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Abstract

We present observations of the Mopra carbon monoxide (CO) survey of the Southern Galactic Plane, covering Galactic longitudes spanning
1=1250° (—110°) to [ = 355° (—5°), with a latitudinal coverage of at least |b| < 1°, totalling an area of >210 deg?. These data have been
taken at 0.6 arcmin spatial resolution and 0.1 km s~! spectral resolution, providing an unprecedented view of the molecular gas clouds of
the Southern Galactic Plane in the 109-115 GHz J = 1 — 0 transitions of '2CO, 13CO, C!80, and C!70O.
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1. Introduction to the astronomical community - The Mopra Southern Galactic
Plane CO Survey* (Burton et al. 2013) Data Release 0 (DRO).

The primary targets in the Mopra CO survey were 2CO(1-0),
13CO(1-0), C'80O(1-0), and C7O(1-0).> With a view of these four
most common CO isotopologues, a comprehensive range of opti-
cal depths become available for studies of molecular gas.

Previously, the largest release of data from our team was DR3
(Braiding et al. 2018), which covered 50 deg® of the Southern
Galactic Plane (I = 300-350°, |b| < 0.5°) and traced ~2-9x 10® Mg
of molecular mass within the solar circle. Prior to this release,
we presented and examined [=320-330° (Braiding et al. 2018)
DRI, the Carina/Gum 31 region (Rebolledo et al. 2016); DR2 and
the Central Molecular Zone (Blackwell, Burton, & Rowell 2016),
which all followed the successful pilot study of the Mopra CO fast-
mapping technique in DRO (Burton et al. 2013). The observational
strategy took advantage of the strong Galactic Plane CO(1-0) flux,
such that we reduced the integration time of each sky position to

Carbon monoxide (CO) is the second most abundant molecule
in the Galaxy and a commonly observed tracer of molecular gas
in the Milky Way and beyond. A low electric dipole moment
(0.122 D) means that CO readily emits the rotational J = 1-0 tran-
sition within cold molecular gas, as discovered by Wilson, Jefferts,
& Penzias (1970). CO is thus a good tracer of the most common
molecule in the Galaxy, H,, which itself is not easily excited to emit
within quiescent environments common to interstellar molecular
clouds.

The CO(J = 1-0) transition has been extensively mapped in
order to investigate the structure and nature of the Milky Way, and
with this paper we contribute to the highest-resolution, large-scale
CO(1-0), 3-dimensional survey of the Southern Galactic Plane yet
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make large-scale mapping campaigns feasible, while maintaining
the fine beam of Mopra (FWHM ~36").

This Mopra CO data release will be well-complemented by the
FOREST Unbiased Galactic Plane Imaging (FUGIN) CO survey
(Minamidani et al. 2016), and The Milky Way Imaging Scroll
Painting (MWISP) CO survey (Su et al. 2019). Together, the
FUGIN, Mopra, and MWISP CO surveys will have full 360° longi-
tude coverage of the inner Southern and Northern Galactic Plane
(1] <1°), and the 20”, 36", and 50” angular resolutions, respec-
tively, will improve on the 8" angular resolution of the well-known
Columbia CO survey (Dame, Hartmann, & Thaddeus 2001) that
helped to characterise the structure of the Milky Way (e.g., Vallée
2014).

In calculating H, column densities or masses, it is common
to assume a CO abundance relative to molecular hydrogen, usu-
ally ~107*. This value, however, is observed to fluctuate with
varying interstellar medium chemistry and dust grain evolution
(see, e.g., Bolatto, Wolfire, & Leroy 2013). Comparisons of three
independent tracers of mass: infrared opacity, diffuse gamma-ray
emission from p-p interactions and CO(1-0) + HI have pointed
towards inconsistencies that may be explained by a ‘dark’ com-
ponent of gas (e.g. Ade et al. 2015). ‘Dark’ gas may simply be a
transition phase of gas where carbon is in atomic/ionic form, while
hydrogen is molecular. This would perhaps be due to the stronger
self-shielding effects of H,, guarding against ionising radiation
that dissociates a large proportion of CO molecules, particularly
in low molecular density regions (e.g., Wolfire, Hollenbach, &
Mc-Kee 2010). In such transition regions, atomic or ionic tran-
sitions of carbon are expected to trace molecular H, mass, so
complementing CO(1-0) and HI observations.

A large component of mysterious ‘dark’ gas has alternatively
been suggested to be in atomic form (Fukui et al. 2014a,b).
Observations of some off-plane molecular clouds show that cold
(<20 K) atomic clumps may contain a significant component of
mass unobservable in HI emission, yet indirectly observable by
infrared opacity or by hints of absorption in HI spectra (Fukui
et al. 2014a,b). If present, the proposed low volume-filling factor
(~4%) of this high-mass component would make studies using
observations of background sources difficult.

Some previous studies (Remy et al. 2017, 2018a,b) similarly find
inconsistencies between infrared-derived and CO+HI-derived
column densities. A comparison of these with gamma-ray data
lead the authors to support a notion that dust grain opacity
increases towards high column density regions (both atomic and
molecular), sometimes leading to overestimations in calculations
of X-factor. The authors note that where grain opacity may
increase 4—6 fold (consistent with grain evolution modelling, e.g.,
Jones & Braiding 2015; Kohler, Ysard, & Jones 2015), both the flux
of gamma-ray emission from p-p interactions, and the reddening
of optical light from dust grains, seems to remain proportional to
mass (Remy et al. 2017) at the scale of Columbia CO data (8').
This former observation suggests that GeV cosmic rays (CRs) uni-
formly penetrate dense gas at this scale, however it is possible
that at smaller scales, energy-dependent diffusion into gas plays
a significant role (e.g., Gabici, Aharonian, & Blasi 2007; Gabici,
Aharonian, & Casanova 2009), particularly in the presence of

“We note that the THRUMMS campaign used an even faster mapping technique to map
60 square degrees of the Milky Way. The half-Nyquist sample rate, however, resulted in a
smoothed-out beam FWHM of 72" (Nguyen et al. 2015).
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strong turbulence (Zirakashvili & Aharonian 2009; Inoue et al.
2011; Maxted et al. 2012; Fukui et al. 2012).

The sub-arcminute resolution of the Mopra CO data will be
able to examine CR diffusion into dense gas in fine detail to
test models that predict energy-dependent CR exclusion in high
column density regions, complementing gamma-ray instruments
such as Fermi-LAT (Atwood et al. 2009) and the Cherenkov
Telescope Array (e.g. Consortium et al. 2017) Mopra CO data
will provide smaller-scale investigations of CO X-factor in com-
parison to both infrared opacity with instruments such as Planck
(Ade et al. 2015) and diffuse gamma-ray emission. Furthermore,
a comparison of Mopra CO data with carbon line observations
(e.g., HEAT, Walker et al. 2004) and comparable resolution HI
data (e.g., from GASKAP, see Dickey et al. 2013) will provide a
better understanding of how carbon chemistry varies through-
out the ISM (e.g., Burton et al. 2014, 2015), towards a goal of
understanding what constitutes ‘dark’ gas.

2. Observations and data processing

2.1. Observations

The observations were carried out using Mopra, a 22 m single-dish
radio telescope located ~450 km north-west of Sydney, Australia
(at 31°16'04” S, 149°05'59” E, 866 m a.s.l.), over the Southern
Hemisphere winters of 2011-2018.

We targeted four isotopologue ] = 1-0 transition spectral lines:
12CO, 3CO, C'®0, and C”0 (with central frequencies of 115
271.202,110 201.354, 109 782.176, and 112 358.988 MHz¢, respec-
tively). Using the UNSW Digital Filter Bank (the UNSW-MOPS)
in its zoom’ mode, we divided the spectral range of the 8 x137.5
MHz dual-polarisation bands unequally amongst the 4 isotopo-
logue transitions, favouring the most abundant species — 3 bands
allocated to 12CO, 2 bands each to *CO and C'®0, and 1 band to
C'70. The resultant spectral coverage in velocity space was ~1 100,
~770, and ~380 km s™!, respectively. The targeted central fre-
quencies were offset according to Galactic Longitude to maximise
overlap with expected Galactic rotation velocities.

This fourth data release is comprised of both unpublished
and previously released data (Burton et al. 2013; Braiding et al.
2015; Rebolledo et al. 2016; Braiding et al. 2018), in addition to
small-scale CO studies around sources of interest with preliminary
Mopra CO survey data (Burton et al. 2014, 2015; Lau et al. 2016,
2017; Maxted et al. 2017, 2018; Feijen et al. 2020). As described
in DRO (Burton et al. 2013), Fast-On-The-Fly mapping has been
carried out in 1 square degree segments, with each segment being
comprised of orthogonal scans (in longitudinal and latitudinal
directions) to reduce scanning artefacts. The exposure of each
square degree is at least ~20 h, more in places where poor weather
or technical issues interrupt observations and triggered a repeat
of the affected scans. Accounting for both instrumental resolution
and image processing, the final angular resolution of Mopra 3 mm
(115 GHz) data is ~36+£3". The pointing accuracy was regularly
corrected to be ~6” via recalibration using a standard 3mm SiO
maser source between ~1 h-length maps. The extended beam effi-
ciency of Mopra CO data is expected to be ~0.55x the true flux
from source (Ladd et al. 2005).

4 Although we note that C'O has hyperfine lines of 112 358.780, 112 358.988, and 112
360.005 MHz, respectively.
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Figure 1. The coverage of the Mopra Southern Galactic Plane CO Survey and the Central Molecular Zone CO Survey. Each rectangular cell corresponds to 1° in Galactic Longitude
and 0.5° in Galactic Latitude. The region shown in cyan is the published data in the previous data releases. The blue region shows the data we release with this study (DR4). The

yellow and orange region are part of the Central Molecular Zone CO Survey.

2.2. Data processing

The dataset has been processed in the same way as that described
in the DR3 (Braiding et al. 2018). This includes all the steps in the
pipeline, custom IDL routines, Livedata, and Gridzilla.®

The reduced data products will be made publicly available.f
This will include the data cubes (I x b x v) for each degree in lon-
gitude (I x b=1° x 2° at 0.1 km s™! resolution and stepped by
0.5° in ; also for every 10 degrees in longitude (I x b=10° x 2°
atboth full (0.1 km s™!) and binned (1 km s™!) spectral resolution;
moment (integrated intensity) maps for each 10 km s™' in band-
width, and averaged line profiles for each degree in longitude. The
longitude-velocity plots are also provided. In addition, the corre-
sponding system temperature (T,) and noise (1) maps are also
provided. The data covers from [ = 250° to [ = 355° with b = £1°.

In 2018 May, we identified a new problem that sometimes
resulted in the reference positions being offset by 0.5° in Galactic
Latitude. Although the problem was remedied at software level
such that no subsequent observations used an erroneous ‘off-
set’ reference position, maps that were taken prior to 2018 May
sometimes used a sub-optimal OFF position for the subtraction
sky emission. As described in the DR1 (Braiding et al. 2015),
contamination of maps by reference position CO emission was
routinely corrected for by modelling the contaminant spectrum
and adding the component back into the final map. The ‘offset’
reference position problem simply involved applying this method
more extensively.

In 2020 September, we identified a further problem with 76
data cubes, approximately a quarter of the whole dataset, that was
caused by the baselining step in the pipeline. The problem was
overlooked because the bad baselining was not visible in full res-
olution profiles. During the data analysis, we noticed some drops
in one of the binned cubes’ profile that were binned by a factor of
ten. The systematic error was only appearing in the binned, higher

¢https://www.atnf.csiro.au/computing/software/livedata/index.html.

This will be at the Australia Telescope Online Archive (ATOA) at https://atoa.
atnf.csiro.au. See Mopra CO Survey website at https://mopracosurvey.wordpress.com for
further information.
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S/N, data cubes. Further analysis of this problem revealed that
the issue was caused by incorrectly set continuum limits. Weak
features were not visible to the eye in full resolution data cubes,
thus it led our team to consider some velocity channels as con-
tinuum although they had emission in them. All 76 cubes were
re-baselined by checking their continuum ranges from binned
cubes. Some of these data cubes were published in DR3.

3. Results

We present here the average line profiles, moment maps, position-
velocity (PV) images and the mass calculation results of Data
Release 4 (DR4). We have extended the survey coverage from
300°-350° in Galactic longitude and from £0.5° in Galactic lati-
tude to 250-355° in Galactic longitude (I =250°-355°) and £1.0°
in Galactic latitude (]b| < 1°). The final data release of the Mopra
Southern Galactic Plane CO Survey covers more than 210 deg?.
Furthermore, the region from [ = 355° to | = +11° has been
observed, and the data will be published in a future work as part
of the extended Central Molecular Zone Survey (Blackwell et al. in
preparation). Fig. 1 shows both surveys’ coverage and the status of
the various datasets in different colours.

3.1. Spectra

The average line profiles for both '>CO and *CO cubes are pre-
sented in the Appendix (from Figs. 12 to 32). All cubes cover 1 x 2
degrees area (I x b, |b| < 1°), and the cubes are centred at each lon-
gitude degree. An illustrative example of this is the line profile of
G300, Fig. 22a. This covers an area between £1° in latitude and
from longitude 300° to longitude 301°, centred at 300.5°.

2CO and *CO data from the Mopra CO Survey was compared
to 12CO data from the Columbia CO Survey (Dame et al. 2001). As
was previously discussed in the DRO (Burton et al. 2013) and DR3
(Braiding et al. 2018) papers, we found a factor of 1.35 system-
atic difference in the flux scale between the Mopra and Columbia
surveys. However, after extending our Mopra survey coverage in
DR4, we have found that the difference in flux scale now varies for
different parts of the survey, arising from variable sampling in the
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Figure 2. A schematic of the Galactic rotation curve to illustrate how the CO pro-
files are used to determine location of molecular clouds. The colour-scale displays the
expected kinematic line-of-sight velocity (km s~) from the reference point of the Sun
for the entire coverage of the Mopra CO Survey. Four spiral arms, the Galactic Centre,
and the location of the Sun are also overlaid. The spiral arms are modelled as having
a pitch angle of 13.1°, a central bar length of 2.2 kpc inclined at —30° to our sightline,
a Galactic Centre distance of 8.0 kpc and a flat rotation curve with velocity 220 km s!
(Vallée 2016).

Columbia survey. We discuss this in more detail in the Discussion
section.

The peaks of the spectra of the cubes usually correspond to the
spiral arms. The velocity of the peak positions change as we move
through Galactic longitude. Thus the position and the velocity
change of the spiral arms can be inspected using spectra of the
cubes. The expected line of sight velocity for the emission from
any position within the survey region under the assumption of
Galactic rotation can be seen in Fig. 2, overlaid with the position
of the spiral arms from the model of Vallée (2016).

Some line profiles show broad emission (FWHM > 20 km
s71). This is usually caused by multiple spiral arms along the line
of sight. A notable example of this is G310’s spectrum (Figure
Appendix 24a). One of the two prominent peaks is from the
Sagittarius Arm (v = —40 km s~ ') whereas the higher peak emis-
sion comes from the Scutum-Crux Arm (v = —53 km s™1). G330
is another useful example as its spectrum shows three promi-
nent peaks caused by the Sagittarius Arm, Scutum Arm, and
Norma Arm with peak velocities at —45, —64, and —97 km s™!
respectively (Figure Appendix 28a).

3.2. Intensity maps

Integrated intensity (Moment 0) maps from DR4 are presented in
the Appendix (from Figs. 33 to 184), calculated over an interval of
10 km s™! in the velocity range of —200 to 100 km s™!. All moment
maps cover 10 degrees in longitude and 2 degrees in latitude. Each
figure shows the 2CO moment map in the top panel and the *CO
moment map in the bottom panel.
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In order to obtain each 10 km s~! moment map, a hundred
channels have been integrated since the original spectral resolu-
tion is 0.1 km s™'. Thanks to our survey’s improved spatial and
spectral resolution for the covered region, the distribution and the
shape of the molecular clouds are easily seen.

However, if the flux of the features in a region is weak, and
over a limited velocity range then the S/N is not improved when
summing over this range. This can lead to a noisy moment
map. We have not included these noisy moment maps in the
appendix. In addition to this, during the observations, artificial
features/emissions may occasionally occur due to various prob-
lems: weather changes, hardware or software issues, etc. If this
is the case, those artificial features are generally enhanced in the
moment images as they affect all channels. However, they are gen-
erally readily identified due to their appearance. The vertical line
in Figure Appendix 105 around G327 is a typical example of such
behaviour.

Previously, in the DR3 paper, moment maps were published for
the region between Galactic longitude 300° and 350°, and Galactic
latitude 40.5°. Now, we have extended this area from longitude
250° to 355°, and latitude £1.0°. Another difference is the thresh-
old levels chosen for the moment maps. These were 5 sigma in
the DR3 paper. Thus, few artificial features were seen in them. On
the other hand, many real features were masked out due to the
high-sigma level selection. We have now selected 3 sigma for the
threshold value in the DR4.8 In this way, the maps show extended
and more detailed cloud structures. For instance, many examples
of bubble and arc-like structures are seen throughout the survey.
Figure Appendix 112 shows both bubble and arc-like features (e.g.,
I =3287°b = -0.5°and | = 326.8°,b = 0.1°).

We also present 2CO and '*CO peak intensity maps to high-
light the most prominent molecular cloud structures (Figs. 3
and 4). The five panels in each figure cover the entire survey range
(with each panel spanning a 21° in longitude). The display range
begins at 0 in order to display diffuse, extended emission, how-
ever we note that this means that some scanning artefacts appear
in the images. In particular, these occur in regions with weak or no
intrinsic line emission, when they arise from sky variations during
the observations. The images illustrate the wide spread extent of
the CO emission along the Galactic plane, with the brightest cloud
complexes prominent within them. Interestingly, more compact
bright features are apparent in the '*CO maps. This is because this
line is less optically thick than '*CO, hence it better picks out the
peaks, which can be saturated in 2CO.

3.3. Velocity distribution

The panels of Fig. 5 show PV slices of the '>CO emission, averaged
over three different ranges in latitude, overlaid with the positions
of three spiral arms from the Galaxy model of Vallée (2016).k

The Galactic latitude coverage of the PV plot shown in Fig. 5a
is from -0.05° to 0.05°, in Fig. 5b from -0.5° to 0.5°, and in Fig. 5¢
from -1.0° to 1.0°. The Galactic longitude coverage (I =250°-
355°) and the velocity axes are the same for all these PV plots. In
addition, all display ranges are kept the same, with the minimum
0.3 K and the maximum 6.0 K.

8As a result of this, some weak artificial features are present in some of the new moment
maps.

"The parameters of the model are: pitch angle of 13.1°, central bar length 2.2 kpc,
inclined at —30° degree to our sight line, Galactic Centre distance 8.0 kpc, with a flat
rotation curve with velocity 220 km s~ (see Fig. 2).
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Figure 5. 12CO position-velocity (PV) plots as a function of Galactic Longitude, [, on the x-axis and the radial velocity, Vs, in km s~ on the y-axis. The data has been averaged
between three different latitude ranges (b = +0.05°, b = £+0.5°, b= £1.0° from top to bottom panel, respectively). The solid lines are the positions for the centres of the three
spiral arms (Norma, Sgr-Carina, Scutum + Cen-Crux) from the model of Valée (2016). The display range is 0.3-6 K.

There is almost no emission seen at negative velocities between
I=250° and 1=270°. Although we note some high positive
velocity features in this region, ~90 km s™' (|b| > 0.1°), they
are suppressed on the PV plots as these are integrated over a
large latitude range. The molecular gas gradually shifts towards
negative velocities as we move towards the Galactic centre.
The most extreme negative velocity features, ~ —200 km s™!
(|b| > 0.1°), are seen between [=340° and [ = 355°. However,
these features are not visible in the PV plots as their fluxes

https://doi.org/10.1017/pasa.2023.44 Published online by Cambridge University Press

are not sufficiently strong when averaged over the entire lat-
itude range. The features can be seen in the moment maps,
however.

Fig. 6 shows a comparison of the PV plots for the different iso-
topologues for the innermost latitude range (b = —0.05° to 0.05°),
with 2CO upper, 1*CO middle, and C'®0 lower. The C**O pro-
vides a good indicator of the location of the cores, since the weak
emission in this line is only seen along the highest column density
sight lines.
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Figure 6. All the panels cover the entire survey range and show *2CO (a), 1*CO (b), and C'¥0 (c) data from top to bottom, respectively. All three PV plots show the data averaged
between the same latitude range, b = +-0.05°. The display range is 0.3-6 K for 12C0, 0.3-1 K for **CO, and 0.3-0.6 K for C**0.

3.4. Integrated intensity and mass distribution

We have used a CO X-factor in order to convert the >CO line
fluxes into column densities, and from there to cloud masses and
so to the overall mass distribution along the Southern Galactic
Plane.

We used a conversion factor of 2.7 x 10 cm™2 (K km s™)71,
the value derived for |b| < 1° in Dame et al. (2001). This is for con-
sistency with our previous papers on the Mopra survey which used
this value. Bolatto et al. (2013) have suggested using a coefficient
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of 2 rather than 2.7, however this has a +30% uncertainty. A range
of X-factors are used in the literature, with this coefficient ranging
from 0.7 to 4.2 (see the discussion in (see the discussion in Bolatto
et al. 2013)

This is an empirical approach, the X-factor undoubtedly varies
from source to source as well as across the Galaxy. CO emis-
sion is heavily optically thick, in general we are only seeing the
front surfaces of molecular clouds along the sight lines. However,
a full calculation requires an estimation of the optical depth as
well as the temperature of the gas and so must be done for each
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Figure 7. Molecular mass distribution for the inner two degrees of latitude (b = £:1°) across the Galaxy, extending from | = 250°-350°. Masses are calculated using a 2CO X-factor
to convert line fluxes to column densities for all gas detected within the solar circle (i.e. that with negative velocities, except for the third quadrant (/ = 250°-270°). The solid line
illustrates the mass calculated using the assumption of near-side distances (y-axis on left); whereas the dotted line assumes far-side distances (y-axis on right). All mass values

divided by 10°.

cloud that is observed, a considerable task beyond the scope of
this paper. Given the additional uncertainty in the absolute flux
calibration such an effort is not justified here. Using an X-factor
is equivalent to the approach usually applied to extra-galactic
studies, it provides an overall mass estimate.

We have additionally also applied a *CO X-factor, however
simply by averaging the overall >CO and *CO fluxes to deter-
mine the relative ratio of the X-factor. *CO is less optically thick
than '2CO so does probe further into the highest column den-
sity region of molecular clouds. However, being a weaker line, it
is also less sensitive to the more diffuse, extended gas. It thus pro-
vides a consistency check for the 2CO mass estimates, but not an
independent measurement of it.

While C'80 has also been measured in our survey, the line is
very much weaker than for the first two isotopologues. It is only
sensitive to the highest column density sight lines, so is not useful
for estimating overall molecular masses.

Following this approach, the distribution of molecular mass
along Galactic longitude has been calculated and is shown in Fig. 7.
This plot is averaged for each degree in longitude of the survey
range over the two degrees in latitude (I x b = 1° x 2°). The
calculation is as in Braiding et al. (2015) for | = 320°-330°, now
extended to ] = 250°-350° and to |b| < 1°, so covering the entirety
of the survey.

Moreover, we also calculated the total mass by using *CO
flux, and a *CO X-factor value, 2.3 x 10*! cm™2 (K km s~1)7},
a factor of 8.5 higher value than >?CO X-factor. We derived this
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X-factor from the '2CO/®*CO total flux ratio (R;»/R;3) between
I = 250°-350°.

We find that there are typically a few x 10° Mg of molecular
gas per degree in longitude from [/ =300° to /= 325°. The mass
distribution peaks around 107 My, per degree between I = 326°
and | = 334°, where it corresponds to the Norma spiral arm. Then
the mass decreases gradually as we move to the Galactic centre,
and around / = 350° is almost half of the peak.

The sum of the molecular mass for each degree shows that the
total molecular mass found in the Mopra CO Survey’s coverage is
2.7 x 10® M, considered all mass at the near distance, 1.4 x 10°
Mg, considered all mass at the far distance. The very same calcu-
lation was done using '*CO flux values and a *CO X-factor value
(a factor of 8.5 higher than '2CO X-factor). The total mass results
for near distance and far distance are 2.8 x 108 Mg and 1.5 x 10°
Mg, respectively.

The results show that the '2CO integrated intensity between
Galactic longitude 250° and 300° only corresponds to 6% of the
integrated intensity of the survey coverage (I = 250°-350°). In
addition to this, the total near mass and the total far mass only cor-
respond to 2% and 1%, respectively, for the same comparison (see
Table 1). We have made the same comparisons for *CO results,
finding proportions of 5%, 2%, and 1%, respectively (see Table 2).

We note that as we move towards the Galactic centre, using the
Galactic rotation curve to determine the distances becomes less
useful and leads to large uncertainties. Although we observed fea-
tures at extreme velocities between I = 350° and [ = 355°, i.e. +130
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Table 1. Integrated intensity and total mass values of 12CO for the covered
region. Near and far mass values are calculated assuming either all flux is at the
near side or at the far side distance solution. Mass between [ = 350°-355° is not
calculated as the distance is unreliable.

Integrated Near Far
2co intensity mass mass

(Kkms™1) (Mg) (Mo)
l; =250°-300° 9.2x108 6.97x10° 1.23x107
[ =300°-350° 1.3x108 2.68x10° 1.44x10°
l3 = 250°-350° 1.4x108 2.75%108 1.45x10°
l4 = 350°-355° 1.64x107 - -
I/l 6.73% 2.53% 0.85%
Table 2. As in Table 1, but for 13CO.

Integrated Near Far
Bco intensity mass mass

(Kkms™1) (Mg) (Mo)
l; =250°-300° 7.67x10° 5.45x10° 9.02x10°
[ =300°-350° 1.53x107 2.72x10°8 1.47x10°
[3 = 250°-350° 1.60x107 2.78x108 1.48x10°
l4 = 350°-355° 1.64x 105 - -
I/l 4.78% 1.96% 0.61%

km s™! or —230 km s, we have not included this region to the
mass calculation. However, the integrated ?CO intensity between
I=350° and I = 355° is 1.6 x 107 K km s~! whilst the integrated
B3CO intensity for the same region is 1.6 x 10° K km s™'.

As discussed in DR3, we have not included positive veloc-
ity features in the 4th quadrant (beyond the solar circle) in the
mass calculation due to the uncertainties as the distances are large
and emission is relatively weak. However, almost all of the gas is
present at positive velocities in the 3rd quadrant (I = 250°-270°),
and we have included the region in the mass calculation since the
distances are nearby. We note that the '>CO integrated intensity
in the region is only 1% of the entire survey, and the total mass in
the region only corresponds to 0.1% of the total mass of the entire
survey.

4, Discussion

4.1. DR3 and DR4 comparison

In this section we present some initial data analysis, and a compar-
ison between DR3 and DR4. As mentioned in Section 3, the size of
the released data have been significantly increased with DR4 from
50 to 210 deg?.

We note that after the data correction described earlier in the
Data Processing section (mainly re-baselining, occasionally re-
reduction) the total integrated intensity in the DR3 region has
been increased by 4%. Subsequently, this results in an increased
total near mass by ~10% and total far mass by ~ 6% from results
reported in DR3.

4.2. Integrated intensity distribution

Fig. 8a shows the distribution of integrated intensity along the
Galactic Plane. We have divided the total coverage of the survey
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into a 105 x 20 pixel grid. Each pixel size is 1 degree in longitude
and 0.1 degree in latitude. The colour-bar shows the percentage
distribution of the total integrated intensity of the entire sur-
vey. The brightest pixel of the heat-map is located at [=337.5°,
b= —0.05°. This pixel has 0.35% of the integrated intensity of the
entire survey.

Two-thirds of the total integrated intensity is present between
Galactic longitude 326° and 355°, an area of almost one quarter
of the survey coverage. There are sharp transitions in the values
for the integrated intensity along the Galactic Plane as we move
towards Galactic Centre. The first occurs at longitude 301° where
the Scutum arm joins the line of sight. Between longitude 319° and
326°, there is also a drop in intensity. This should correspond to
the relatively less dense region between Scutum and Norma arms.
A sharp rise occurs at G326° as Norma arm joins the line of sight.
The Norma arm leaves the line of sight at G335°, and 3-kpc arm
joins the sightline at G336°.

The molecular gas distribution is also clearly not homogeneous
with Galactic latitude. Generally, the strongest CO emission along
the Galactic Plane is present in the inner 0.2 degrees (i.e., between
b=—-0.1° and b=0.1°). However, exceptionally, the strongest
emission between /=347° and /=350° is present between b=
0.2° and b = 0.4°. We find that 65% of the total emission in latitude
lies in the inner 1° (]b| < 0.5°).

In latitude between [ = 300° and [ = 250° the CO features seem
irregularly distributed along the Galactic Plane. The concentration
of molecular gas is, however, much reduced from the inner Galaxy
as there are no prominent spiral arms here to contribute to the
molecular emission.

4.3. 2C0 &3Co integrated intensity comparison

The total measured >CO integrated intensity of the entire sur-
vey is 1.53 x 108 K km s™! (I=250° — 355°, b= +1.0) whereas
the total measured '*CO integrated intensity for the same area is
1.77 x 107 Kkm s™!. We note a factor of ~8.5 difference between
the totals for >CO and *CO here. As a result, we have used a factor
of 8.5 higher X-factor value than '?CO X-factor in order to calcu-
late the total mass using '*CO integrated intensity as mentioned
earlier.

The comparison of the integrated intensity distributions of
12CO to *CO look similar along the Galactic Plane. However,
on closer inspection the '>CO distribution is more spread out
towards the higher latitudes than *CO. This was quantified as
follows:

We first determined the velocity ranges for the '*CO and *CO
emission using PV plots. Then we calculated the total integrated
intensity in each line for the same velocity range, with 0.1° lat-
itude increments in both positive and negative directions (i.e.,
from b=10.0 to b=0.1, from b=10.0 to b=0.2, from b=0.0 to
b= —0.1 etc. until from b=0.0 to 1.0 and from b= 0.0 to —1.0).
From these calculations we produced the integrated intensity and
mass distribution plots shown in Figs. 8a and 8b).

We then compared the intensity distributions for ?CO and
B3CO separately, starting from b = 0° and moving towards higher
latitudes. The 12CO data shows that the region to b = 4-0.4° con-
tains more than half, and the region to b= 40.7° contains more
than 80%, of the total integrated intensity for the entire Galactic
Plane. On the other hand, the 1*CO data shows that in just the
inner 0.6° of the Galactic Plane (b = £0.3°) is contained half of
the total integrated flux in this isotopologue.
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Figure 8. The top panel shows the total (velocity integrated) of 2CO intensity distribution across the survey (divided by 10° K km s™1). X-axis shows Galactic longitude, from
[ = 250°-355°. Y-axis shows Galactic latitude, from b = -1°-1°. The colour-bar is square root function to provide contrast. The bottom panel shows each pixels’ percentage
contribution to the total flux measured across the survey region. The pixel size is 1.0° x 0.1° for both panels.

Considering the drop in the rate of increase of integrated inten-
sity towards higher latitudes, we can predict the latitude after
which this increase becomes negligible. We fitted a quadratic
polynomial to both 2CO and *CO data separately. The >CO
trend line suggests that beyond b = %1.4° total integrated inten-
sity increase should be negligible, with only an additional ~10%
occurring from b =1.0° to 1.4°. The same extrapolation was also
applied using 1*CO data. The *CO trend line suggests that almost
all of the molecular gas within the Galactic Plane lies between
b ==£1.0. Finally, we compared the increase of integrated inten-
sity for both lines (**CO and '*CO) by simply looking at their ratio
moving towards higher latitudes. 15.9% of total '*CO integrated
intensity lies between b= +0.1 whilst 18.9% of total *CO inte-
grated intensity is present in the same region. The ratio between
these is 84%. The percentage increases towards higher latitudes,
and reaches 100% at b= +1.0, i.e. the total '*CO flux is increas-
ing more rapidly than is *CO as |b| rises. Although >CO is more
optically thick than *CO, our results show that 1>CO is even more
optically thick near the Galactic Plane compared to **CO (Fig. 9).

The difference between these '2CO and *CO distributions is
significant. Since 1*CO emission is less optically thick than '2CO,
it should be a better indicator for the entirety of the gas. This result
shows that the latitude coverage of the Mopra CO survey is opti-
mal when balancing limited survey time with areal coverage, and
obtaining significantly more flux would be unlikely if the latitude
coverage has been extended beyond |b| < 1°.

4.4. Mass distribution

The total molecular gas within the DR3 region was found to be
~2 x 10% Mg, (if all were at the near distance) and ~9 x 10 Mg
(if all were at the far distance). We have now calculated the mass
of total molecular gas for the same longitude coverage but with the
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latitude coverage increased from 0.5 to 1.0, a factor of two. The
new results for the extended region are ~2.7 x 10® M, (all at near
distance) and ~1.4 x 10° M, (all at far distance), an increase of
just ~40-60% despite doubling the coverage.

The mass distribution plots (Fig. 10a and 10b) of the near/far
assumption generally look morphologically similar. However,
there are some differences. The peak which is present at [ = 343°
and b = —0.7° in the far side distribution is not present in the near
side mass distribution. Similarly, the peak seen at [ =328° and
b=10.7° in the near distribution is not seen in the far distribution.
These differences are caused by the mass being directly propor-
tional to distance squared (M oc d?). If a feature is very close in the
near side distribution, it means it would be too far away in the far
side distribution, thus significantly different mass values are seen.

We note that the Galactic rotation curve is less useful to deter-
mine distances for sightlines close to the Galactic centre, and
we have not included the longitude range between [ =355° and
I=350° in our mass distribution and calculation plots.i

4.5. PV-Plot comparison

Three spiral arms have been over-plotted on the PV maps shown
in Fig. 5 using parameters taken from Vallée (2016). There are
three spiral arms in the line of sight; Norma (red), Sgr-Carina
(green), and Scutum + Cen-Crux (blue). We note that none of the
plotted spiral arms perfectly match the features in the PV maps as
the model assumes perfectly shaped spiral arms.

‘We note that if all this flux were assumed to come from the distance of the Galactic
centre (i.e., 8 kpc) then the total molecular mass in this 5° longitude range would be ~10°
M. However, this is almost certainly an overestimate as much of the flux will originate
from closer distances.
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the moment 0 map for the same region (/ = 300°-310°, b = + 1.0, v = —50-—40 km s7!).

Approximately 16% of the total flux lies between b = —0.1° and
b=0.1°. However, almost all the features seen in Fig. 5a are also
present in Fig. 5b and 5c. This suggests that since the flux in the
inner 0.1 degrees dominates the rest of the latitude coverage, it is
unlikely to find other strong features in the higher latitudes PV
plots (Fig. 5b and 5c¢) as flux being integrated over larger latitude
ranges.

The features look more prominent in Fig. 5a as the data has
been integrated over only 0.1° in latitude. In Fig. 5b, data has been
integrated over 1° in latitude and a result of this, some weaker fea-
tures started to disappear. Since Fig. 5¢ has been integrated over 2°
in latitude, all the weak features have disappeared. This indicates
the concentration towards the Galactic Plane itself.

4.6. Comparison with Columbia CO survey

The Columbia CO Survey, Dame et al. (2001), has provided
an exceptional tool for the Milky Way studies. However, the
improvements of the radio telescope arrays in the last two decades
require higher-resolution surveys for future studies. The Mopra
Southern Galactic Plane CO Survey has a significantly better spec-
tral and spatial resolution (an order of magnitude in each) than
the Columbia CO Survey (Fig. 11). In addition, the Columbia CO
Survey does not have a uniform sampling since it is a combina-
tion of multiple separate surveys. The Mopra CO Survey has the
same uniform sampling throughout its region of coverage. This
provides more reliability and integrity for the data set.

On the other hand, challenges for conducting the higher res-
olution Mopra survey included the much longer total observing
time, the computationally more expensive data reduction process,
and the total size of the resulting data set.

In comparing the two surveys over our now extended coverage
(i.e., DR4) we still find general agreement between the shapes of
the CO line profiles between Mopra and Columbia for each two
square degrees of coverage (i.e., 1 degree in [, 2 degrees in b; see
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Fig. 12 and following pages). Nonetheless, the factor of 1.35 sys-
tematic difference in flux scale found between the two surveys in
our DR3 paper does not hold over the larger survey region pre-
sented here. We note that the area covered in the full Mopra survey
(DR4) corresponds to 4 different sub-surveys in the Columbia
dataset. The samplings used in these sub-surveys was not uniform.
This results in varying total integrated intensities when comparing
to the corresponding values determined in the Mopra survey.

For instance, in the fourth quadrant (I =270-360°), the sam-
pling of the Columbia CO Survey is not the same as in the inner
Galactic Plane and beyond £0.75 in latitude. Also, in the third
quadrant (I=180-270°), multiple variations are present in the
sampling. As a result, differences in the ratio of the total inte-
grated intensity occur between the two surveys for each degree in
longitude varies. These vary between factors of 1.3 and 2.4 from
I=250° to 310° (see Figs. 12-23). We emphasise that the flux cal-
ibration for the integrated intensities of the Mopra survey is the
same throughout these spectra.

5. Summary

We present the fourth and the final data release of the Mopra
Southern Galactic Plane CO Survey, covering more than 210
square degrees between Galactic longitude I =250-355° and b=
+1.0°.

We showed the distribution of total flux along the Galactic
Plane. We also calculated the total mass, and showed the mass dis-
tribution for the entire survey coverage. Mass calculation was done
using a canonical X-factor for both near distance and far distance
assumptions.

We compared the total flux of 12CO to *CO, and noted that
there is approximately a factor of 9 difference between >CO and
B3CO fluxes in the favour of 2CO.

We checked the total flux increase as we move from the
Galactic Plane (b = 0.0°) towards higher latitudes (b = £1.0°). The
12CO total flux increases by the latitude changes were extrapolated
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to predict the total flux increase beyond b= +1.0°. Our data sug-
gest that the increase in '>CO total flux would be small beyond
b==1.4°. Also, we find that by extending the latitude coverage
from b==+£1.0° to b = £1.4° would only increase the total flux by
10% in 2CO and negligible amount in '*CO. The optimal latitude
range for CO distribution is found b ==41.0° as our survey used.

In this final data release, we present PV, moment 0, mean line
profile, RMS, and T, maps of the entire dataset.
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