A large absorption survey of OH in the Magellanic systems is
expected to be carried out by GASKAP this decade (Dickey et al., 2013). A re-
cent search for OH absorption using the FAST telescope by Zheng et al. (2020)
failed to detect any extragalactic OH absorption sources, but placed stringent
upper limits, and also reviewed the existing literature on extragalactic OH

absorption sources, which we recommend for the interested reader.

Local group galaxies are natural choices for the first searches for faint
OH emission because they can be resolved by current available telescopes,
allowing for future experiments to be carried out to trace both the OH and CO
detections along an axis of these galaxies and for a direct comparison of the H;
traced by multiple molecular tracers. Such studies will allow for a statistical
comparison and check of the efficacy of using the CO as a tracer of the total H;

reservoir of galaxies. Having more molecular tracers (as opposed to indirect gas
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tracers, like dust extinction) could also offer a possible calibration for the CO-
to-H; conversion factor (usually called X(CO)) that will account for CO-dark
molecular gas (or ‘dark gas’) in extragalactic CO measurements. Hydrides like
OH (Wannier et al., 1993; Allen et al., 2012; Allen et al., 2013; Allen, Hogg, and
Engelke, 2015; Nguyen et al., 2018; Busch et al., 2019; Engelke and Allen, 2018;
Engelke and Allen, 2019; Donate et al., 2019; Donate, White, and Magnani,
2019; Engelke, Allen, and Busch, 2020; Busch et al., 2021; Tang et al., 2021)
and CH (Neufeld and Wolfire, 2016; Chastain, Cotten, and Magnani, 2009;
Weselak et al., 2010; Xu and Li, 2016; Jacob et al., 2019; Jacob et al., 2020) seem
particularly promising for this enterprise. Such efforts to calibrate X(CO) for
extragalactic measurements have made great strides recently by using [CII]
and to account for the total carbon budget in galaxies (see e.g. Madden et al.,

2020, and references therein).

The recent renewed interest in faint OH emission is primarily due to the
utility of OH to trace the ‘CO-dark” molecular gas. The diffuse molecular
gas phase is the second most massive in the ISM after the atomic phase, due
to its much larger volume than the ‘CO-bright’ component of the molecular
gas, which is observed to be clumpier, filamentary, and colder (Heyer and
Dame, 2015). In contrast, the diffuse molecular gas fills more volume, but
is largely invisible to conventional all-sky CO surveys (Grenier, Casandjian,
and Terrier, 2005; Pineda et al., 2013; Wolfire, Hollenbach, and McKee, 2010;
Planck Collaboration et al., 2011; Allen et al., 2012; Allen et al., 2013; Allen,
Hogg, and Engelke, 2015; Rugel et al., 2018; Busch et al., 2019).

The theory posited in Busch et al. (2019) and Engelke, Allen, and Busch
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(2020) explaining why OH can trace the dark gas relies on the concept of
the critical density of the two tracers. This is the density required to balance
the collisional excitation rate with H and the spontaneous emission rate
of the molecular line. This density for the optically thin approximation of
CO(J=1-0) is 1000 cm 3 (Bolatto, Wolfire, and Leroy, 2013), whereas for 18cm
OH this critical density is 1 cm ™2, meaning that the brightness of the OH
line will not be a strong function of volume density in most quiescent ISM
environments. The CO(J=1-0) line, on the other hand, quickly becomes fainter
and subthermally emitting as most of the molecules will lie in the J=0 state
(Yang et al., 2010), and the practical implication of this is that all-sky CO
surveys will be biased towards gas volume densities approaching and above
the critical density. Some authors argue for increased sensitivity in CO surveys
(Donate and Magnani, 2017) to lower the fraction of “dark gas” in CO surveys.
This will indeed will help, but undoubtedly there will still exist large fractions
of diffuse molecular gas that will be primarily ‘CO-free’ (Wolfire, Hollenbach,
and McKee, 2010; Li et al., 2018), where the gas phase carbon will reside in
CY or C* rather than CO, due to the lack of sufficient self-shielding from the

interstellar radiation field.

In this paper we present, to our knowledge, the first detection of thermal
OH emission in another Galaxy, M31. We stress that by ‘thermal’, we mean
strictly that the emission is not obviously caused by discrete maser sources,
which would require specific energetic physical processes (Elitzur and Moshe,
1990; Elitzur and Moshe, 1992; Lockett, Gauthier, and Elitzur, 1999; Hewitt,

Yusef-Zadeh, and Wardle, 2008), and is instead likely from an extended diffuse
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molecular gas distribution; analogous to the recently discovered thick disk of
diffuse molecular gas in the Milky Way (Busch et al., 2021). Maser emission is
markedly brighter, and results in line ratios inconsistent with the LTE ratio
(1:5:9:1). Historically, the type of emission discussed in this paper has been
called ‘normal’ to distinguish from the masing OH emission (e.g. Heiles,
1968). The lack of previous thermal OH emission detections is not surprising
given the growing body of literature that has demonstrated that the excitation
temperature of the ground-state OH lines are usually close to the background
continuum, and thus the emission is suppressed and faint (Dawson et al., 2014;
Li et al., 2018; Engelke and Allen, 2018; Busch et al., 2019; Engelke, Allen, and
Busch, 2020).

In section 4.2 of this paper we discuss the technical aspects of the ob-
servations, the search construction and rationale. In section 4.3 we explain
the source of CO data that we choose to compare our results to. Section 4.4
briefly explains how the GBT data were reduced using GBTIDL. In section 4.5
we present the profile integrals, line parameters, uncertainties and statistical
significance of the observed OH emission profiles. Section 4.6 presents the
calculation of the dark Hj traced by OH and relevant discussion of uncer-
tainties, along with a discussion about the relation of OH and HI emission.
We conclude the paper with a look forward to potential further extragalactic

searches for thermal OH emission.
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45™  42™ 39 3

J2000 Right Ascension

Figure 4.1: An HI emission map of M31 from the EBHIS survey (Winkel et al.,
2015). The beam size of the Effelsburg telescope at 21cm is shown in the bottom left.
Overlaid are apertures the size of approximately the GBT beam at 18cm (7.6"). The
nucleus of M31 (teal) is shown for reference at a = 0"42"44%, § = +41°16’ (J2000). The
spectroscopic measurement of 18cm OH (magenta) is also shown at a = 073932, § =
+40°26' (J2000), approximately 62’ from the nucleus, aligned with the major axis of
the galaxy. The yellow aperture is the sightline with a non-detection at a = 040724,
J = +40°28' (J2000).
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4.2 Observations

We have observed the ground state, A-doubling OH emission lines at 18
cm as well as the 21 cm HI line with the 100m Robert C. Byrd Green Bank
Telescope, located in the radio quiet zone of Green Bank, West Virginia. These
observations involved frequency-switching by 2 MHz centered on 1420, 1617,
1665, and 1720 MHz (O’Neil, 2002) using the VEGAS spectrometer in the 1.15 -
1.73 GHz ("L-band") range (Prestage et al., 2015). The observations cover all
four ground-state OH emission lines, although the 1612 MHz band is unusable

due to radio frequency interference (RFI).

The receiver is a single-beam, dual-polarization instrument, with an effec-
tive system temperature in the range of 16-20 K, depending upon the weather
and the background continuum emission. The observed signal is fed through
an IF system to the control room, for which we have a chosen a bandwith of
11.7 MHz in order to minimize the possibility of harmful radio interference.
The beam size of the GBT at 18 cm is 7.6". The antenna efficiency of the GBT in
this frequency band is 77 = 0.95, as determined by NRAO staff’. Thus the an-
tenna and main-beam brightness temperatures, T,,;, = T4/0.95, are virtually

identical; we choose to present the data in T;,.

Two sightlines (see Fig. 4.1) were observed in the summer of 2020 under
project ID AGBT20A_556, which was proposed in response to a call for Di-
rector’s Time proposals during the observatory’s infectious disease operating
status. The lack of observatory staff on site limited receiver changes during

this time. 70 hours were requested for this exploratory search.

2h’ctps: / /www.gb.nrao.edu/GBT/Performance/PlaningObservations.htm
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As the OH emission is expected to be faint from experience (Allen et al.,
2012; Busch et al., 2019; Busch et al., 2021), any mapping or grid surveys of
local group galaxies would likely take hundreds of hours with a single-beam

receiver, and necessitate a larger observing program.

4.2.1 Blind Search Construction

This search for OH emission in M31 was blind, and not directed at any
previously discovered supernova remnant, HII region, or any potential ab-
sorption source. The sightlines were chosen for predominantly two reasons:
tirstly, they were far away enough (~ 13 kpc from the nucleus) from the
canonical molecular ring of M31 as detected in CO (Dame et al., 1993) to
be astronomically interesting as any OH emission would likely be linked
to ‘CO-dark’ molecular gas (Wannier et al., 1993; Grenier, Casandjian, and
Terrier, 2005; Wolfire, Hollenbach, and McKee, 2010; Li et al., 2015; Li et al.,
2018). Secondly, we chose sightlines that had relatively bright HI emission,
as recent OH surveys in our Galaxy have empirically shown that HI and OH
emission are tightly correlated (Allen et al., 2012; Busch et al., 2021). We used
the relation from Allen et al. (2012): T,,;(OH1467) = 1.5 x 10~ T,,,,(HI) (with a

suggested scatter of 3mK) as a guide to our OH observations.

4.3 Archival CO Data

In comparing the OH emission to the canonical molecular gas tracer, CO,

we opt to compare with the 1.2 mm telescope at the Harvard Center for

100



Astrophysics (CFA) (Dame et al., 1993). This survey has observed all of M31
out to a radius of at least 15 kpc, which is well suited to compare to our data
set because it's beamsize is similar at 8.7’ to the GBT beam at OH (7.6”), and it

is extremely sensitive, at an RMS of 18mk per 1.3 km s~ channel.

4.4 Data Reduction

The HI observations required no correction for baselines at the scale of
interest here. The OH data required more careful treatment. Each 10 minute
scan in each polarization is reviewed for the presence of interference or other
instrumental problems. In general, little editing is needed. After averaging,
the final spectra are smoothed by Gaussian convolution (with decimation)
by 27 channels to a velocity resolution of 4 km s~! to decrease rms noise
per channel. An order 4 polynomial baseline was subtracted from the final
baseline by fitting 100 km s~! on either side of the expected signal. The
boundaries for the baseline fitting followed the extent of the HI emission. This
was done using the usual baseline fitting procedures in GBTIDL (Garwood

et al., 2006).

4.5 Results

These results pertain to the sightline with the OH detection (magenta in
Fig. 4.1). The observed HI and OH spectra from the GBT are displayed in
Figure. 4.2. Before smoothing and decimation, the noise is in the spectrum

is approximately 5mK, the spectral resolution is 1.88 kHz corresponding to a
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Figure 4.2: 21cm HI and 18cm OH lines overplotted. The scale on the left axis is for
the OH data while the right is for HI. Both spectra were smoothed to 4 km s 'per
channel with decimation. The dashed line corresponds to £ 1-¢ statistical noise, A
T,p ~ 0.4mK. The steep drop off at the edge of the bandpass at -650 km s~ lin the
1667 MHz spectra is an artifact of baseline subtraction.
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Figure 4.3: Both sightlines discussed in this paper. OH was detected at the coordinates
presented in the left panel. No significant OH signal was detected in the right
panel (the 1667 MHz line is shown). Both OH spectra were reduced using the same
procedures discussed in Section 4.4. The observed GBT HI spectra for both positions
are also overplotted. The dashed line corresponds to + 1-¢ statistical noise, A T, ~
0.4mK.
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Figure 4.4: Same as Fig. 4.3
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velocity resolution of 0.34 km s~ 1. The resultant noise per channel is 0.4 mK
at the final chosen velocity smoothing of 4 km s~!, which corresponds to a

spectral resolution of 22.24 kHz.

The peak of the OH emission at 1667 MHz is 2.4 mK, whereas the peak of
the 1665 MHz emission is is 1.5mK, close to the expected LTE ratio of the lines.
The 1612 MHz line is unusable due to RFI at Green Bank. We do not detect
any emission, or absorption, in the 1720 MHz line. If the 1720 MHz emission
were in LTE (1:5:9:1) as well, then the peak emission would be buried in the
noise, as Ty;p,1720 = Tnp1667/9 ~ 0.3 mK. As the rms noise per channel is about
0.4 mK, it makes physical sense for 1720 MHz emission to be absent at the

sensitivity of the observations discussed here.

4.5.1 Line Profiles, Widths and the OH Line Ratio

We analyze the HI and OH profiles by fitting a Gaussian profile to each
line to derive the line parameters: the line integral, velocity dispersion, line
width, line center, and their corresponding statistical uncertainties. We used
the interactive routine fitgauss in the GBTIDL software. The profile integral of
the OH 1667 and 1665 MHz lines appear to be in the expected LTE ratio: R =
[ Te7dv/ | Tes dv=1.8, at least within the statistical error. The FWHM of the
HI and OH (1667 and 1665 MHz) profiles are 36.73 £ 0.35 km s~1 31 4+31.58
+2.07 km s~! and 32.21 + 0.43 km s~ ! respectively. The similar morphology
of the velocity width between the HI and OH appear to indicate that both are
obeying the velocity structure of galactic rotation experienced along the line

of sight.
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The integrated line emission, W(OH), from -600 km s~! to -500 km s~ are
0.056 + 0.008 K km s~! and 0.039 4 0.008 K km s~ for the 1667 and 1665
MHZz lines respectively. This corresponds to a S/N of 7 for W(OHj¢¢7) and 5
for W(OHj4g5). As the 1665 MHz OH line is expected to be weaker in the LTE
ratio, this is not surprising.

The statistical error in W(OH) is calculated as the square root of the number
of channels (N, ~ 100-110) in the profile integral times the 1-¢ baseline rms.
The rms is calculated by the stats routine in GBTIDL between -900 km s~ 'and
-600 km s~! (where no signal is present). Typical rms values calculated this
way are in the range of AT, = 0.4-0.5 mK, with a slight dependence on the

order of baseline polynomial subtracted.

4.5.2 Column Densities of HI and OH

The beam-averaged column density of HI can be calculated in the optically
thin assumption by (e.g. Dickey and Benson, 1982). The optically thin assump-
tion leads to a lower limit for the HI column density. The column density can

be calculated directly from the measured Tj:

(N(HI)) = Cy / AT, (v)do; 4.1)

where the constant Cp is 1.82 x10'® cm~2 K km s~! . The beam-averaged
column density of OH (N(OH)) along the line of sight is calculated by (e.g.
Liszt, Pety, and Lucas, 2010; Allen et al., 2012; Allen, Hogg, and Engelke, 2015;
Busch et al., 2019):
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(N(OH)) = G, { } / AT, (v)do; 4.2)

where AT§7(0) is the (main beam) brightness temperature of the OH emis-
sion profile from the cloud as observed in one of the 18-cm OH transitions,
minus an estimate of the underlying radio continuum brightness at the same
radial velocity; TS/ is the excitation temperature for either the 1667 or 1665
line; T, is the brightness of the continuum emission at 1666 MHz incident on
the back surface of the cloud, and the integration over velocity includes all

the molecular emission thought to arise in that particular cloud.

We require a reasonable measurement of the continuum temperature, T,
in order to calculate the OH column density. The usual prescription is to find
a continuum survey at a similar frequency and assume a spectral index. We
choose the 20.5cm (1462 MHz) Effelsburg+VLA continuum survey of M31
presented in Beck, Berkhuijsen, and Hoernes, 1998. Inspecting their Figure
4 map, we adopt the intensity range of 5-1 mJy/beam. Using their angular
resolution of 45 arcseconds, we transform this to temperature units and then
use the following equation to calculate T¢ at 18cm (1666 MHz) assuming a

spectral index of -2.8:

T, 1666 = 2.7 + Tc 1262(1666/1462) %8 (4.3)

This results in a typical T¢ in the range of 2.8-2.9K.

We assume an excitation temperature of the OH lines from the distribution

found in Li et al. (2015), which samples diffuse sightlines in the Milky Way.
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Thus we take Tey = 3.4+1K for both lines respectively. The constant Cy is
2.257 x 10 cm ™2 K km s~ ! for the 1667 MHz line. The value of Cy for the
1665 MHz line is 4.0 x 10'* cm~2 K km s~ 1. The computed HI column density
is N(HI) = 1.83 £ 0.01 x 102!, where the error is statistical. The column density
of OH calculated from the 1667 MHz line is N(OH) = 8 + 1 x 10'3. The column
density calculated from the 1665 MHz line is N(OH) = 9 + 2 x 10'3, which is

statistically consistent.
4.5.2.1 The OH Non-Detection

After approximately 25 hours of the exploratory search program, faint
OH emission was discovered in the first planned sightline (x = 039323, §
= +40°26' (J2000)), which had the higher peak brightness temperature in HI
(Typ = 30K). We then spent the rest of the observing time searching for OH
in a nearby sightline (x = 0"40m245, § = +40°28' (J2000)) with the hope of
detecting OH in another position. The second sightline had a peak brightness
temperature in HI of T,,;;, = 13K, and thus we expected a weaker signal (see
Section 4.6.2). A total of 37 hours of integration time was spent on this sightline;
there was no statistically significant detection of OH at 1665, 1667 or 1720
MHz. While the lack of a secondary OH detection is overall disappointing, it
is also a confirmation that the detection in the first sightline is not an unknown
instrumental effect of the telescope or receiver which might have introduced

an erroneous signal. The spectra of both sightline are compared in Fig 4 .4.
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4.6 Discussion

4.6.1 The Mass of Dark H, Traced by OH

While we lack empirical knowledge of the abundance ratio of OH/H,;
in this diffuse molecular gas regime, we can start a rudimentary estimate
by assuming a value for the OH/H; abundance ratio, we adopt the median
literature value of 1 x 10~/ (Liszt and Lucas, 1996; Wiesemeyer et al., 2016;
Rugel et al., 2018; Jacob et al., 2019). This value for the abundance ratio
appears to hold for N(OH) values as low as ~ a few x 10'> cm~2. Most of the
literature values were derived for local, solar metallicity gas. The metallicity in
M31 at the galactic radius discussed here (~ 13 kpc) is statistically consistent

with solar metallicity (Sanders et al., 2012).

We stress that the calculation of H, mass traced by OH is heavily dependent
on the abundance ratio, OH/H,. While chemical model calculations tend to
produce abundance ratio of varying values over differing cloud parameter
space (8 x1077 to 4x107°), we adopt the median observed literature value of 1
x 1077 (Nguyen et al., 2018), as observations of the abundance ratio cluster
fairly tightly around 1 x 10~7.

OH is almost always optically thin, we can directly calculate the column
density and transform this into a column of Hj. Using the adopted value
of the distance from Li et al. (2021), the updated Cepheid distance to M31 is
D = 761 £ 11 kpc. Then we can calculate the total mass in the enclosed beam

via the equation:
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]VIH2 = N(Hz) AHZ“M my (44)

where N(H;) is the traced H, column. Ay, is the physical area covered by
the GBT beam (which is related to the GBT solid angle and distance to M31
by: Ap, = Q d?), u is the molecular weight which we set to 2 to ignore any
contribution to the mass by helium, and mp is the weight of the hydrogen

atom.

The variation of T,y in diffuse clouds is not well known, but the distribution
of T,y in Li et al. (2018) is a good starting assumption when we lack coincident
absorption and emission profiles. The mass of H, traced by OH is: M = 2-6
x 107. For comparison, the amount of mass traced by HI in this same sightline
is: Mo = 3.1 + 0.01 x 107. The mass of H, from OH error includes variation
in Tex by 1K, and the error in the HI calculation is statistical. Transforming the
data to physical units (proton column density per channel) is demonstrated in
Fig. 4.5. The CO spectrum is dominated by noise, but the change of axis to
a physical unit demonstrates that the molecular gas traced by OH discussed

here is ‘CO-dark’ in nature.

4.6.2 The Relation between OH and HI Revisited

In recent studies, there appears to be a correlation between optically thin
HI and faint optically thin OH emission on large spatial scales (Allen et al.,
2012; Allen et al., 2013; Busch et al., 2021). A corollary was discussed in Allen
et al. (2012) from the data presented from that survey that related the main-
beam temperature of Hl and OH (1667 MHz) as T,,;,(OH) = 1.5 x 1074 T,,,;,(HI),
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with a scatter of 3mK. This relation seems to hold for T,,;,(HI) < 60K, above
which the HI readily saturates, but OH temperature continues to rise because
it remains optically thin. As discussed in section 3.2, this relation guided
the exploratory search discussed in this paper. The relationship predicts a
peak OH signal of 2.6 &+ 3 mK in the sightline without a detection, which is
consistent with no signal, so perhaps this is not surprising. The sightline with
the OH detection was chosen because the predicted peak signal here is 5.3 +
3mK. In building further extragalactic OH searches, this relationship should
be consulted and refined. It is especially unknown how this relationship

differs with metallicity, which should be a topic of further research.

4.7 Conclusion

We have detected statistically significant extragalactic emission from faint,
thermal (non-maser) OH for the first time. The emission is detected in the
southern disk of M31 using very sensitive GBT observations towards one
sightline aligned with the major axis, ~ 62" from the nucleus of the galaxy.
A non-detection is also presented. The velocity structure of the OH follows
closely that of the HI, implying the existence of diffuse H, on the same spatial
scale as the HI as the large velocity extent is mostly due to galactic rotation.
This emission could be potentially related to the detection of the thick disk of
dark molecular gas in the 2nd quadrant of the Outer Galaxy of the Milky Way
(Busch et al., 2021), as both OH profiles have similar surface brightness” and

follow the corresponding HI velocity morphology almost identically.

As receiver technology progressively allows for higher sensitivity to be
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achieved, single-dish telescopes with large amounts of spare time at cm wave-
lengths (cm observations can normally be completed in any atmospheric con-
ditions and at any time of day), could systematically search for OH emission in
local group galaxies at large galactic radii, where the continuum temperature
is slightly above Tcpp. While single-beam instruments would potentially
require a prohibitive amount of time to survey local group galaxies, new
multi-beam phased array feeds (e.g. Roshi et al., 2018; Pingel et al., 2021) could

potentially alleviate this issue.

112



1.00 28— ———————

T
—N, by HI

—N, by CO 1
0.75F ——N, by OH, Tex,67 = 4.5K 7
Np by OH, Tey 67 = 3.6K |
0.50f ]
o 0.25] ]
2 I
l_| F —+
X I - " 7
N 0.00_ : i uu-u—q]qu T rtE"
e 5 -
(@] ||
ZQ I Il o
—0.25_— H -
—0.504— .
~0.75} 1
_1'0—0650 —-600 —550 —450 —-400

Velocity sg (km/s)

Figure 4.5: HI, OH and CO for the sightline discussed in this paper, transformed into
proton (atomic hydrogen for HI, molecular hydrogen for OH, CO) column density
per channel (N,). We use the Galactic X(CO) value suggested from Bolatto, Wolfire,
and Leroy (2013). The abundance ratio of N(OH)/N(Hy) =1 x 1077 was used to
convert the OH 1667 line to a proton column. The variation of the protons traced by
OH with the chosen excitation temperature is demonstrated with two choices of Ty,

4.5K and 3.6K.
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Chapter 5

Epilogue

While my scientific work in observing and searching for OH in our Galaxy
and beyond is far from over, this nominally concludes the thesis. I hope you
tind the results and discussion presented intriguing and stimulating; I have
had quite the adventure in studying them.

I look forward to continuing my study of the interstellar medium as a
postdoctoral research at Australian National University starting in 2022 under

the supervision of Dr. Naomi McClure-Griffiths.
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