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Abstract

We present the data of an unbiased J = 1-0 '*CO / 13 Co/ C'®0 survey of molecular clouds in the Galactic plane
over [ = [129275, 140925] and b = [—5925, +5°25]. For the full 105 x 10?5 region sampled at 30", there are
1,590,120 spectra for each isotopologue. The high sensitivity and large spatial dynamic range of the maps provide
valuable insights into the structure, physical properties, and kinematics of the molecular gas. The new data
successfully trace the most distant spiral arm, as well as the internal subfeatures of the nearby spiral arms. The
combined data set of '>CO, '*CO, and C'®*0 allows us to make a more accurate inventory of gas column density
and mass for molecular gas within this Galactic interval than hitherto attempted. A statistical analysis reveals that a
large fraction of the observed molecular gas is emitted from regions with low excitation conditions. As expected, a
considerable amount of H, mass is found to be confined to the spiral arms. Moreover, we find that the
C'®0 emission is exclusively seen along spiral arms at current detection limits. The physical properties of
molecular gas vary considerably in different spiral arms and inter-arms. We find that the column density
probability density functions and the amount of relatively denser gas (traced by '*CO or C'®0) appear to be closely
related to the level of massive star formation activity within the molecular gas. The high-quality data also reveal
that the warp and flare of the Galactic plane become obvious beyond the Perseus arm in this Galactic longitude
range.

Unified Astronomy Thesaurus concepts: Galaxy structure (622); Interstellar medium (847); Star formation (1569);

https: //doi.org/10.3847/1538-4365 /ab5b97

CrossMark

A Large-scale 12C0, 13CO0, and C'®0 Molecular Cloud Survey in the Outer Galactic

, Xue-Peng Chen, Deng-Rong Lu, Ji-Xian Sun,

Purple Mountain Observatory and Key Laboratory of Radio Astronomy, Chinese Academy of Sciences, Nanjing 210034, People’s Republic of China

Molecular clouds (1072); Surveys (1671); CO line emission (262)

1. Introduction

Molecular gas, an important component of the interstellar
medium, exists within a wide range of environmental
conditions. The molecular star-forming gas is generally
concentrated in giant molecular clouds (GMCs), with masses
10*-10° M, and above, while diffuse gas exists in low-density
or low-column-density regions. Furthermore, observations of
external spiral galaxies, such as M51, have revealed that the
star-forming molecular gas is concentrated along spiral arms
(e.g., Koda et al. 2009; Schinnerer et al. 2013). As one of the
most abundant molecular species, CO has been the most widely
used tracer of H, since its discovery by Wilson et al. (1970) and
also provides excellent diagnostics of line-of-sight motions and
temperatures. Because of its great abundance and hence high
optical depth, '2CO is effective in probing the total molecular
gas, including the diffuse outer envelopes of the molecular
clouds with a density of ~10°cm™>. On the other hand,
because of their lower abundance and hence lower optical
depth, '*CO and C'®0 can probe deeper into the envelopes and
trace the much higher column density regions, with a typical
density of ~10°-10*cm 2 (e.g., Umemoto et al. 2017).
Therefore, the combination of the multispecies CO molecular
lines will allow us to probe molecular gas in a variety of
regimes of column or volume density, and thus will greatly
improve our knowledge of the structure and properties of the
molecular gas.

Aiming to provide a full overview of the distribution of
molecular gas across the Galactic plane, many unbiased CO
surveys have been conducted using single-dish telescopes,
which were summarized in a recent review paper by

Heyer & Dame (2015). Among them, the majority of the CO
surveys only cover a single species of CO molecular line
(whether 2C0O or 13CO, e.g., Heyer et al. 1998; Dame et al.
2001; Lee et al. 2001; Mizuno & Fukui 2004; Jackson et al.
2006), and a few of them cover the multispecies CO molecular
lines (**CO, '*CO, and/or C'®0, e.g., Ridge et al. 2006;
Narayanan et al. 2008; Barnes et al. 2015; Umemoto et al. 2017
Barnes et al. 2018).

The ongoing project Milky Way Imaging Scroll Painting
(MWISP) is an unbiased J = 1-0 '*CO/">CO/C'®0 survey of
the Northern Galactic Plane (refer to Zhang et al. 2014; Du et al.
2017; Sun et al. 2017; Su et al. 2019, etc., for project details and
initial results). As part of the MWISP survey, the Galactic region
of [ = [129275, 140725] and b = [—5°25,+5925] (hereafter the
G130 region) has been completely covered. A rich collection of
objects lies in this region, containing one of the most famous
molecular cloud associations (W3-W4-W5), three newly formed,
massive star associations (IC 1795, IC 1805, and IC 1848), as
well as a number of supernova remnants (SNRs) and young H1II
regions. Therefore, this region has been comprehensively studied
at a variety of wavelengths from millimeter and submillimeter to
X-ray (e.g., Heyer et al. 1998; Carpenter et al. 2000; Kramer et al.

2004; Moore et al. 2007; Sakai et al. 2007; Ruch et al. 2007,
Feigelson & Townsley 2008). The most extensive inventory of
the molecular gas content within this Galactic range was
conducted by the Harvard-Smithsonian Center for Astrophysics
(CfA) 1.2 m telescope (Lada et al. 1978; Digel et al. 1996) and
the Five College Radio Astronomy Observatory (FCRAO) 14 m
telescope (Heyer et al. 1998), which only observed emission from
the main '>)CO molecular line. However, the relatively low
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Figure 1. (a) Histograms of o for each isotopologue. (b) Cumulative distributions of ¢ for each isotopologue.

sensitivities of these surveys and the optically thick nature of
12CO preclude an examination of the underlying structure of the
molecular gas. We should also note that the regions with Galactic
latitude b < —3° were not covered by the FCRAO survey. To
date, CO and its rare isotopologue observations were only focused
on some targeted GMCs rather than the entire scope of the G130
region (e.g., Bieging & Peters 2011; Polychroni et al. 2012).

In this paper, we present the results of the MWISP
2C0/"C0O/C'™0 survey for the G130 region. First, the
observations and data reduction strategies are presented in
Section 2, and in Section 3 the derivations of the column
density and mass of molecular gas are presented along with a
discussion of their distributions in different portions of the
G130 region. Next, in Section 4, we investigate the current
massive star-forming sites in the region, and we discuss the
relationships between the molecular gas properties and the
level of star formation activity. In Section 5 the warp and flare
of the outer Galactic disk revealed by the vertical distribution
of molecular gas are presented. In Section 6 we summarize the

results.

2. Observations

The observations were conducted during 2011 to 2017
November using the 13.7 m millimeter-wavelength telescope of
the Purple Mountain Observatory (PMO) in Delingha, China, at
an altitude of about 3200 m. The Superconducting Spectroscopic
Array Receiver, a nine-beam, sideband-separating (~10dB of
sideband rejection) receiver, was used as the front end. Nine
beams are aligned on a square 6’ x 6 grid with ~3’ spacing,
and the beam size is ~50” at 115 GHz. The back-end system
comprises 18 fast Fourier transform spectrometers, each
configured with 1 GHz bandwidth (61 kHz frequency resolution)
and 16,384 spectral channels, which yield velocity resolutions of
0.158 kms " at 115 GHz and 0.167 kms ' at 110 GHz and a
velocity coverage of ~2600 kms~'. The standard chopper
wheel calibration was used during the observation to get the
antenna temperature, T45. The pointing accuracy was better
than 5” in the observing epoch. The molecular lines of
2CO(J = 1-0) in the upper sideband and '*CO(J = 1-0) and
CISO(J = 1-0) in the lower sideband were observed simulta-
neously. The typical noise temperatures including the atmos-
phere at 110GHz and 115GHz are 140 K and 250 K,

respectively. A detailed description of the instrument was given
by Shan et al. (2012).
Regions within the Galactic coordinate ranges of [ =

[129°75, 140°25] and b = [—5°25, 5°25] were divided into

441 patches in an (I, b) grid for mapping, each with a size of
30" x 30’. The on-the-fly (OTF) mode was applied. The typical

scan rate and dump time are 50 (or 75) ”/s and 0.3 (or 0.2) s.

These setups result in a sample spacing of 15”7 between
adjacent scans, fulfilling the oversampling of the ~50” beam of
the 13.7 m telescope (see the details in Sun et al. 2018; Su et al.
2019). Each patch with a dimension of 30’ x 30" has been
scanned along two directions, which have a 0° and a 90°
position angle with respect to the Galactic latitude axis,
respectively. Thus, each position on the sky was observed at
least in two independent maps of different position angles,
greatly reducing many systematic effects (e.g., striping in the
scanning direction). The nominal sensitivities of the survey
are set to be 0.3K in '*CO/C'®0 at a channel width of
0.17kms™', and 0.5 K in '*CO at a channel width of
0.16 kms . In some limited regions, much higher sensitivities
of 200 and 100 mK were achieved, aiming to better confine
molecular outflows in those regions. The instrument was
checked every 2-3 hr by observing the nearby strong standard
sources, S140 and W3(OH).

The CLASS program contained in the GILDAS software
package' (Pety 2005) was used for our data reduction. A first-
order baseline was applied to the spectra in this survey, and the
spectra channels were not smoothed in this study. The OTF raw
data were regridded into 30” x 30” pixels and converted to a
FITS cube. All of the 441 small maps were added together to
create the final large mosaic, which contains about 1,590,120
spectra in each isotopologue. Data presented here are on the
main beam brightness temperature scale (7,,,), corrected for
beam efficiencies, using Tpp = Ta /7, Where nn, was
typically 0.51 for ">*CO and C'®0 and 0.46 for '*CO (see the
status report of the telescope?).

The histograms in Fif%ure 1 show the normalized number
distributions of o(Ty¥) for CO in blue, *CO in green, and C'*0
in red. The median rms noise level of the spectra is 0.45 K for
"?CO at a channel width of 0.16 kms™" and 0.26 K for '>CO

' http://www.iram.fr/IRAMFR /GILDAS
2 http: / /www.radioast.nsdc.cn/mwisp.php
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Figure 2. The rms noise maps for each isotopologue. In the black dot regions,

much higher sensitivities of ~200 mK (**CO) and ~100 mK (**CO and "*CO)
were achieved, aiming to better confine molecular outflows in those regions.

and C'®0 at a channel width of 0.17 kms ™. Figure 2 shows the
o(Ty) maps of each isotopologue, which cover approximately
110 deg” on the sky. All three isotopologues show near-uniform
sensitivity over most of the field. Since *CO and C'®0 are very

Sun et al.

close in frequency and were both received in the lower sideband,
they show very similar rms noise.

3. Parameters of Large-scale Structures
3.1. Large-scale Structure Traced by ">CO/>CO/C'80

Figure 3 shows the /-v and b—v maps of the CO emission, by
obtaining average emission over b = —5925 to 5925 and
[ = 129275 to 140925, respectively. In this direction, Galactic
rotation causes radial velocity to become more negative with
increasing distance. Constant Galactocentric radii of 10, 13, 16,
and 19 kpc (calculated under the assumption of a rotation curve
from Reid et al. 2014, hereafter the Reid rotation curve) are
indicated with dashed lines. Note that to improve the signal-to-
noise ratio in the maps, only those pixels with at least three
contiguous channels above 3¢ are averaged. We break the data
up into three regions, according to the detection or nondetec-
tion of 12CO, 13CO, and C'80 emission. Then we define mask
“B,” “G,” and “R” to be the regions where 2¢co, 13CO, and
C'80 emission exists, respectively. In fact, the R region also
contains '>CO and '*>CO emission, and the “G” region also
contains 'CO emission. This means that the mask “R” region
(in red color in Figure 3) is included in the mask “G” region (in
red and green in Figure 3), which is further included in the
mask “B” region (in red, green, and blue in Figure 3). In the [-v
map, some coherent, large-scale structures are apparent, which
have long been recognized as spiral arms (e.g., Weaver 1974;
Dame et al. 1986). As mentioned above, this region was fully
covered by the 1.2 m telescope CO survey, by which only the
two nearby arms, the Local and Perseus arms, were well traced,
and very little emission beyond the Perseus arm was detected
(refer to the /-v map in Digel et al. 1996).

It is intriguing that the new high-resolution data enable us to
well resolve at least two substructures within the velocity ranges
of the two relatively nearby arms (the Local arm [—20, 7 kms ']
and the Perseus arm [—63, —30 kmsfl]), and even within the
distant Outer arm [—88, —68 kms™']. These substructures are
parallel in most longitude intervals and appear to twist together in
certain longitude directions (in Figure 3(a)). The substructures
along ~—3 and ~—11 kms ' within the Local arm were also
detected by the 1.2 m telescope '2CO survey, but show more
separated substructures by our new '*CO data. These substruc-
tures have been known to be associated with the Gould Belt and
the Cam OBI1 (Digel et al. 1996). Similar substructures along
~—40 and ~—50 km s~ " within the Perseus arm are first resolved
by the new data with improved resolution. We should note that
the molecular gas component of the Outer arm appears as a clear
and distinct feature in both the /~v and b—v maps for the first time.
This arm also seems to contain two substructures along ~—72 and
—79 kms~'. A weak component lying beyond the Outer arm at
the maximum negative velocity is also visible, which was
interpreted as emission possibly from the Outer Scutum Centaurus
(OSC) arm (Sun et al. 2015). Between each pair of adjacent arms,
molecular gas is much poorer in the inter-arm regions than in the
spiral arms.

To better define the velocity range of each arm and inter-arm,
the LSR velocity distribution of the G130 region is also plotted
as a histogram in Figure 4. The blue, green, and red colors
indicate the distribution of 'CO, '*CO, and C'®O emission.
It can be seen that the two velocity Vi;, components with
significant emission are from the two relatively nearby arms. The
multiple Vi, peaks correspond to the substructures mentioned
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Figure 4. LSR radial velocity distributions of each isotopologue, derived from
Figure 3(a).

above. We define the velocity ranges of these two arms as
regions with prominent '*CO emission, while the velocity Vi
ranges of the two distant arms are defined by the ranges with
prominent '*CO emission. Two very deep and empty inter-arm
holes between the Local, Perseus, and Outer arms are apparent.
Because of the degeneracy of the radial velocity, the definition of
the inter-arm between the Outer and OSC arms is very difficult.
Besides, due to the large distance involved, the contribution from
the inter-arm becomes negligible. Therefore, the detected CO
emission in the extreme outer Galaxy is thought to be
exclusively confined to spiral arms rather than inter-arms. The
velocity ranges of each arm and inter-arm are indicated in
Figure 4 and Table 1.

Table 1
Layers and Mask Regions
Layer Name  V Range Mask Pixel Pixel Area
(kms™h Region Number  Percentage  (pc?)

Local [—20, 7] B 567,591  35.7% 4323

G 69, 003 4.3% 526

R 52 0.003% 1
Interarm1 [—30, —20] B 7579 0.44% 263

G 634 0.04% 22
Perseus [-63, —=30] B 125,103  7.9% 10, 166

G 31, 857 2.0% 2, 588

R 1, 544 0.1% 125
Interarm2 [—68, —63] B 1199 0.074% 401

G 59 0.004% 20
Outer [—88, —68] B 3591 0.208% 2725

G 124 0.008% 94
0osC [—106, —88] B 352 0.021% 1258

G 14 0.001% 50

Similarly, we also define the mask “B,” mask “G,” and mask
“R” regions in the integrated intensity maps for each velocity
component (Figure 5). Also, the detection thresholds are 30. We
find that '>CO and '*CO emission is detected in all velocity
structures, while C'®*0 emission is detected in only two velocity
structures (the Local arm and the Perseus arm). The different
regions and the number of pixels in each velocity component are
given in Table 1. Furthermore, the pixel percentage, defined as
the ratio of pixel number in one mask to the total pixel number in
the entire map (1,590,120 pixels; see Section 2), is also listed in
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and C'"*0 emission, respectively, as described in the text.

The blue, green, and red colors in each map indicate the regions exhibiting 2co s 13CO,
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Figure 8. Moment maps of 12CO emission from the Outer arm (V; gg = —88 to —68 km s '). The positions of the known water masers, methanol masers, relatively
evolved H II regions, and young H II regions are marked with white crosses, white squares, red pluses, and white pluses, respectively.

Table 1 (Column 5). It is obvious that the number of pixels in an
individual mask occupies only a small fraction of the map pixels
(less than 36%). Therefore, molecular gas in the outer Galaxy is
relatively sparse compared to the inner Galaxy, that is, at
[ = 25°-50° (see Figure 6 of Su et al. 2019). The statistics also
reveal that the mask “B” region shows the greatest number of
pixels, and the mask “R” region shows the lowest number of
pixels for all velocity structures. Besides, the number of pixels in
a spiral arm is considerably larger than that of the inter-arm. The
Local arm has the largest number of pixels in the mask “B” and
“G” regions, while the Perseus arm has the largest number of
pixels in the mask “R” region. The contributions of individual
mask regions in each velocity structure are discussed in more
detail in Section 3.5.

Figures 6-8 display the moment maps (intensity, velocity
distribution, and velocity dispersion maps) of the molecular gas
traced by 'CO and 'CO emission for the three most
prominent spiral arms, the Local, Perseus, and Outer arms. At
first glance, the morphology and the velocity field are very
complex. The data reveal two cavities with diameter of ~2°2 in
the Perseus arm. The data also reveal many filamentary, shell,
ring, and cometary structures in the Local, Perseus, and Outer
arms. Velocity gradients along these structures (in particular in
the Perseus arm) are apparent. These velocity gradients could
be interpreted as both rotation and expansion motions of
molecular gas. The feedback from a previous generation of OB

stars and SNRs may largely account for the observed gradients
of the molecular gas in the Perseus arm, because three central
clusters (IC 1795, IC 1805, and IC 1848 in the W3-W4-W5
complex) containing a large previous generation of OB stars
and an evolved SNR HB 3are both located in it. The
interaction between the SNR HB 3 and the adjacent molecular
cloud W3 was discussed by Zhou et al. (2016). Velocity
dispersions of a few kms~' are common in each structure,
which are consistent with the typical value for individual MCs.
However, in the Local arm, some extended areas show a
'2CO velocity dispersion as high as 10-15 kms™', which is
mainly due to the multiple clouds in the line of sight. A detailed
analysis of the large-scale kinematics of the molecular gas
could lead to new insights concerning the feedback of massive
star formation on its surrounding molecular gas, but this theme
seems beyond the scope of this study.

3.2. Distances to Structures

Since the distance for each velocity component is only
slightly different over a 10 degree longitude range, for
simplicity we adopt a constant distance to estimate the
parameters for each velocity component. Distances for the
Local and Perseus arms were reviewed by Straizys & Laugalys
(2008) and Megeath et al. (2008), respectively. The distance of
the Gould Belt substructure in this region is about 160-260 pc
(e.g., Fich & Blitz 1984; Turner & Evans 1984), and the
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Table 2
Statistics of Excitation Temperatures
Layer Mask Min. Max. Median Mean S.D. Percentage
) X) X) X X Tex <75
Name Region (K)
Local B 35 21.0 6.3 6.7 1.57 74.2%
G 4.6 21.0 9.0 9.1 1.66 17.4%
R 9.4 20.1 11.0 124 3.34 0 %
Interarm1 B 35 19.4 6.0 6.6 2.05 76.6%
G 55 19.4 10.5 10.9 2.66 6.9%
Perseus B 3.7 54.3 6.6 7.8 3.55 63.1%
G 42 543 11.5 12.2 4.27 7.5%
R 9.9 54.3 18.7 20.3 6.98 0%
Interarm?2 B 3.6 10.5 55 5.8 1.03 92.7%
G 6.3 9.9 7.8 8.0 0.88 28.8%
Outer B 4.1 15.3 5.5 5.8 1.08 94.5%
G 5.4 15.3 7.8 8.6 2.15 44.4%
0OSC B 43 9.2 5.3 5.6 0.98 94.3%
G 5.7 92 8.5 8.2 1.03 21.4%

Note. Refer to Table 1 for the pixel number of each region. The last column is the pixel percentage for each mask region, which has an excitation temperature <7.5 K.

Cam OB 1 substructure is about 1kpc away from us (e.g.,
Humphreys 1978; Straizys & Laugalys 2007). The two
substructures are generally within the intrinsic widths of a
spiral arm, which has a typical value of several hundred
parsecs. Hence, they may represent the inner and outer regions
of the Local arm, so we adopt a middle value of 600 pc for the
Local arm in this study. This value is also consistent with the
kinematic distance derived from the median velocity Vi ~
—11 kms™" of the Local arm on the assumption of the Reid
rotation curve.

In the Perseus arm, parallax distances of 1.95 kpc and
2.4 kpc were measured toward the high-mass star-forming
region W3(OH) at [ = 133°94, b = 1906 (Xu et al. 2006) and
the evolved star SPer at [ = 134°62, b = —2%19 (Asaki et al.
2010). Since the dense part of the molecular gas arm is well
correlated with W3(OH), while no CO emission is detected
around SPer, we adopt the former distance as the distance to
the Perseus arm. In the Outer arm, trigonometric parallax
measurements of the star-forming region WB 89437 at [ =
135°27, b = 2%79 give a distance of 5.99 kpc (Reid et al.
2014), which is adopted by this study. We note that the
kinematic distances of the Perseus and Outer arms are both
overestimated. The Perseus arm exhibits a mean Vi, departure
of ~—16 kms~' in this Galactic range, which is consistent
with previous studies (e.g., Brand & Blitz 1993). In addition,
we obtain a mean Vi departure of ~—9 km s~! in the Outer
arm in the G130 region. This negative value is obviously
different from the results of Russeil et al. (2007), who reported
a positive departure in the second Galactic quadrant using the
photometric distance of HII regions. Since the distances from
VLBI parallax observations are of better accuracy, we suggest
that our results may represent a more reliable V), departure of
the Outer arm in this Galactic range.

In the OSC arm, the photometric distance of one cluster at
[ = 131°0, b = 195 was estimated to be greater than 12 kpc
(Izumi et al. 2014). The kinematic distances derived from the
radial velocities of CO emission from the OSC arm are in the
range of 10-15kpc, assuming the Reid rotation curve.

Therefore, we finally adopt a value of 13 kpc as the distance
to the OSC arm. Distances of 1.28 and 3.98 kpc for the two
inter-arms can be derived by assuming that the inter-arms have
equal distances to the adjacent spiral arms.

3.3. Derivation of Column Densities

The column density can be derived from '*CO by adopting a
CO-to-H, X conversion factor (X., = Ny, /Ico) from 13CO and
C'®0 by assuming local thermodynamic equilibrium (LTE) and
abundance ratios of H, to 3CcO and C'®0, hereafter the
X-factor method and LTE method. Applying the LTE method to
an optically thin tracer (e.g., the commonly used '*CO and
C'®0) is thought to be one of the most direct approaches to
estimating the H, column density (Bolatto et al. 2013).

3.3.1. Column Densities from '3CO and C'%0 Emission

In addition to '>CO, at least one optically thin isotopologue
is detected in the mask “G” and “R” regions, and therefore the
LTE method is adopted to determine the column density for
regions where '*CO and C'®0 are detected.

We determine the excitation temperature from the peak value
of CO by assuming that '2CO is optically thick. The
excitation temperature T, of each pixel can be expressed as
(e.g., Garden et al. 1991)

55
“ 7 In(1 + 5.5 K/ (Tpax (2CO) + 0.82)

ey

The derived excitation temperatures for each structure in the
mask regions are summarized in Table 2 and are plotted as
histograms in Figure 9. In the mask “B,” “G,” and “R” regions,
the median excitation temperatures are distributed from 5.3 to
6.6 K, from 7.8 to 11.5 K, and from 11 to 18.7 K, while the
mean excitation temperatures are distributed from 5.6 to 7.8 K,
from 8.0 to 12.2 K, and from 12.4 to 20.3 K for different
velocity structures, respectively. Being collisionally excited,
the excitation temperature of '>CO is expected to show the
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Figure 9. Histograms of excitation temperatures of each structure. The distributions of T, in the mask “B” region are shown in blue, in the mask “G” region by green,
and in the mask “R” region by red. The total pixel numbers in each mask region are listed in Table 1.

lowest value in region “B,” the outskirts of the cloud, and to
show the highest value in region “R,” the densest part of the
cloud.

Following Goldsmith et al. (2008), the last column of
Table 2 gives the pixel percentage that has an excitation
temperature of <7.5 K. The results reveal that more than 60%
of the observed '*CO emission has excitation temperatures
<7.5 K, which are similar to those found in Taurus and Perseus
(Goldsmith et al. 2008; Pineda et al. 2008). Note that we
assume a uniform unity filling factor for all velocity structures
with different distances. Therefore, as expected, the pixel
percentages increase up to ~90% in the outer or extremely
outer regions, where smaller beam filling factors are expected
at larger distances than the more nearby regions. A large
fraction of the areas present excitation temperatures lower than
the typical kinetic temperatures of molecular clouds (~10 K).
This is likely because the volume density of the gas is lower
than the critical density of '2CO or the filling factor of '*CO
emission is lower than unity, as suggested by Heyer et al.
(2009).

We assume that different isotoPologues have the same
T... Then the optical depths 7 of '*CO and C'®O can be
derived by

Tnax (13C0) /5.29 )
1/(e52/% — 1) — 0.16

T(13CO) = —ln(l -
and

Tnax (C130) /5.27 3
1/(5/ T — 1) — 0.17 )

7(Cl%0) = —ln(l -

10

The obtained optical depths of '>*CO and C'®0 are used to
make saturation corrections to the '*CO and C'®*0 column
densities derived by assuming optically thin emission (e.g.,
Bourke et al. 1997):

Niico = 2.42 x 1014% f Trcody 4)
and
Ncisg = 2.54 % 1014% chlsodv. 5)

Isotopic ratios ['*C/"°C] = 6.2Rz+18.7 (Milam et al.
2005) and [1601 0] = 560 (Wilson & Rood 1994) are used
to convert the '’CO and C'®0 column density into the '*CO
column density. We then derive the H, column density with a
constant [Hy/ 12C0O] abundance ratio of 1.1 x 10* (Frerking
et al. 1982). Here we should point out that the '*CO abundance
with respect to Hj is likely to vary, with an order of magnitude
scatter (e.g., Sheffer et al. 2008). A lower CO abundance is
expected for the more distant structures based on metallicity
gradients. This means the actual H, column densities could rise
slightly as we go farther out in the Galactic disk.

In the mask “R” region where both '*CO and C'®*0 emission
is detected, the H, column densities derived by these two
isotopologues are not exactly the same. The discrepancy might
be explained by the abundance variations of these isotopolo-
gues across different environments. Because of different levels
of the self-shielding effect (e.g., van Dishoeck & Black 1988;
Shimajiri et al. 2015), C'®0 is selectively dissociated by far-
ultraviolet (FUV) emission more effectively than is 3Co.
Detailed analyses of the >CO and C'®0 abundance variations
have been done for MWISP data in other Galactic longitude
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Figure 10. Relations between Ny, /Ico and Ico for each structure. Each black point represents a voxel with a channel width of 0.168 km s

that shows both

13CO and '?CO detections. The white contours show the surface density of points. The points with Ico > 0.8 K km s~' are binned in log(Ico). The mean values of
Ni, /Ico of each bin are computed and indicated by the red solid line, and the red dashed line is a least-squares fit to the binned data.

ranges (Wang et al. 2019). Similar analyses of current data will
be presented in a future paper.

3.3.2. Column Densities from ">CO  Emission

In the mask “B” region where 2CO emission is detected, the
column density is determined by the X-factor method. Recent
theoretical /numerical (e.g., Feldmann et al. 2012; Gong et al.
2018) and observational (e.g., Barnes et al. 2015; Kong et al.
2015; Barnes et al. 2018) studies have suggested an X factor that
varies significantly with several effects (e.g., excitation,
abundance, opacity, and resolution). Besides, the X factor was
found to increase with decreasing metal abundance (Bolatto
et al. 2013). Since the '*CO emission in each structure may
have very different conditions, a constant conversion factor may
not be applicable to each and every structure. Similar to the work
of Barnes et al. (2018), we derive the Xco factor from these
pixels where both "?CO and '*CO are detected in each velocity
structure. Figure 10 shows the relations between Ny, /Ico and

11

Ico. Each black point in Figure 10 represents a voxel with a
channel width of 0.168 kms™' that shows both '*CO and
13CO  detections. Our results confirm that the Ny, /Ico—Ico
relation shows a negative slope at low I-o and a positive slope at
high Ico, although the slope varies somewhat from region to
region. A least-squares fit is only applied for the Perseus arm.
The mean and median values of X, for each velocity structure
are indicated in each panel, which seem to confirm the increase
in Xco with decreasing metallicity. If considering the variation
of CO abundance with location (see Section 3.3.1), the X
conversion factors would be shifted to even higher values for the
more distant structures.

Similar to Figure 9 of Barnes et al. (2018), in Figure 11 each
quantity is integrated across all velocity channels with
detectable '>CO emission, regardless of whether Ny, is
defined. As discussed by Barnes et al. (2018), the unmasked
versions of the Ny, /Ico—Ico relation (Figure 11) represent the
practical conversion laws. However, we suggest that the
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Figure 11. Ny, /Ico—Ico relations as in Figure 10, but each quantity is integrated over all velocity channels with detectable '2CO emission, regardless of whether N,

is defined.

derived X conversion factors in Figure 11 represent lower
limits. Because of the large velocity coverage for each structure
(up to ~30 kmsfl, see Table 1), any small nonrelevant
components will enhance the /o and then lower the Xcq. This
means that the practical Xco conversion factor might fall in a
range between the values listed in Figure 10 and Figure 11.
Therefore, we adopt mean values of X., = 1.59 X 10%°,
1.55 x 10%°, 1.94 x 10*°, 2.34 x 10*, 2.37 x 10*, and
2.65 x 10*° cm2(K km s~1)~! for the Local arm, Interarml,
Perseus arm, Interarm?2, Outer arm, and OSC arm, respectively.

Table 3 gives a summary of the basic statistical parameters
of the obtained H, column densities of each velocity structure
from different methods (LTE and X-factor methods) and
different molecular lines (‘2CO, '*CO, and C'®0), including
the mean and median values and the standard deviations.
Figure 12 shows the distributions of the H, column densities,
plotted as histograms for each structure in mask “B” (blue),
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“G” (green), and “R” (red) regions. Note that the H, column
densities for the mask “G” and “R” regions are translated from
13CO and CISO, respectively. It is evident that mask “B,” “G,”
and “R” regions encompass the relatively low, modest, and
high column density gas, which is presumably characterized by
low, modest, and high volume density, respectively. We also
see that in most velocity structures, the column density
probability density functions (PDFs) show an approximate
lognormal shape at low column density. However, in the
Perseus arm, significant departures from lognormal distribu-
tions are found at the higher column density tail. The departure
from lognormal form has been interpreted as an indicator of
the formation of dense, gravitationally bound structures inside
more diffuse, large-scale molecular clouds, and that is the
ultimate prerequisite for star formation (e.g., Kainulainen et al.
2010; Lombardi et al. 2010; Brunt 2015). These results may
suggest that the Perseus arm shows more active star formation
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Table 3
Statistics of log[Ny, ], Mass, and Surface Density
Layer Mask log[N, ] Mass Deas
Name Region Min. Max. Median Mean S.D.
(em™?) Mo) (Mo pc™)
Local B 19.7 21.9 20.9 20.8 0.35 9.1(4) 21.0
G 20.1 22.2 20.9 21.0 0.28 1.4(4) 25.1
R 21.4 21.9 21.6 21.6 0.15 6.0(1) 89.0
Interarm1 B 19.6 21.7 20.6 20.6 0.33 3.1(3) 12.0
G 20.2 21.9 20.9 21.0 0.30 5.8(2) 24.7
Perseus B 19.9 22.9 21.0 21.0 0.45 4.1(5) 40.2
G 20.2 234 21.3 21.3 0.48 2.5(5) 92.9
R 21.1 23.2 21.8 21.9 0.38 3.4(4) 248.2
Interarm?2 B 19.9 21.6 20.7 20.7 0.29 5.93) 14.8
G 20.7 21.6 21.0 21.0 0.22 5.5(2) 23.8
Outer B 20.0 22.0 20.7 20.7 0.28 4.04) 14.5
G 20.6 22.0 21.1 21.1 0.27 3.6(3) 304
0sC B 20.2 21.6 20.7 20.8 0.31 2.1(4) 16.9
G 20.8 21.6 21.2 21.2 0.25 2.1(3) 334

Note. Refer to Table 1 for the pixel number of each region. The number in parentheses is the order of magnitude of the gas mass.

activity. The star formation activities in different velocity
structures are investigated in detail in Section 4.

3.4. Masses and Surface Densities

The mass of each structure is estimated by integrating the
column density over the area of each mask region. The
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molecular gas surface density, >, of each structure is simply the
H, mass divided by the projected area, > = M/(m r*). The
estimated total mass and surface density of each structure are
also listed in Table 3. We should note that the detection limits
of the gas mass for each structure along the line of sight are
quite different and are about 0.1, 0.4, 0.8, 7.7, and 36.1 M, for
the Local arm, Interarml region, Perseus arm, Interarm2
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region, Outer arm, and OSC arm (for 30 and narrow emission
only encompassing three channels and three pixels in the [-b
space), respectively. Since a large fraction of the molecular gas
is found to be located in regions with low excitation conditions
(refer to Section 3.3), the amount of underestimated gas will
increase with increasing distance.

The molecular gas masses traced by IZCO, 13CO, and
C'®0 across different structures are distributed from 3.1 x 10°
to 4.1 x 10° Mg, from 5.5 X 102 t0 2.5 x 10° Mg, and from
60 to 3.4 x 10" M, respectively. The total molecular gas
masses of the entire mapped area (all spiral arms and inter-arm
regions) traced by IZCO, 13CO, and C'®0 are estimated to be
5.7 x 10°,2.7 x 10°, and 3.4 x 10* M, respectively. We find
that the mass is not uniformly distributed in different structures,
with a mass difference of an individual structure as high as two
orders of magnitude. The majority of the molecular gas masses
(~90%) are located in the two more nearby arms, the Perseus
arm (~70%) and the Local arm (~20%). Even though it is
considered that their masses might have been underestimated,
the two distant spiral arms contribute a small portion of the
total molecular gas mass (~10%). We see that the molecular
gas masses drop dramatically beyond the Perseus arm. Our
results also support the suggestion that the Perseus arm is one
of the dominant spiral arms, which has been known for some
time (e.g., Georgelin & Georgelin 1976; Yang et al. 2002).

We further estimate the arm-to-inter-arm contrast in total
molecular gas mass by dividing the mass between the adjacent
spiral arm and inter-arm. The mass contrasts of Local-to-
Interarm1, Perseus-to-Interarml, Perseus-to-Interarm2, and
Outer-to-Interarm2 are 29, 132, 69, and 7 as traced by
2co emission, and are 24, 431, 455, and 7 as traced by
3CO emission. When averaged over all spiral arms and inter-
arms, the arm-to-inter-arm mass contrasts are 62 and 239 as
traced by 'CO and '*CO emission, respectively. This indi-
cates that the mass contributions from the two inter-arm regions
are negligible. In other words, the molecular gas components,
especially the dense molecular gas components, are generally
confined to spiral arms. Therefore, we suggest that the '*CO
and C'80 molecular lines are better arm tracers than the
'2CO molecular line for the nearby spiral arms.

The derived surface gas densities range from 12 to 40 Mg, pc ™2,
2410 93 My pc 2, and 89 to 248 M pc 2 in the mask “B,” “G,”
and “R” regions of different velocity structures. As expected, the
surface gas densities increase as we move from region “B,” the
outskirts of MCs, which contains a significant amount of diffuse
gas, to the denser regions “G” or “R,” which are dominated by
high-column-density gas. In addition, the surface gas densities in
the Outer and OSC arms are much smaller than in the Perseus and
Local arms. This suggests the decrease of the surface gas density
with the increase of Galactic radii, which is in agreement with the
findings reported in other Galactic longitude ranges (Heyer &
Dame 2015).

3.5. Area Ratios and Mass Ratios

Many studies have suggested that it is primarily the dense
gas component, not the diffuse gas component, of a molecular
cloud that actively participates in star formation (e.g., Gao &
Solomon 2004a, 2004b; Wu et al. 2005, 2010; Lada et al.
2010). Therefore, it is essential to understand approximately
how much gas is in the dense phase. Although the typical
densities traced by 13CO and C'®0 (~10°-10* cm™?) are not as
high as those of the commonly used dense gas tracers (e.g., CS,
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Figure 13. The area ratio (A/?) and mass ratio (M;2) of each structure are
indicated by stars and triangles, respectively.

Table 4
Area and Mass Ratios

Layer Name A2 M} AR Mg

(%) (%) (%) (%)
Local 12.2 15.6 0.01 0.07
Interarm1 8.4 18.5
Perseus 25.5 60.6 1.2 8.2
Interarm?2 4.9 9.3 e
Outer 3.5 9.0
0SC 4.0 10.1

Note. Refer to Section 3.5 for definitions of the area and mass ratios.

HCN, and N,H"), they do trace relatively higher density
regions of the molecular clouds than '>CO, as mentioned in
Section 1. Using 12CO, 13 CO, and ci®o emission, Torii et al.
(2019) approximately examined the dense gas fraction (fpg) in
the first Galactic quadrant and found that fpg in the Galactic
arms (averaged over all spiral arms along the line of sight) is
much higher than in the Galactic bar and inter-arm regions.
Given the fact that star formation primarily takes place in the
spiral arm, it is reasonable to expect such a trend.

Attempting to obtain such a view, we define area and mass
ratios by quantifying the area and mass traced by '*CO, *CO,
and C'®0 in this section (see Table 4). To a certain extent,
these ratios traced by the different isotopologues may offer
valuable insights into the spatial and mass distributions of the
molecular gas. The area ratios A% and A7 are defined as ratios
of A(**CO) to A(*’CO) and A(C'0) to A('’CO), where
A("?CO), A("*CO), and A(C'®0) are the areas with detectable
"2CO (mask “B”), ’CO (mask “G”), and C'*O (mask “R”)
emission, respectively. Similarly, the mass ratios M1132 and M1182
are defined as ratios of M('*CO) to M(**CO) and M(C'®0) to
M('*CO), where M('*CO), M('*CO), and M(C'®0) are the total
masses contained in the areas A(lzCO), A(13CO), and A(ClgO),
respectively. These ratios are summarized in Table 4.

In Figure 13, the area ratios and the mass ratios are plotted as
a function of the total mass of each structure. Obviously,
neither area ratios nor mass ratios seem to be related to the total
mass of each structure. The derived area ratios A7 and A/ are
in the range of 4%—26% and 0.01%—1% in different velocity
structures, respectively. It seems that a small or ne%hgible
fraction of the cloud area exhibits detectable '“CO or
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C'®0 emission. The derived mass ratios Mj7 and M/? have
slightly larger values than the area ratios and are in the range of
9%-61% and 0.07%-8% in different velocity structures,
respectively. We see that the contributions from the relatively
dense molecular gas traced by '*CO or C'®0 are very small or
negligible. In other words, a large fraction of the area and mass
is in relatively low-density gas. The only exception is the
Perseus arm, in which about one-half of the total mass is in the
relatively dense phase and is concentrated within about one-
fourth of the total mask area we have studied.

We can also see that the Perseus arm has much higher values
of area ratio A1132 and mass ratio Ml132 than the inter-arm regions,
while the ratios in the Local, Outer, and OSC arms show no
significant differences from those in the two inter-arm regions.
One possible explanation is that, unlike the Perseus arm, these
spiral arms are not the dominant spiral arms in this Galactic
range. Future statistics over a wider Galactic longitude range
will give a more representative value. Moreover, we find if we
average over all spiral arms and inter-arm regions along the line
of sight, these ratios have higher values in the spiral arms than
in the inter-arm regions, which is similar to the finding in the
first Galactic quadrant by Torii et al. (2019).

4. Current High-mass Star Formation

Comparative studies of the physical properties of molecular
gas and the relation of these properties to the star formation
activities within them may offer significant clues regarding the
physical origin of the different levels of star formation activity
in molecular gas (Lada et al. 2010). The ~100 deg2 2¢co,
13C0, and C'®0 data presented in this study cover a wide range
of physical environments and thus afford an opportunity to
extend these comparative studies.

We systematically examine in this section the spatial
distribution of the current high-mass star formation sites with
respect to the molecular gas. HII regions, the 22.2 GHz water
masers, and the 6.7 GHz methanol masers are among the most
readily observed signposts of massive star formation. In
particular, the HII regions and the 6.7 GHz methanol masers,
due to their short lifetimes, are clear indicators of ongoing
massive star formation and are therefore good tracers of
Galactic spiral structure (Hou et al. 2009). Over the past few
decades, extensive searches of masers and H1I regions have
provided a wealth of catalogs of massive star formation regions
in our Galaxy. To date, more than 1000 massive star-forming
regions in our Galaxy have been reported by the presence of
interstellar maser emission, mainly from transitions of
methanol (e.g., Pestalozzi et al. 2005; Xu et al. 2008; Sun
et al. 2014; Green et al. 2017; Sun et al. 2018) and water (e.g.,
Comoretto et al. 1990; Valdettaro et al. 2001; Szymczak et al.
2005; Breen et al. 2007; Urquhart et al. 2009; Caswell &
Breen 2010; Walsh et al. 2011; Titmarsh et al. 2014; Xi et al.
2015, 2016; Titmarsh et al. 2016). Besides, there are about
3000 Galactic H II regions from the catalog compiled by Hou &
Han (2014) along with the later radio recombination line (RRL)
or radio continuum surveys of the Galactic HI region
(Anderson et al. 2014, 2015; Foster & Brunt 2015).

We conduct a survey of the literature and the SIMBAD
database and compile a list of high-mass star-forming sites
within the Galactic range of this study. The search results in a
total of 19 interstellar masers and 32 H1I regions in this exact
G130 region. In Table 5, we list the positions of the masers
along with the corresponding references and Gaussian fitting
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results of the associated 12CO, 13CO, and C'®0 emission from
our new observations. Note that when multiple velocity
components are detected along the line of sight, only the
fitting results for the associated components are presented. One
sigma noise level is given for those isotopologues without clear
detections. Three regions marked with “*” are associated with
both the 22.2 GHz water and the 6.7 GHz methanol masers, the
remaining regions being only associated with water masers. We
assign masers to each velocity structure based on association
with the structure seen in longitude—velocity plots of 2CO and
its isotopologues. Interestingly, masers seem to be exclusively
associated with the Perseus arm, except for two masers that are
associated with the Outer arm and Interarml. We further
examine the positional relationship between the molecular gas
distribution and the masers in the [—b space to investigate the
reliability of the associations (Figures 6-8). We see that all
masers are distributed in the densest portion of the molecular
gas, which confirms the associations.

Similarly, the results for the 32 H II regions are summarized in
Table 6. The LSR velocity of the H I regions (Column 3) direct
from the literature were measured from RRL (marked with “R”
in Column 4), CS (marked with “C” in Column 4), CO, or H,
emission. We find that no CO emission is detected by our new
data toward four of 32 HII regions (those sources marked with
“x” in Table 6) with typical rms noise level of 0.5 K, but once
we consider the size of the H 1I region, those four H II regions all
have a CO counterpart. Toward the remaining 28 /32 regions, at
least one CO isotopologue is detected. The LSR velocities of the
25/28 HII regions and the CO emission are in agreement with
each other with offset less than 5kms™'. The velocity
differences are larger than 20 kms ' for three of 28 HII
regions (marked with “” in Table 6), which makes spiral arm
assignments challenging. All detected velocity components in
CO emission are tabulated for those three H I regions. Finally, 2,
24, 2, and 1 HI regions are assigned to the Local, Perseus,
Outer, and OSC arms based on the /[-b—v information. Their
spatial distributions with respect to the molecular gas reveal that
those 16 H I regions with measured RRL or CS(2-1) dense gas
emission (indicated by white plus) are restricted to the densest
portion of the molecular gas, and therefore are often associated
with interstellar maser emission. The remaining HII regions
(indicated by red pluses) are located in regions with relatively
weak CO emission. We note that the majority of those HII
regions are identified by optical H,, emission, so part of the
molecular gas has likely been dispersed by the winds from the
newly formed stars.

Here we should note that the current interstellar maser
catalogs of this region are from targeted surveys mainly toward
IRAS or WISE selected point sources, rather than from
unbiased blind surveys. In addition, a portion of the faint HII
regions or masers may be missed. Therefore, in the future, new
observations may find some more new HII regions and
interstellar masers, in other words more massive star-forming
regions. However, it will not likely change the current trend
that significant variations exist in massive star formation
activity among different velocity structures along the line of
sight. High-mass star formation in the Perseus arm is
prominent, and it is negligible in the other spiral arms and
inter-arm regions. A census of ongoing both low- and high-
mass star-forming sites traced by CO outflow across the whole
mapped area also revealed a similar trend. The number of
outflow candidates was found to vary considerably across the



91

Table 5
22.2 GHz Water Masers and 6.7 GHz Methanol Masers
Cco Bco c®o
1 b References Vier Tpear 1 Vier Treak 1 Visr Tpear 1 Spiral
©) () (kms™ ") (K) (Kkms™") (kms™") (K) (Kkms ™) (kms™") (K) (Kkms™") Arm
1 ) (3) 4) 5) (6) @ ®) )] (10) (11) (12) (13) (14)
1 132.157 —0.726 2 —54.9 11.5 552 —55.1 35 10.3 —54.9 0.6 1.2 Per
2 133.688 +1.224 1 —434 45.0 356.8 —43.4 9.4 59.1 —43.7 0.8 4.6 Per
3 133.718 +1.215 1 —415 36.7 180.2 —39.0 10.6 64.4 —38.8 1.2 5.7 Per
—35.6 28.9 178.7 0.09
4 133.748 +1.059 6 —432 20.7 41.0 —433 8.4 12.0 —432 1.2 1.8 Per
—40.7 10.6 25.3 —40.8 22 3.3 0.27
5 133.751 +1.198 1 —38.9 26.6 142.1 —39.0 11.3 33.4 —39.0 1.6 4.1 Per
6 133.783 +1.420 2 —42.8 14.0 38.1 —432 3.1 49 0.19 Per
—38.6 5.0 6.3 0.23
7 133.951 +1.065 1,4 —47.6 27.1 2127 —47.4 124 61.8 —473 1.5 6.8 Per
8 134.207 +0.729 8 —48.5 18.5 129.1 —48.4 11.8 46.1 —48.6 4.0 8.3 Per
9 134.279 +0.856 3 —51.4 15.5 51.7 —51.4 5.8 11.4 —51.2 0.7 0.8 Per
10 134.831 +1.312 1 —40.0 9.2 29.0 —39.8 3.8 8.3 -39.6 0.7 1.1 Per
11 135.282 +2.796 1 —72.0 7.7 31.1 —71.9 1.8 5.2 0.32 Out
12 135.894 —0.459 1 —26.2 14.0 27.8 —26.4 2.9 44 0.26 Int
13 136.387 +2.269 1 —422 15.0 61.5 —423 3.3 9.9 0.27 Per
14* 136.846 1.149 3,4 —42.0 204 86.3 —427 9.5 25.1 —42.8 1.5 2.8 Per
—36.9 8.5 23.1 —36.6 4.1 3.7 0.30
15 136.945 +1.092 6 —41.0 18.4 68.0 —41.1 10.2 23.8 —41.1 1.5 3.4 Per
—35.6 9.1 22.9 0.29 0.29
16 137.070 +3.002 1,5,7 —51.8 6.7 332 —52.0 2.7 6.3 0.21 Per
17 138.297 +1.556 2 —38.0 32.7 159.2 —382 12.0 314 —38.1 12 3.1 Per
18 138.503 +1.644 1 —384 18.8 66.5 —38.2 44 12.5 0.25 Per
19 139.914 +0.200 1 —39.8 32.1 168.0 —39.9 10.5 33.3 —40.0 1.0 3.1 Per

Note. Three masers marked with “* are associated with both the 22.2 GHz water and 6.7 GHz methanol masers. The remaining sources are only associated with the 22.2 GHz water masers.
References. [1] Comoretto et al. (1990), [2] Brand et al. (1994), [3] Valdettaro et al. (2001), [4] Pestalozzi et al. (2005), [S] Xu et al. (2008), [6] Xi et al. (2016), [7] Yang et al. (2017), [8] Nakano et al. (2017).
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Table 6
H 11 Regions

Cco Bco c®*o
1 b Vier References Vier Treax 1 Vier Treax 1 Vier Treax I Spiral
(0) (o) (kms™ ) (kms™) (K) (Kkms™h (kms™ ) (K) (Kkms™) (kms™! (K) (K kms™) Arm
() ) 3) “) (6)) (6) @) ®) (O] (10) an (12) (13) (14) 15)
1 132.157 —0.725 —56.39 2R —54.9 11.5 55.2 —55.1 3.5 10.4 —54.9 0.6 1.1 Per
2 133.411 +0.085 —485 4R —493 55 183 —492 0.7 13 0.20 Per
3 133.720 +1.223 —40.68 2R —39.7 33.5 270.4 —39.4 8.0 40.0 —392 0.7 3.4 Per
4 133.785 +1.423 —49.42 2R —429 132 314 —433 25 43 0.21 Per
—393 1.7 14.4 0.22
5 133.960 +1.080 —53.60 2R —48.5 26.2 169.2 —48.3 8.6 31.9 —48.0 0.8 27 Per
6 134.235 +0.751 —49.0 1,5% —48.5 17.7 84.2 —48.8 5.1 17.1 —49.0 0.4 1.4 Per
7 134.340 +3.560 —9.70 2 —0.6 3.5 6.5 0.27 0.26 Loc
8 134.800 +0.940 —43.90 2 —39.8 4.1 10.2 0.24 0.23 Per
9 135.184 +2.698 -715 4R -71.0 3.2 8.9 0.28 0.26 Out
10 135.278 +2.797 —71.50 2¢ —71.7 11.3 47.1 -71.9 2.1 8.2 031 Out
11 135.870 —0.560 —33.70 2 —42 26 42 0.27 0.26 Per
—36.6 15 3.1
12* 136.000 +2.120 —49.60 2 0.45 0.30 0.29 Per
13 136.080 +2.110 —44.70 2 —48.2 1.3 5.1 0.32 0.28 Per
14 136.110 +2.070 —45.70 2 —47.1 6.6 15.2 —473 13 1.6 0.28 Per
15 136.133 +2.050 —47.6 4 —475 1.7 42 0.28 0.27 Per
—44.4 24 3.0
16" 136.360 —0.380 —29.70 2 —55.0 1.7 15 0.29 0.27
—24 2.1 1.7
17 136.384 +2.265 —42.40 2¢ —422 15.0 62.0 —423 3.3 10.0 0.27 Per
18* 136.450 +2.530 —48.10 2 0.52 0.29 0.29 Per
19* 136.490 —0.320 —31.30 2 0.50 0.28 0.27 Per
20 136.837 +1.137 —39.80 2¢ —423 13.6 36.9 —427 22 3.6 031 Per
-375 13.5 39.6 —383 43 9.1
21 136.900 +1.060 —40.65 2R —41.7 15.7 34.5 —41.6 3.1 52 0.29 Per
—35.2 9.0 34.0 —35.4 0.6 25
22 137.069 +3.003 —51.60 2¢ —51.8 6.7 334 —52.0 2.7 6.3 0.20 Per
23* 137.300 +1.000 —39.20 2 0.49 0.26 0.26 Per
247 137.380 +0.200 —38.20 2 -2.8 35 2.0 031 0.32
25 137.770 —0.950 —103.70 23 —103.7 42 8.0 —~103.8 0.7 1.0 0.24 0sC
26 138.090 +4.120 —53.20 2 —53.1 12 1.1 0.25 0.24 Per
27 138.297 +1.556 —38.00 2¢ —38.0 32.7 160.0 —38.2 12.0 314 -38.1 12 3.1 Per
28 138.494 +1.641 —35.47 2R —385 13.8 52.4 —38.4 2.6 7.7 —37.7 0.8 0.8 Per
297 139.660 +2.540 —42.69 23 —12.2 6.0 17.6 —125 1.1 1.7 0.26
30 139.910 +0.195 —44.8 4k —40.1 30.2 146.4 —40.0 10.6 284 —39.7 1.0 23 Per
31 139.912 +0.200 —39.40 2¢ -39.5 35.6 177.4 -39.6 10.4 347 —39.5 1.0 26 Per
32 139.990 +2.090 —10.33 3 —14.1 6.3 13.1 —14.1 1.7 2.0 0.26 Loc
-9.0 13.0 295 —9.4 44 6.6

Note. Columns 2-5 give the Galactic coordinates, Vi, of each H 1I region, and the references: [1] Hughes & Viner (1982), [2] Hou & Han (2014), [3] Foster & Brunt (2015), [4] Anderson et al. (2015), [5] Nakano et al.
(2017). The Vj,, of H Tl regions marked with “R” and “C” are determined from RRL and CS(2—-1) observations, respectively. Columns 6-14 give the Gaussian fitting results for '>CO, '*CO, and C'®0 emission. Only the
associated velocity components are presented, except for three sources indicated with “f,” for which all detected velocity components are presented. Due to the significant velocity difference between these H II regions
and the '>CO emission, they could not be confidently assigned to an arm. A few sources marked with “«” are not detected in '>CO emission, but if the size of H I regions is considered, there is associated '>CO emission.
Column 15 indicates the spiral arm in which it resides: Loc = Local arm, Per = Perseus arm, Out = Outer arm, OSC = Outer Scutum Centaurus arm.
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different velocity structures, with ~62% in the Perseus arm,
~35% in the Local arm, ~1% in the Outer arm, and ~2% in
the two inter-arm regions (Li et al. 2019).

Generally, this star formation picture is consistent with the
finding in Section 3.3 that the Perseus arm shows an apparent
non-lognormal distribution of the column density at the high-
column-density wing, yet approximate lognormal shapes are
found for other velocity structures. In addition, as revealed in
Section 3.5, the total mass of molecular gas is not significantly
different between the Perseus arm and the Local arm, but a
much higher fraction of denser gas is found in the Perseus arm
than in the Local arm. Therefore, our results may lend support
to the view that it is not the total mass of molecular gas but
instead the denser molecular material that governs the level of
star formation activity (e.g., Gao & Solomon 2004a; Lada et al.
2010). On the other hand, these results suggest that the analysis
of the column density PDF and the denser gas fraction will
provide us a diagnosis of the level of star formation activity in a
molecular cloud.

5. Vertical Distribution

Warps and flares are common features in the outer disk of
spiral galaxies. Early Galactic HI surveys have revealed warps
that bend the Galactic disk upward in the first and second
quadrants (0° <1< 180°) and downward in the third and
fourth quadrants (180° < I < 360°; e.g., Westerhout 1957,
Burton 1988; Voskes & Burton 1999). Furthermore, their
amplitude increases with increasing galactic radius and varies
strongly with Galactocentric azimuth (Kalberla & Kerp 2009).
Besides H1, observational evidence for warping traced by
molecular gas was obtained by many studies (e.g., Grabelsky
et al. 1987; Clemens et al. 1988; Wouterloot et al. 1990; Burton
& Liszt 1992). Using the whole-sky CO survey data of the CfA
1.2 m telescope, Nakanishi & Sofue (2006) completed a global
analysis of the vertical distribution of Galactic CO emission.
They found that the molecular gas disk exhibits a warp
structure very similar to the atomic gas disk. Unfortunately,
hampered by its relatively low sensitivity, the CO warp
structure was only determined within a Galactocentric distance
of 11kpc (see Figures 11-12 of Nakanishi & Sofue 2000).
With our new CO survey data with improved sensitivity, a new
insight into the gas warp and flare is expected to be achieved in
this Galactic longitude range of 130°-140°.

In order to get the vertical distribution of the molecular gas,
we first measure the Z scale height on a pixel-by-pixel basis,
defined by Z = d sin (b), where d is distance to the Sun and b is
Galactic latitude. Second, we calculate the total mass of every
10 pc Z scale height. Then we can get the H, mass distribution
along the Z scale height (Figure 14). The solid and dashed lines
show the distributions in the region with detectable 'CO (mask
“B”) and 3co (mask “G”) emission, respectively. Interarm1
and Interarm2 are not considered here given their negligible
contributions to the total molecular gas mass. The masses of the
Local and Perseus arms are divided by 10 and 20, respectively,
in order to plot them on the same scale as the Outer and OSC
arms and facilitate comparison.

Here we should note that the Galactic latitude coverage of
the MWISP survey almost fully covers the molecular gas
emitted from the four segments of spiral arms, except for the
nearest spiral arm, the Local arm, which shows an abrupt cutoff
near Z ~ 80 pc, as shown in Figure 14. Therefore, we would
expect a wider range of Z value once we fully cover emission
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Figure 14. Molecular gas distributions of the Local (red), Perseus (green),
Outer (blue), and OSC (cyan) arms along the Z scale. The distributions of
2CO emission (mask “B™) and '>*CO emission (mask “G”) are indicated by
solid and dashed lines, respectively. The masses of the Local and Perseus arms
are divided by 10.

from the Local arm by extending the Galactic latitude coverage
range of the observation. Nevertheless, these issues have little
effect on our overall results, given that the height and thickness
of the Galactic disk near the Sun at a radius of 8-9 kpc were
estimated to be ~50 pc (see Figures 11-12 of Nakanishi &
Sofue 2006).

We find that the total mass, including both the diffuse and
relatively dense gas components, usually has multiple distribu-
tion peaks, as shown by the solid lines. As expected, the mass
of the denser gas component is more centrally concentrated at
the most significant distribution peak of the total gas, as shown
by the dashed lines. Considering that the arising of multiple
components may make the thickness and height of a spiral arm
obtained by applying a commonly used method of single
Gaussian component fitting highly dubious, we do not attempt
to fit the distributions.

It is obvious that the four arms exhibit different distributions
in Figure 14. Although not perfect, the masses of the Local
(peaked at ~0 pc) and Perseus arms (peaked at ~40 pc) are
mainly concentrated at the middle of the Galactic plane, the
Z = 0 plane. In contrast, the Outer arm peaked at ~120 pc is
apparently above the Galactic plane, and the OSC arm peaked
at ~—170 pc is mainly below the Galactic plane. Such a
vertical displacement would faithfully reflect the warp of the
outer Galactic gas disk, which might start at a place between
the Perseus arm and the Outer arm in this region. In addition,
the Local and Perseus arms are generally distributed within a
much narrower range of Z scale than the OSC and Outer arms.
This indicates that flare in the Local and Perseus arms is less
obvious than in the Outer and OSC arms. Furthermore, because
the latter two arms have a much larger distance both from the
Sun and from the Galactic center, these results also suggest the
increasing of thickness and scale height of a spiral arm with
the Galactic radii, which is consistent with the results traced by
HT, dust, and stellar emission (e.g., Drimmel & Spergel 2001;
Momany et al. 2006).

6. Summary

Data from the MWISP Survey Project within Galactic
coordinates [ = [129°75, 140°25] and b = [—5°25, +5°25]
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have been presented. The J = 1-0 12CO, 13CO, and C'30
lines were observed simultaneously using the PMODLH
13.7m telescope. Thus, for the full 105 x 10°5 region
sampled at 30", there are 1,590,120 spectra for each
isotopologue. In this study, we focus on the large-scale
structures and their physical properties traced by '*CO, '*CO,
and C'0 emission. The current massive star-forming sites
traced by H 1I region and interstellar masers are also examined
from the literature. The relations between the molecular gas
properties and star formation activity are discussed. We also
E)resent the vertical distribution of molecular gas traced by the
>CO and '*CO emission in this Galactic range. The main
results of this study are summarized as follows:

(1) The new data with the highest sensitivity and highest
spatial dynamic range to date successively trace the molecular
gas components of the distant arms (the Outer and the Outer
Scutum Centaurus arms) and the internal substructures of the
relatively nearby arms (the Local and Perseus arms) in this
Galactic direction for the first time.

(2) We determine the column density, mass, surface gas
density, and mass ratios between different isotopologues of
each spiral arm and inter-arm. The physical properties change
in different spiral arms and inter-arms and in different mask
regions. The total H, masses of the mapped area traced b;f
2¢O, 13CO0, and C'®0 emission are estimated to be 5.7 x 10°,
2.7 x 10%, and 3.4 x 10* M, respectively. A large fraction of
the observed molecular gas is found to be emitted from regions
with low excitation temperature and low column density.

(3) Our review of the literature provides evidence for
significant variations of the level of massive star formation
activity in different spiral arms and inter-arms. A comparative
study reveals that the level of star formation activity seems to
be largely inde}?endent of the amount of total molecular gas
mass traced by '*CO, but it is closely related to the amount of
relatively denser gas traced by >*CO or C'®0 and the column
density PDF.

(4) The majority of the H, mass (about 70%) and massive
star formation (about 90%) are found to be contributed by the
Perseus arm, which suggests that the Perseus arm is a dominant
spiral arm in this Galactic range.

(5) A large fraction of the observed total molecular gas
originates from spiral arms. The mass contrasts between the
adjacent spiral arms and inter-arms are found to be as high
as 63 and 283 as traced by 'CO and '*CO, respectively.
The denser gas components traced by '*CO emission are
more likely confined to the spiral arms than the relatively
diffuse gas components traced by '>CO emission. Moreover,
the C'®0 emission is exclusively distributed along the spiral
arms. Therefore, we suggest that '*CO and C'®0 molecular
lines are better arm tracers than the '2CO molecular line,
especially for those nearby arms.

(6) The vertical distributions of the >CO and '*CO emission
reveal a relatively flat and thin gas disk within the Perseus arm,
while the disk appears warped and flared for regions beyond
the Perseus arm.
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