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ABSTRACT

Aims. We present the Forgotten Quadrant Survey (FQS), an ESO large project that used the 12 m antenna of the Arizona Radio
Observatory to map the Galactic plane in the range 220° < [ < 240° and —2.°5 < b < 0°, both in '>CO (1-0) and *CO (1-0), at a
spectral resolution of 0.65km s~ and 0.26 kms~".

Methods. We used the (1-0) transition of carbon monoxide to trace the molecular component of the interstellar medium. Our data set
allows us to easily identify how the molecular dense gas is organised at different spatial scales: from the giant clouds with their denser
filamentary networks, down to the clumps and cores that host the new-born stars and to obtain reliable estimates of their key physical
parameters such as size and mass.

Results. We present the first release of the data of the FQS survey and discuss their quality. Spectra with 0.65 km s™! velocity chan-
nels have noise ranging from 0.8 K to 1.3 K for '2CO (1-0) and from 0.3K to 0.6 K for '*CO (1-0). In this first paper, we used the
12CO (1-0) spectral cubes to produce a catalogue of 263 molecular clouds. The clouds are grouped in three main structures corre-
sponding to the Local, Perseus, and Outer arms up to a distance of ~8.6 kpc from the Sun. This is the first self-consistent statistical
catalogue of molecular clouds of the outer Galaxy obtained with a subarcminute spatial resolution and therefore able to detect not only
the classical giant molecular clouds, but also the small clouds and to resolve the cloud structure at the sub-parsec scale up to a distance
of a few kiloparsec. We found two classes of objects: structures with sizes above a few parsecs that are typical molecular clouds and
may be self-gravitating, and subparsec structures that cannot be in gravitational equilibrium and are likely transient or confined by
external pressure. We used the ratio between the Herschel H, column density and the integrated intensity of the CO lines to calculate
the CO conversion factor and we found mean values of (3.3 +1.4) x 102 cm™ (Kkms™")~! and (1.2 +0.4) x 10> cm™2 (Kkms™")7!,
for '2CO (1-0) and '3CO (1-0), respectively.

Conclusions. The FQS contributes to the general effort in producing a new generation of high-quality spectroscopic data for the
Galactic plane in the less-studied third Galactic quadrant toward the outer Galaxy. The FQS has produced a data set of great legacy

value, largely improving the data quality both in terms of sensitivity and spatial resolution over previous data sets.

Key words. ISM: clouds — ISM: structure — ISM: kinematics and dynamics

1. Introduction

To reconstruct the distribution of matter in our Galaxy and to
understand how the diffuse interstellar medium (ISM) is struc-
tured are some of the main objectives in modern astronomy.
Large surveys at all wavelengths have been carried out to map
the diffuse gas content of our Galaxy as well as the densest
condensations from which new stars will be born. In particular,
over recent decades many projects have surveyed the Milky Way
plane at several millimetre and submillimetre wavelengths with

* Full Table A.1 is only available at the CDS via anonymous ftp
to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/cat/J/A+A/633/A147

Article published by EDP Sciences

the aim of deriving the properties of the ISM through molecular
spectroscopy and thermal continuum emission.

Surveys of the molecular component of the ISM play an
essential role in our understanding of where and how star
formation takes place in our Galaxy. The lower-frequency rota-
tional transitions of CO are readily observed even in quite ten-
uous molecular gas, and the lowest of these, the (1-0) line at
115 GHz, is the preferred tracer of the cold molecular component
of the ISM. The first CO surveys were carried out in the seven-
ties, covering different parts of the Galactic plane. The first com-
plete survey of the Galactic plane in CO (1-0) was compiled by
Dame et al. (1987) collecting previous partial surveys. Another
extended survey covering the inner Galaxy and part of the third
quadrant is the NANTEN survey (Mizuno & Fukui 2004).
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More recently, infrared and submillimetre Galactic plane
surveys were carried out both from space, such as the Galac-
tic plane Infrared Mapping Survey Extraordinaire (GLIMPSE,
Benjamin et al. 2003), the MIPS Galactic plane survey (MIPS-
GAL, Carey et al. 2009), the Herschel InfraRed Galactic plane
survey (Hi-GAL, Molinari et al. 2010), and the all-sky survey
from WISE (Wright et al. 2010), and from ground, such as the
Bolocam Galactic Plane Survey (BGPS, Aguirre et al. 2011), the
APEX Telescope Large Area Survey of the Galaxy (ATLAS-
GAL, Schuller et al. 2009), and the JCMT Plane Survey (JPS,
Moore et al. 2015). With their good sensitivity and spatial res-
olution these surveys started to provide a picture of the distri-
bution of dust at all scales: from diffuse clouds and filamentary
structures down to pre-stellar clumps and young stellar objects
(YSOs). These multi-wavelength continuum data are ideal to
derive the dust temperature of the sources, but in order to obtain
the other relevant physical properties, such as the mass, and
establish whether they are in gravitational equilibrium, a good
estimate of the source distance is required. The simplest way to
measure distances in our Galaxy is to measure the vrsg of gas
from spectroscopic observations and then derive the distance by
assuming a Galactic rotation model. Furthermore, the identifi-
cation of possible multiple molecular structures of the ISM at
different distances along the same line of sight and the charac-
teristics of their dynamical state can only be derived from spec-
troscopic observations.

The first generation of CO surveys are at very poor spa-
tial resolution (a few arcminutes) and coarse spatial sampling,
making it very difficult to use them in conjunction with the
most recent continuum surveys with spatial resolution from
a few to tens of arcseconds. Therefore, the production of a
new generation of unbiased surveys of the molecular gas with
resolution and sensitivity comparable to those of the contin-
uum surveys has become mandatory. Several projects have been
started in recent years to map large portions of the Milky
Way in CO and its isotopologues, at high spatial (sub-arcmin)
and spectral (a few tenths of a kms™!) resolution. The largest
spectroscopic surveys are: the Galactic Ring Survey (GRS,
Jackson et al. 2006), the Mopra Southern Galactic Plane CO
survey (Burton et al. 2013), the Exeter-FCRAO CO Galactic
Plane Survey (Mottram & Brunt 2010), the Three-mm Ultimate
Mopra Milky Way Survey (Barnes et al. 2015), the Structure,
Excitation, and Dynamics of the Inner Galactic Inter-Stellar
Medium (SEDIGISM) survey (Schuller et al. 2017), The Milky
Way Image Scroll Painting (Jiang & Li 2013), and the FOREST
Unbiased Galactic plane Imaging survey with the Nobeyama
45-m telescope (FUGIN, Umemoto et al. 2017). The third
Galactic quadrant is the least observed, with several pieces
of the Galactic plane not yet covered by ongoing projects
(Heyer & Dame 2015). The Forgotten Quadrant Survey (FQS)
aims at covering this gap by mapping a strip in the range 220° <
| < 240°and —-295 < b < 0°, centred around a midplane that
follows the Galactic warp, both in 12CO and *CO (1-0) tran-
sitions. The longitude range covers the outer Galaxy, crossing
the Local arm, the Perseus arm, and the Outer arm, a region
still densely populated with a variety of star-forming regions
and complex networks of filamentary structures (Elia et al.
2013).

The FQS is an ESO project awarded 700 h of observing time
at the Arizona Radio Observatory (ARO) 12 m antenna. The pri-
mary aim of the project is the characterisation of the molecu-
lar gas in this poorly studied portion of the third quadrant of
the Milky Way. To achieve this goal we will produce catalogues
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of the main structures identified in the FQS spectroscopic data
at different spatial scales, from large molecular clouds to dense
cores and we will determine their distance and derive their main
physical properties, such as size and mass. In particular, the main
scientific goals of the survey are the following.

1. To produce a catalogue of molecular clouds (MCs) in order
to get a better understanding of the large-scale structure in this
portion of the outer Galaxy, with improved spatial resolution.
The FQS data allow the identification of MCs, disentangling
clouds at different distances along the same line of sight. The
simultaneous observation of the '>’CO and '*CO isotopologues
allows the computation of a reliable estimate of the CO column
density and mass for each cloud.

ii. To produce a catalogue of filamentary structures and to
investigate their formation mechanism. Herschel photometric
surveys have shown that a large part of the ISM is structured
in filaments and a catalogue of filament candidates of the Galac-
tic plane from the Herschel data was published (Schisano et al.
2020). The FQS spectroscopic data allow us to verify the kine-
matic coherency of the filament candidates identified in the Hi-
GAL photometric maps. For these filaments the velocity field
can be measured, allowing the study of their internal dynamics
and feeding mechanisms.

iii. To produce a catalogue of dense cores and build the core
mass function (CMF). The spectral resolution of the FQS data
offers the possibility to measure the non-thermal contribution to
the line broadening and thus to measure the virial mass of dense
cores and clumps. The comparison of the virial mass with the
core or clump mass derived from submillimetre continuum sur-
veys (e.g. the Hi-GAL catalogue) determines whether they are
gravitationally bound or unbound. This is of utmost importance
for distinguishing structures that may eventually form a star or
a multiple stellar system from those that will disperse, and thus
for constructing a correct CMF.

iv. To derive distance estimates for the dense compact
sources detected in the continuum far-infrared maps. The cor-
rect exploitation of catalogues of compact and potentially star-
forming clumps or cores produced by IR and submillimetre con-
tinuum surveys (e.g. the Hi-GAL catalogue) is based on the pos-
sibility to derive a reliable mass estimate, which in turn depends
on a correct distance measurement. The FQS data provide the
v sr of the emitting gas from which its distance can be derived
by assuming a Galactic rotation model. The comparable spatial
resolution between FQS and Hi-GAL data allows one to easily
associate this distance to the Hi-GAL sources.

All these scientific topics will be investigated in several ded-
icated papers. In this first paper we present the FQS project with
its data products and we address the first item of our listed spe-
cific goals. Indeed, we present the first self-consistent catalogue
of molecular clouds of the outer Galaxy extracted from fully
sampled '2CO (1-0) maps at subarcminute spatial resolution.
The structure of the paper is as follows. Section 2 describes the
observational setup and the data-acquisition strategy. Section 3
presents our data-reduction pipeline with the final products and
the quality assessment. In Sect.4 we describe the '>CO (1-0)
and '*CO (1-0) line emission maps. The MCs catalogue is pre-
sented in Sect.5 with the extraction algorithm and the derived
physical properties. In Sect. 6 we focus on the nature of the
subparsec-scale structures and in Sect. 7 we show how the MCs
are distributed in the plane of the Milky Way. Section § contains
a discussion of the CO-to-H, conversion factor and conclusions
are drawn in Sect. 9.
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Fig. 1. Coverage of the FQS survey with the observed 30" x 30’ tiles (squares) overplotted on the H, column density maps derived from Herschel
data. Top panel: range of Galactic longitude 219°~230°, the coverage of '2CO (1-0) and '3CO (1-0) data (black squares) is the same. Bottom panel:
range 230°-240°, where the coverage of the '*CO (1-0) data (yellow squares) is smaller than the coverage of the >’CO (1-0) data (composed by
yellow squares plus black squares). The intensity bar of the H, column density at the bottom is in units of cm™2. The two contours correspond
to N(Hy) = 2.8 x 10%' cm2 and 3.8 x 10?! cm™2, equivalent to a visual extinction level of 3 and 4 mag, respectively. The sensitivity level of our
observations allows detection of signal only from regions inside the contour at about 3 mag for '>CO (1-0) and at about 4 mag for '3CO (1-0).

2. Observations
2.1. Observational setup

We used the ARO AEM ALMA prototype 12 m antenna with
the ALMA Type Band-3 Receiver to map the Milky Way plane
in the range 220° < [ < 240° and —2°5 < b < 0°, following the
Galactic warp, both in '>CO (1-0) and '3CO (1-0). Observations
started in November 2016 and ended in June 2018.

The survey area was divided into partially overlapping tiles
of 30" x 30’ size, with sides aligned along the Galactic longitude
and latitude (see Fig. 1). Each tile was observed twice in the On-
The-Fly observing mode in mutually orthogonal scan directions,
one along 1 and one along b. The data dumping time is 0.1s.
The distance of the scanning rows is 18" and the scanning speed
is 75”/s, resulting in a better-than Nyquist spatial sampling of
the telescope beam, that is 55" at 115 GHz. Several positions for
the OFF measurement were used, so that for each tile the dis-
tance between the centre of the tile and the OFF position was
smaller than 2°. All the OFF positions were checked to be free
of 12CO (1-0) emission.

The receiver was tuned to 115.271 GHz and 110.201 GHz

r 2CO (1-0) and '3CO (1-0), respectively. The back-end
was composed of a 256-channel filter bank at 250 kHz spectral
resolution (hereafter FB250), corresponding to a total velocity
coverage of 166 km s™! and a velocity resolution of 0.65kms™!,
in parallel with a second 256-channel filter bank at 100 kHz

spectral resolution (hereafter FB100), corresponding to a total
velocity coverage of 66kms™! and a velocity resolution of
0.26kms~'. Antenna temperature is converted to main beam
temperature by dividing by the beam efficiency of 0.80.

2.2. Calibration accuracy and stability

In order to evaluate the temperature calibration accuracy and to
monitor the stability of the system over the long period of data
acquisition, at the beginning of each observing day we acquired
the spectrum of a reference source. We observed IRAS 07046—
1115 at RA(J2000) = 7" 07™ 01.6*° and DEC(J2000) =
—11°207 17”. This source was previously observed in '*CO
(1-0) at SEST by Wouterloot & Brand (1989). The total inte-
grated intensity of the >CO (1-0) line towards IRAS 07046
1115 measured during the observation campaign with FB250
has a mean value of fTI’;dv = (71.5 £ 1.9)Kkms™'; for the

spectra of FB100 the mean value is (70.8 + 1.9) Kkms~!. The
two measurements are in agreement within the uncertainties. We
do not observe any systematic trend in time of the integrated
intensity measurements and the deviations of the measured inte-
grated intensity with respect to its mean value are within ~5%,
for both filter banks, smaller than the absolute temperature cali-
bration accuracy of the ARO 12 m data which is ~10%.

In order to crosscheck the absolute temperature calibration
of the ARO 12 m data, we compared the ARO measurement with
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the same measurement of the '2CO (1-0) line taken with other
telescopes. Firstly, we used the observation made with SEST
towards IRAS 07046—-1115. Converting the antenna temperature
to main beam temperature by assuming a beam efficiency of
0.80 results in an integrated intensity measured at ARO 12 m of
[ Tvpdv = (89 + 2.4)Kkms™'. The SEST data give [ Typdv =
93.6Kkms~!, a slightly higher value that could, at least par-
tially, be ascribed to the different beam of the two telescopes,
namely 55” for ARO 12m and 43” for SEST and that, in any
case, is within the absolute calibration accuracy. An additional
comparison was done with the FUGIN survey (Umemoto et al.
2017), that partially overlaps with FQS in the range 220° < I <
236°, —1° < b < 0°. To this aim, we considered the common
area of one square degree at 225° < [ < 226°and —1° < b < 0°.
The Nobeyama 45 m Fugin '2CO (1-0) data were convolved to
the beam size of the ARO 12 m, rebinned to a common velocity
channel of 1 kms~! and regridded to the FQS spatial grid. Then,
for each voxel (I, b,v) with Tyg of the >CO (1-0) line above
S0 for both sets of data, we calculated the relative main beam
temperature difference, [Ty (FUGIN) — Ty (FQS)]/Tms (FQS),
whose histogram is shown in Fig.2. The distribution is well
fitted by a Gaussian function with peak at 0.01 and standard
deviation of 0.23. The tail at the highest relative difference,
namely the voxels with relative difference >0.6, is a statisti-
cal effect associated to voxels with the lowest signal-to-noise
ratios and they are only 4% of the total. In conclusion, there
is no systematic difference between the two sets of data and in
about 68% of the voxles the FQS and FUGIN data are consistent
within 23%, in agreement with the intensity variations measured
towards the reference source by FQS (5%) and FUGIN (20%,
Umemoto et al. 2017).

2.3. Mapped area

The selected portion of the Galactic plane, namely 220° < [ <
240° and -295 < b < 0°, was not fully covered by our ARO
observations. In fact, we used the cold dust emission detected
in the Herschel maps as a proxy of the CO emission. We com-
pared the '>CO (1-0) integrated line maps in an initial set of
tiles with the H, column density maps derived from Herschel
data (Schisano et al. 2020) and found that, given the sensitivity
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level of our observations, the '>CO (1-0) line was detected only
in regions with H, column densities above ~2.8 x 10*! cm™2,
equivalent to a visual extinction level of Ay > 3 mag, assum-
ing the conversion factor N(Hy)/Ay = 9.4x10?° cm~2 mag™!
(Bohlin et al. 1978). For the '*CO (1-0) line a similar level was
found of ~4 mag. We therefore used the 3 mag and 4 mag con-
tour level of the Herschel H, column density map as a crite-
rion for identifying the regions to be observed in '>CO (1-0) and
13CO (1-0), respectively. In the area not covered by the ARO
observations we are confident that no significant CO emission
is present above the sensitivity level of our survey. This state-
ment has been verified a posteriori, as discussed in Sect.4. In
Fig. 1 we show the total coverage in '>CO (1-0) and in '3CO (1-
0) overplotted on the Herschel H, column density map.

3. Data reduction
3.1. Data reduction pipeline

Data reduction was carried out with a dedicated pipeline devel-
oped with the GILDAS package', which requires minimal
human intervention. After manually flagging spectra affected by
obvious artefacts, the data were automatically processed tile by
tile. For each tile, all the spectra were averaged to obtain a low-
noise spectrum, which was used to identify the velocity intervals
where emission is detected. The remaining channels were used
to fit a first-order polynomial to the baseline, spectrum by spec-
trum, to obtain baseline-subtracted data. For a given molecular
line and back-end, we merged all the spectra after resampling
them both in space and velocity through standard commands in
GILDAS to create spectral cubes. In this way, for both '2CO
(1-0) and '*CO (1-0) data, we obtained two cubes with different
spectral resolutions: one with channels of 0.3 km s~!, from the
FB100 back-end, and the other with 1 kms™' channels, from the
FB250 back-end, slightly degrading the native spectral resolu-
tion of the spectra in order to increase the signal-to-noise ratio.
The spatial pixel size for both cubes is 17”/3. To produce a man-
ageable set of maps, we divided the survey area into two fields,
one covering the Galactic longitude range 220° < [ < 22626 and
the other covering the range 231° < [ < 239?7, and we created
separate spectral cubes for the two fields.

Calibrated single spectra and spectral cubes are publicly
available in the FQS web page®. Calibrated spectra for each
30’ x 30’ tile are packed into eight files in the GILDAS for-
mat, distinguishing between observed line ('2CO (1-0) or 1*CO
(1-0)), scan direction (along 1 or b), and filter banks (FB250
and FB100). The FQS spectral cubes are made available to
the community also in the framework of the VIALACTEA3
knowledge base (Molinaro et al. 2016), accessible through the
VIALACTEA visual analytics tool (Vitello et al. 2018), which
allows the inspection of our data in combination with other con-
tinuum and spectroscopic data of the Galactic plane from many
surveys from infrared to radio frequencies.

3.2. Data quality

A data quality assessment was performed on the acquired data
using the spectra of FB250. We spatially resampled the spectra
of the 30" x 30’ tile acquired in a single scan direction in spa-
tial pixels of 17”3, equivalent to about one-third of the beam.

' The GILDAS software has been developed at IRAM and Observa-
toire de Grenoble: http://www.iram. fr/IRAMFR/GILDAS

2 http://fgs.iaps.inaf.it

3 http://vialactea.iaps.inaf.it
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For each of these tiles we calculated the median value of
the system temperature (7ys) and the root mean square (rms)
noise in units of main beam brightness temperature, in a ref-
erence velocity channel, at the native spectral resolution of
0.65kms™!'. Maps acquired during unfavourable weather con-
ditions were identified as outliers with respect to the average
distributions. In order to guarantee an acceptable homogeneity
in survey sensitivity we discarded the maps of the noisy tiles
and re-observed those tiles. In Fig. 3 we show the median value
of the rms, in Typ, of the single tiles observed in one scan

direction at the spectral resolution of 0.65kms™! plotted as a
function of the median value of the corresponding Ty for all
of the good tiles. The rms ranges from 0.79K to 1.31K for
12CO (1-0) and from 0.33 K to 0.58 K for '*CO (1-0). We note
that the rms of our final spectral cubes is lower since each spatial
pixel is observed at least twice and the data were smoothed to a
spectral resolution of 1kms~!'. The histogram of the rms mea-
sured in each spatial pixel in the final cubes for both 2CO (1-0)
and '3CO (1-0) data is shown in Fig. 4. The median value of the
rms in the spectral cubes of the '>CO (1-0) is 0.53K and the

Al147, page 5 of 16


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201936096&pdf_id=3
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201936096&pdf_id=4
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201936096&pdf_id=5

A&A 633, A147 (2020)

O T T "I‘ N .I T T T T T .IDO
5 5 < v < 25 (km/s)
E ; e 50
—2 L 2 vy : -
i % SR o
ot D
—0.5 ;— 30 80
- 4D
—-1.5F ey
g R IR 20
-2 F Fis 5 —
:. | 1 ! 1 | | 1 Igﬁ;‘?’- | D \
E; I T T T I T T T l T E
—0.5 ;— 2 50 « v < ']Di
o E >
A F . 3
0 —1.5 5_ 5 o
-2 F s‘ L:
E, | L 1 I | 1 L 1 | L - L | | 0
2286 224 222 220
| (deq)

Fig. 6. '>CO (1-0) intensity maps of the [ = 220°-226%6 field, integrated over velocity ranges 5-25kms™" (top panel), 30-45kms™" (central
panel), and 5075 km ™! (bottom panel). First contour level is at 5 Kkm s~! and steps are of 20 K kms™'.

—05 B
—1 i_
—1.5 *
_7 ] :
o8B, 4 LSS
0= ;_'34 % v < 8D (Rm/'a)’;_.-,.-f-_.-__;__
I E e din g AR
-1.5 & S
-2 E Sk
25—+ + | :‘?A: el
—0.5 E70 < v < 87 (km/s)
Ca. S
T 95k ool e
TN FIE R R
25 b, BRI

238 236
| {deq)

Fig. 7. '2CO (1-0) intensity maps of the [ = 231°-239°7 field, integrated over velocity ranges 13-34kms™! (top panel), 34—60kms~! (central
panel), and 70-87 km s~ (bottom panel). First contour level is at 5 Kkm s~ and steps are of 20 Kkms™'.

A147, page 6 of 16


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201936096&pdf_id=6
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201936096&pdf_id=7

M. Benedettini et al.: The Forgotten Quadrant Survey

O '_I. ; |~ 7-| T T T T T
Lot e 5 < v < 25 (km/s) 30
.. + & T
-1r 20
: ‘-'~ ,.IO
-7 - ﬁ'
0 B ‘I f
L 30 5 (ki s 15
-1k 10
i 2% 5
—2 __ ﬁ,-:}:"i“im - s /(7‘)\‘
op—f—+—+——+—+—+—+—+—F+—+—+—+—1Q =
- 50 < v < 75 (km/s) ;‘
= i ; St =
r @M
o r 3 1 =
N i . —
ol Bees TR =
El | 1 L 1 | - P 1 | ! - L | O
226 224 222 220

| (deq)

Fig. 8. 3CO (1-0) intensity maps of the I = 220°-226°6 field, integrated over velocity ranges 5-25kms™' (top panel), 30-45kms™" (central
panel), and 50-75 kms~! (bottom panel). First contour level is at 2K kms™! and steps are of 5 Kkms™.

13 < v = 38 (Km/3) T Tw TRERE TR s
NI : | .
—2 ii%& PR g Tigtee 5|
PR 2?* —t— 0
F 34 < v = 6D (kim/2) ! =
: s E 20
I F s
- g 10
-2 ek
N g&
(70 < v < 87 (km/s) | g E
I 2
[=. N 5
o 1 B .o : <
— B ; t::_ L e 4 _25
i} —7 :_ "E'-'_.. : b - 7 %
[ 1 1 | : 1 T" 1 | 1 1 1 | 1 1 1 | 1 0 J‘_-,
2358 256 7354 2352
| {deq)

Fig. 9. 3CO (1-0) intensity maps of the [ = 231°-239°7 field, integrated over velocity ranges 13-34kms™' (top panel), 34-60kms™" (central
panel), and 70-87 kms™! (bottom panel). First contour level is at 2 K kms~! and steps are of 5 Kkms™'.

A147, page 7 of 16


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201936096&pdf_id=8
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201936096&pdf_id=9

A&A 633, A147 (2020)

=4 -~
S| &
=
(=]
3
4 =
3 o
2 ?
=] (=]
o =] P
v <
B o
% § &
¢ =f
(=]
(=]
e
o
230.000 228.000 226.000 224.000 222.000 220.000
Galactic longitude
=)
S
e
ol
=)
S
n
g 2
=1
2 -
o =
= o
g &l
© —
© o
=)
e
o
=)
=) s R
n Vo .
o~

240.000 239.000 238.000 236.000

Ey

237.000

235.000

234.000 233.000 232.000 231.000 230.000

Galactic longitude

4.49e+20 5.47e+20 7.45e+20 1.14e+21

1.92e+21

3.48e+21 6.59e+21 1.29e+22 2.53e+22

Fig. 10. H, column density maps (grey scale and black contour) derived from Herschel data with the '>CO (1-0) intensity maps overplotted as

green contours. Top panel: range of Galactic longitude 219°-230°; the 12CO (1-0) emission is integrated over the velocity range 575 km s
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green contours are at 5, 25, and 50 Kkms~!. The intensity bar of the H, column density at the bottom is in units of cm™2. The black contour
corresponds to N(H,) = 2.8 x 10?! cm™2, equivalent to a visual extinction level Ay = 3 mag.

median rms for the cubes of the '*CO (1-0) is 0.22 K. Comparing
our sensitivity level to that of the FUGIN survey (Umemoto et al.
2017), the other existing CO survey that partially overlaps with
FQS, we find that our sensitivity level is about a factor of 0.4
better.

4. 2C0 and '3CO (1-0) emission maps

In Fig.5 we present the velocity vs. Galactic longitude plot
of the '>CO (1-0) line, obtained by integrating the emission
over the observed range of Galactic latitude (-2°5 < b < 0°).
Three main structures are clearly visible as well-separated, semi-
continuous horizontal features, each of which contains molecu-
lar gas with similar velocity. These features correspond to three
spiral arms of the Galaxy: the first, with velocities between
~5kms™' and ~30kms™!, corresponds to the Local arm, the
second, with velocities between ~30kms™' and ~60kms~!,
corresponds to the Perseus arm, and the third, with velocities
between ~60km s~ and ~90kms~!, corresponds to the Outer
arm (see Sect.7 for further details). In Figs. 6 and 7 we plot
the intensity maps of the '>CO (1-0) line, integrated over the
three velocity ranges. These show the spatial distribution of the
molecular gas in the observed portion of the Galactic plane. In
several parts of the plane, multiple clouds are present along the
same line of sight, but they are easily disentangled in the spec-
tra because their velocities are well separated (see Fig.5). The
intensity maps of '*CO (1-0)integrated over the same veloc-
ity ranges as for '>2CO (1-0) are presented in Figs. 8 and 9.
Although the sensitivity level of our '*CO (1-0) maps is about
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a factor of two better than that of the '>CO (1-0) maps, the *CO
(1-0) emission traces only the central, densest part of the
molecular gas, because of the higher critical density and the
lower chemical abundance of 3CO. In Fig. 10 we compare the
Herschel H, column density map with the '2CO (1-0) integrated
intensity map. The H, column density contour of 2.8 x 10*! cm~2
that we used as proxy for the 2CO (1-0) line emission matches
well with the 30~ level of the CO map, except a few regions where
it encompasses a slightly more extended area with respect to
that emitting in CO. Therefore, the coverage of our CO survey,
although patchy, catches all the emission of the observed lines
above the sensitivity level of our observations in the Galactic
plane in the range 220° < [ < 240° and -2°5 < b < 0°, with the
very limited exception of a handful of small and isolated spots.

We note that several structures seem to extend beyond the
coverage of our survey and therefore they may not be fully
mapped in our survey, in particular at (! ~ 222°3, b < —-2°5);
(I ~ 22425, b < =2°5); (I ~ 232°, b < =2°95); (I ~ 232935,
b>0°); (I ~234°,b>0°),and (I ~ 237°, b < =2°5).

5. Molecular cloud catalogue
5.1. Cloud identifications

To reconstruct the large-scale distribution of the molecular gas
in the survey area, we produced a catalogue of molecular clouds
using the Spectral Clustering for Interstellar Molecular Emission
Segmentation (SCIMES) algorithm (Colombo et al. 2015). The
algorithm is based on a cluster analysis of dendrograms of 3D
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(I-b—v) data cubes that performs particularly well for the identi-
fication of large structures such as the MCs (e.g. Colombo et al.
2015; Schuller et al. 2017). SCIMES considers the dendrogram
tree of the 3D structures in the data cube (using the implemen-
tation of Rosolowsky et al. (2008) for astronomical data sets)
and groups different leaves together into “clusters” of leaves
based on one or more criteria. The algorithm requires the defini-
tion of some parameters that regulate the level of clustering. We
tuned these values to maximise the connection of the identified
structures in large, kinematically coherent clouds (see below for
the numerical value of the parameters).

We performed the identification of the MCs using the
12CO (1-0) line, since it is the brightest line, and the spectral
cubes from the filter bank with the largest velocity coverage,
namely the FB250. As a first step we masked the FB250 spec-
tral cubes using the dilate mask approach (Rosolowsky & Leroy
2006). In practice, we selected pixels in which the signal is
above 5 X rms in two consecutive velocity channels and further
extended the mask to include all adjacent pixels in which the
signal is above 2 X rms. We then produced the dendrogram tree
of the masked cube without any further filtering of pixels based
on signal-to-noise ratio (S/N). This ensures the inclusion of the
low-level borders of bright peaks and maximises the connections
between structures composed of high-intensity peaks connected
by lower intensity levels, while excluding all the pixels with
signal below 2 x rms and those that are not connected to high-
intensity peaks. In practice, we selected structures with S/N > 5
in at least one spatial pixel and extended their borders up to pix-
els with S/N=2. To produce the dendrogram tree of the masked
cube, we set the minimum difference between two peaks for
these to be considered as separate leaves (min_delta) to 7 X rms
and the minimum number of pixels of the spectral cube needed
for a leaf to be independent to min_npix = 3tHPBW?/(4In2).
We finally applied the spectral clustering using the volume of
the isosurface in the (I-b—v) space as a criterion. Since we were
also interested in clouds that may simply have little substructure
within them, we also included the single leaves of the dendro-
gram which had been excluded by the clustering algorithm. To be
conservative, we selected only single leaves with an angular area
larger than two times the beam area, that is, the spatially well-
resolved structures. This introduces a minimum physical area of
the structures of our catalogue that depends on their distance (see
Fig. 11), ranging from 0.16 pc? at 1 kpc to 10.31 pc? at 8 kpc.

In total, we identified 263 MCs in our '2CO (1-0) data cube.
A view of the position and contours of the identified structures
can be seen in Fig. 12. For each cloud we measured the fol-
lowing properties, using the definition in Rosolowsky & Leroy
(2006): centroid position in Galactic coordinates, semi-major
and semi-minor axes, estimated as the rms of the intensity-
weighted second moments along the direction of maximum
cloud extent and its perpendicular direction, respectively,
position angle, intensity-weighted velocity, and relative veloc-
ity dispersion (o). These properties are listed in Table A.1 for
a subsample of MCs. The complete catalogue can be found in
the online material. In the catalogue we also give the number
of leaves, identified by the dendrogram, that compose the cloud;
235 molecular clouds are composed of only one leaf, indicating
that they are relatively homogeneous structures.

5.2. Cloud physical parameters

From the central velocity of the '>CO (1-0) line we derived
the kinematic distance of the emitting cloud by applying a
Galaxy-rotation model. We used the IDL routine of the CPROPS

10000.00 | ' '
1000.00 |

100.00 |

)

N

10.00 -

Area (pc

1.00 -

0.10 :
0.01!

0 2 4 6 8 10
d (kpc)

Fig. 11. Area of the MCs identified in our survey vs. their distance. The
continuum line defines the limit in the cloud area of two times the beam
area; this limit was used as a selection criterion. The possible presence
of clouds below this line cannot be established by our survey.

package (Rosolowsky & Leroy 2006) for the distance estimate.
This assumes a flat Galactic rotation curve, which is a good
approximation for the outer Galaxy, with a solar galactocen-
tric distance of Ry = 8.34 kpc and a rotation velocity of @y =
240kms~! (Reid et al. 2014). Since we are looking towards the
outer Galaxy, our distance estimate is not affected by the near or
far ambiguity.

From the geometrical mean of the semi-axis (o) we derived
the radius of the equivalent spherical cloud: R = 1910,
(Rosolowsky & Leroy 2006). The mass of the clouds was cal-
culated from
M = gy f Niyda, )
where py, = 2.8 is the molecular weight for the hydrogen
molecule that takes into account the presence of helium, my is
the mass of the hydrogen atom, A is the area of the cloud, and
Ny, is the molecular hydrogen column density. We have three
different possibilities to derive Ny, and therefore the mass of
the clouds. The classical method to derive the H, column den-
sity from the '2CO (1-0) total integrated intensity is to assume a
constant conversion factor between the two:

@

However, the most recent CO observations of MCs with
improved spatial resolution of the order of tens of arcseconds
and therefore able to resolve the cloud internal structure, at
least for the nearest clouds, have shown that assuming a con-
stant Xco is too simplistic an approach. Indeed, the X fac-
tor, measured over tens of square degrees in the Galactic plane,
shows pixel by pixel variation of more than two orders of mag-
nitude (e.g. Barnes et al. 2015; Schuller et al. 2017) due to the
combined effect of the change of excitation temperature, optical
depth, and CO abundance, in regions with very different physi-
cal conditions, even within the same molecular cloud. We there-
fore preferred to derive the cloud mass from the H, column den-
sity estimated by Herschel by using the far-infrared emission of
the cold dust and assuming a gas-to-dust mass ratio. In Sect. 8
we further discuss the reasons for this decision. The Herschel
H; column density map (Schisano et al. 2020) was derived by
fitting the dust emission spectral energy distribution in four far-
infrared wavelengths from 160 gm to 500 um, under the assump-
tion of a dust opacity law of k; = 300 (1/300 um)™ with

Ny, = Xcolco.
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k300 = 0.1cm?g™! (already accounting for a gas-to-dust ratio
of 100) and a grain emissivity parameter § = 2 (Hildebrand
1983). Being derived from photometric data, the Herschel H;
column density map cannot disentangle clouds at different dis-
tances that overlap along the line of sight. We resolved this by
distributing the total H, column density of the Herschel map
among all the velocity components identified in the same spa-
tial pixels of the '2CO (1-0) cube, when present, proportion-
ally to their '2CO (1-0) intensity. This is a correct assumption in
the low-density regions of the molecular clouds where the '2CO
(1-0) line can be optically thin. On the other hand, in the denser
regions of the clouds, the '2CO (1-0) line is expected to be
optically thick and the former assumption introduces an uncer-
tainty in the mass estimate. We stress that since the spatial pix-
els with a multiple velocity component represent a small per-
centage of the total survey coverage, 60% of the MCs of our
catalogue are not affected by this problem at all. For the rest
of the sample we evaluated this uncertainty by performing the
following experiment. We derived an upper limit for the mass
of the clouds using the same Herschel H, column density map,
but in the spatial pixels where multiple velocity components are
present, instead of distributing the H, column density of the
Herschel map among the components, we attributed all the H,
column density of that pixel to each of the clouds at the differ-
ent velocity. We then compared the cloud mass with the upper
limit and found that only 11% of the MCs of our catalogue
have a mass that could be underestimated by more than a fac-
tor of 0.5, and that never is the mass underestimated by more
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than a factor of two. The third possibility to estimate H, col-
umn density is to calculate the CO column density and multiply
it by the CO chemical abundance with respect to H,. Hav-
ing observed the same transition of two isotopologues of car-
bon monoxide, we can derive an estimate of the CO column
density that takes into account the effect of the line opacity.
However, this exercise is deferred to a forthcoming paper.

We used the mass derived from the Herschel H, column den-
sity map to calculate the average mass surface density (Z) of the
clouds as the ratio between the mass and the area. We then com-

.. 502R .
puted the virial parameter, @i = Sie where o, is the gas veloc-
ity dispersion, R the spherical radius, M the cloud mass and G
the gravitational constant (McKee & Zweibel 1992). We derived
the velocity dispersion of the gas from the measured full width
at half maximum (FWHM) of the '>CO (1-0) line through the
relation ooy, = FWHM/ /81In(2). We stress that we accurately
measured the FWHM since the '>CO (1-0) line is spectrally
resolved in our data. Moreover, since we are looking toward the
outer Galaxy where cloud crowding is not an issue, the '>2CO
(1-0) observed lines are well fitted with a single Gaussian pro-
file and our measurement of the gas velocity dispersion of the
single MCs is not affected by blending of emission of possible
multiple clouds along the same line of sight. It is worth noting
that the used relation between FWHM and velocity dispersion
is valid for optically thin Gaussian emission line. For an opti-
cally thick line, the measured FWHM overestimates the velocity
dispersion by a factor that increases with the opacity. In partic-
ular, the line broadening due to the opacity becomes larger than
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molecular clouds.

50% of the measured line broadening for 7 > 10 (Hacar et al.
2016). Since the '>CO (1-0) is typically optically thick in the
densest part of MCs, our estimate of the gas velocity dispersion
and, in turn, that of the virial parameter should be considered as
an upper limit.

Distance and distance-dependent parameters of the clouds,
namely radius in pc, area in pc?, mass, average surface den-
sity, and virial parameter are reported in Table A.1. We note that
some clouds identified in the '>CO (1-0) map are only partially
mapped or are not mapped at all in the Herschel H, column den-
sity map (see Fig. 1). The mass and the surface density derived
for these clouds are lower limits and the virial parameter is an
upper limit; these clouds are flagged with flagl =1 in Table A.1.
Other clouds extend up to the border of the '>CO (1-0) map and
therefore might not be completely mapped by our observations.
For these clouds, identified with flag2 =2 in Table A.1, the mea-
sured parameters suffer by an uncertainty that depends on how
much CO emission was missed.

5.3. Global properties of the catalogue

In the portion of the Milky Way plane covered by our
survey, catalogues of MCs were previously produced by
Miville-Deschénes et al. (2017) and Rice et al. (2016) using the
survey of Dame et al. (2001). Thanks to the improved sensitivity
and spatial resolution of the FQS survey, we were able to detect
many more structures with respect to these two previous cata-
logues. In particular, in the same surveyed portion of the Galac-

Table 1. Statistical physical properties of the MCs of the FQS catalogue.

Median Mode
Mass (Mg) 759 760
Area (pc?) 9.6 11.3
Surface density (Mg pc™2) 65 56
Aspect ratio 1.8 1.3
Equivalent spherical radius (pc) 1.8 0.6
Velocity dispersion (kms™") 0.9 0.7
Virial parameter 2.51 1.06

tic plane we identified 263 MCs while Miville-Deschénes et al.
(2017) found 67 structures and Rice et al. (2016) found none.
Although limited to about 20°in Galactic longitude, the FQS
MC catalogue represents a good statistical sample of MCs in
the outer Galaxy, containing structures distributed in all the
three main outer spiral arms up to a distance of ~8.6 kpc from the
Sun.

The distributions of several physical parameters of the MCs
of our catalogue are shown in Fig. 13 and their statistical prop-
erties are summarised in Table 1. The distributions of area and
mass of our sample span over about four orders of magnitude,
and when expressed in logarithmic scale they are relatively sym-
metric with respect to their median value of 9.6 pc? for the area
and 759 M, for the mass. Of course our sample is incomplete
at the lowest areas and masses because of the impossibility to
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reveal small clouds at large distances. In particular, from Fig. 11
it is clear that in our catalogue we are able to recover struc-
tures with area above ~10 pc” over the entire distance range of
8 kpc. Despite the large range covered by both mass and area,
their ratio, that is the average surface density, is less variable,
spanning a narrower range from 20 to 120 M, pc~2, with a rel-
atively symmetric distribution with respect to its median value
of 65 Mg pc™2. This indicates a relatively narrow correlation
between the mass and physical dimensions of the clouds. Fitting
the area—mass relation with a linear relation in the log-log plane,
from the 10 pc? area limit we can estimate a corresponding limit
of the cloud mass of 625 M. For both mass and area, these two
limits correspond to the turning points of the respective distribu-
tions, giving an indication of the completeness limits of the FQS
catalogue.

The distributions of aspect ratio, radius, velocity dispersion,
and virial parameter are narrow and well peaked, with a little tail
toward the highest values. Their modes are: 0.6 pc for the radius,
1.3 for the aspect ratio, 0.7kms~! for the velocity dispersion,
and 1 for the virial parameter.

Comparing the properties of our sample with other
catalogues extracted from the same tracer such as the
Miville-Deschénes et al. (2017) and Rice et al. (2016) cata-
logues, we find that our structures are typically smaller and
less massive. For example, for the subsample of the 67 clouds
of the Miville-Deschénes et al. (2017) catalogue with centroid
inside the FQS surveyed area, the median value of the radius is
26 pc while in our sample the median value is 1.8 pc and only
13 clouds have radii larger than 10pc. This is a direct conse-
quence of the improved spatial resolution of our survey that
is able to identify also parsec- and subparsec-size clouds that
are otherwise blended or undetected in the Dame et al. (2001)
data, acquired with a telescope beam of 8’4, which is about
nine times larger than our beam. This indicates that the new
generation of CO surveys, at subarcminute spatial resolution,
can detect not only the classical large molecular clouds, that
is, molecular structures with radii above 10 pc, but also parsec-
and subparsec-sized clouds up to a distance of 2-3 kpc, which
means structures that were not detectable in the first generation
of CO surveys. This is also confirmed by other MCs catalogues
based on subarcminute-spatial-resolution data, such as the GRS
(Roman-Duval et al. 2010) and the SEDIGISM (Schuller et al.
2017) catalogues. Both these latter catalogues, even if covering
portions of the Galactic plane inside the solar circle and using
another tracer, the '*CO (1-0) line, find a significant number of
molecular clouds with radii below a few parsecs.

One might wonder whether or not the relatively low values of
the measured radius of the clouds in our catalogue could be due
to an artificial segmentation of larger structures induced by our
cloud-identification method. We stress that we tuned the parame-
ters which regulate the cloud identification algorithm in order to
maximise the level of clustering of adjacent structures. We also
did an a posteriori visual check of the results and we verified that
the identified clouds were well-defined structures in our data-
set, clearly separated both spatially and spectrally from possible
adjacent structures. In a few regions however, it is also possi-
ble that some small clouds that appear to be independent struc-
tures in our data set, but are spatially close to other structures
with similar velocity, could actually be part of a much larger
complex not properly traced in its fainter parts by the measured
12CO (1-0) line, for sensitivity reasons. This could be the case
for the few-tenths-of-a-parsec-sized structures of the catalogue
that could represent the high-density clumps of a more extended
and less dense cloud. In Sect. 6 we further discuss this topic.

A147, page 12 of 16

20 '
5 +
g 15- - ]
g 8 N 1
‘u r + |
a L . . ]
g 10 LA ]
= [ + _¢-+ -y + ]
I L, TRt ]
50 ¢ R ]
L +++~I§$-¢1 :14- ﬂr ]
0oL . . i TR S
0.1 1.0 10.0 100.0
radius (pc)

Fig. 14. Radius—virial parameter plot of the MC catalogue. The clouds
that are associated with one or more protostar of the Herschel 70 um
catalogue are enclosed in a green diamond.

As an additional check of the reliability of the small MCs,
we verified whether or not these clouds are associated to an
enhancement of the H, column density. In particular, we used
the following procedure. For all the MCs with a circular radius
below 1 pc and fully mapped in the Herschel map, we selected
a region of 2 pixels in width along the border of the area of the
cloud as defined in the CO data. We then calculated the median
value of the H, column density in this border and considered this
median value as a sort of H, column density background level
for the cloud. Finally, we calculated the percentage of the area
of the cloud where the H, column density is higher than the
background H; column density. Values of this percentage above
the 50% indicate that the CO cloud is associated to a system-
atic enhancement of the H, column density with respect to the
median value in its surrounding. We found that only 5 MCs of
the selected 51 small clouds have a percentage below 50% and
the median value of the percentage is 78 %. This result reinforces
our conclusions that the small MCs are real overdensities against
the underlying diffuse emission.

6. Subparsec-sized structures

Figure 14 shows the virial parameter, estimated from the
2CO (1-0) line, as a function of cloud radius, coherent with
our definition of the cloud radius and mass. We note that since
the '2CO (1-0) line is typically optically thick in MCs, at least
in the denser regions of the clouds, the measured virial param-
eters are upper limits. In this plot we excluded clouds not fully
mapped in Herschel, for which we did not derive the total mass,
and clouds that, touching the border of the '>CO (1-0) map,
could be more extended. For these latter, both the measured
radius and mass must therefore be considered as lower lim-
its. We note that the smallest clouds tend to have the largest
virial parameter. There is an anti-correlation between these two
quantities, with a Pearson’s coefficient of —0.7. For a Bonnor—
Ebert sphere in isothermal equilibrium and in absence of mag-
netic field, a.;; = 2 is the critical value above which the cloud
is gravitationally unbound and may expand and dissolve (e.g.
Kauffmann et al. 2013), unless confined by external pressure.
We found that all the clouds with R < 1 pc have a virial param-
eter above the critical value of two and that the largest values of
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Fig. 15. Radius—velocity dispersion plot of the MC catalogue. The lines
represent the best fit of the relation o, = aR’. For MCs with R < 2 pc
(dotted line) the best-fit coefficients are: a = —0.08 and S = 0.08. For
MCs with R > 2 pc (solid line) the best-fit coefficients are: a = —0.32
and 8 = 0.59.

the virial parameter (ayi; > 5) are associated only with clouds
with R < 2 pc. This seems to indicate that around the radius of
1-2 pc there could be a change in the properties of the clouds.
Structures with sizes above 1-2 pc are typical MCs that may be
self-gravitating while subparsec-sized structures cannot be kept
in by their self-gravity and would be transient or confined by
external pressure.

To further explore the nature of these small structures, we
investigated the presence of star formation activity inside them
by looking for positional association with Herschel-detected pro-
tostars, namely very young protostellar objects still embedded
in their parental envelopes and therefore detectable in the cata-
logue of Herschel 70 um, point sources. We found that none of
the clouds with @i = 6 and R < 2pc are associated with a
Herschel 70 um point source. We deduced that the sample of small
clouds with high virial parameters is likely made up of transient
structures not able to activate the star formation process.

Another possible indication of the different nature of the
smallest clouds with respect to the largest ones is shown
by their behaviour in the velocity dispersion vs. radius rela-
tion. This relation, known as the first Larson relation (Larson
1981), is expected to be of the form oy o« RB. The observed
non-thermal motions in MCs are always supersonic (thermal
motions for gas at T = 10K is ~0.1 km s71), and the expected
value of g, if the origin of these motions is purely super-
sonic turbulence, the so-called Burger turbulence, is 8 = 0.5
(McKee & Ostricker 2007). Various values of 8 in MCs have
been derived by several authors, ranging from 8 ~ 0.38 (Larson
1981) to B8 = 0.6 = 0.3 (Miville-Deschénes et al. 2017). Restrict-
ing the evaluation of the relation to the interstellar clouds of
the outer Galaxy, previous estimates give 8 = 0.47 + 0.08
(Sodroski 1991), 8 = 0.53 = 0.03 (Brand & Wouterloot 1995),
B = 0.45 £ 0.04 (May etal. 1997), and 8 = 0.53 = 0.06 for
MCs in the third quadrant of the Galaxy (Rice etal. 2016),
all in agreement with the a Burger-like turbulence. However,
the nature of the non-thermal motions in MCs is still debated
(Krumholz et al. 2019), and it is not yet clear whether they
originate solely from turbulence or from large-scale gravita-
tional collapse (Ballesteros-Paredes et al. 2011; Traficante et al.
2018a,b; Merello et al. 2019). We plot the oy—R relation for
clouds of the FQS catalogue in Fig. 15. Two different regimes

appear for clouds with R > 2 pc and clouds with R < 2 pc. For
MCs with R > 2 pc the velocity dispersion increases with radius
with an exponent 8 = 0.59, similar to what is expected from
pure supersonic turbulence, and to that previously measured. On
the other hand, for MCs with R < 2pc the relation is almost
flat, with 8 = 0.08. The non-thermal motions in the smallest
clouds seem to be independent of cloud size. These conden-
sations, likely to be only transient structures, are probably not
formed by the turbulent ISM, which would lead to a Burger-like
spectrum. It may be possible that these structures are the result of
a large-scale effect, such as spiral-arm density-wave shock that
injects the same amount of kinetic energy to all these objects.
This large-scale effect would dominate over the local turbulence
or the self-gravity within the smallest clouds, becoming increas-
ingly irrelevant in the larger clouds.

As already noted in Sect. 5.3, it is also possible that some of
the really small structures, namely those with radii of only a few
tenths of a parsec, are part of a much bigger complex not prop-
erly traced by the '>CO (1-0) line. If this is the case, the iden-
tified structures would be the densest clumps of a larger cloud.
We note that in a survey of massive clumps in the inner Galaxy
(Traficante et al. 2018b) found that the Larson relations valid for
MCs are systematically violated. In particular, for these massive
clumps, with radii of 0.1 < R < 1pc, comparable with the size
of the small structures we are discussing here, Traficante et al.
(2018b) found 8 = 0.09 + 0.04, similar to the value we found for
clouds with R < 2 pc. A more extended analysis of the dynamics
of these clouds in relation to their environment and a comparison
of the kinematics of these objects obtained from the 2CcO(1-0)
and 3CO (1 - 0) lines will be the topic of a forthcoming paper.

7. Position in the Galaxy

We used the position and distance of the MCs in the FQS cata-
logue to describe the structure of the Milky Way in this poorly
known portion of the third quadrant. In Fig. 16 we show the
distribution of the clouds projected onto the Milky Way plane.
At any Galactic longitude the clouds are grouped in three well-
separated structures that trace the position of the spiral arms. The
dispersion of the positions in each structure is given not only by
the width of the arms but also by the uncertainty of the distance
determination. Indeed, kinematic distances are affected by sig-
nificant uncertainties due not only to the assumed Galactic rota-
tion model but also to the unknown possible peculiar motions of
the clouds themselves. In Fig. 16 we compare the positions of the
clouds derived from FQS data with the expected locations of the
spiral arms, adopting a log-periodic spiral form of the Galaxy
(Reid et al. 2014). The pitch angle and the distance at a refer-
ence position of the three arms are taken from Xu et al. (2013)
for the Local arm, Choi et al. (2014) for the Perseus arm, and
Hachisuka et al. (2015) for the Outer arm. These authors used
the positions of water masers derived from parallax measure-
ments as part of the Bar and Spiral Structure Legacy (BeSSeL)
survey to fit the parameters of the spiral arms. We found good
agreement between the position of the FQS clouds and the mod-
elled position of the Local and the Perseus arms, while the mod-
elled Outer arm lies further than the observed clouds. We note
that while the parameters of the Local and Perseus arms are
derived by fitting about 20 water masers located in both the sec-
ond and third quadrants, covering also the Galactic longitude
of the FQS survey, the parameters of the Outer arm are derived
from only 5 water masers, 4 of which are located in the second
quadrant. Therefore it is not surprising that they might not be
fully appropriate to describe the location of the Outer arm in the
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Fig. 16. Face-on view of the portion of the Milky Way mapped in the
FQS survey where the origin of the (x,y) coordinates is the Galactic
centre. The orange point at (0,8.34) kpc marks the position of the Sun
(Reid et al. 2014). Circles at 1, 4, and 8 kpc from the Sun are indicated
by dashed lines. The position of the MCs of the FQS catalogue are rep-
resented by squares. The modelled position of three spiral arms is traced
by yellow, green, and magenta lines for the Local, Perseus, and Outer
arms, respectively. Model parameters for the spiral arms are derived
from the fitting of positions of water masers derived from parallax mea-
surements as part of the BeSSeL survey (Xu et al. 2013 for the Local
arm, Choi et al. 2014 for the Perseus arm, and Hachisuka et al. 2015
for the Outer arm). An alternative model of the Outer arm (Hou & Han
2014) is also shown as a magenta dashed line.
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Fig. 17. Histogram of the Xco conversion factor derived from the ratio
of the Herschel H, column density and the line intensity of '>CO (1-
0) (continuum line) and '3CO (1-0) (dotted line), pixel by pixel. The
vertical lines indicate the mean values of 3.3 x 102 cm™ (Kkms™!)"!
and 1.2x 10> cm™2 (Kkms™)™!.

longitude range of the FQS survey of 220° < [ < 240°. In fact,
an alternative model of the Outer arm from Hou & Han (2014),
also shown in Fig. 16, seems in better agreement with the FQS
results.

8. Xco factor

We used the ratio between the Herschel H, column density and
the integrated intensity of the CO lines to calculate the X¢o con-
version factor (Eq. (2)) for both '2CO (1-0) and '*CO (1-0). The
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histogram of X¢q calculated in each spatial pixel of our maps is
shown in Fig. 17. Although our survey covers a limited portion
of the outer Galactic plane of about 20° X 2.5°, we found that
the conversion factor is far from being constant, spanning about
one order of magnitude from pixel to pixel, indicating that the
emitting regions are in very different physical states. This result
is in agreement with what is found in other new-generation CO
surveys (e.g. Barnes et al. 2015; Schuller et al. 2017), where the
sub-arcmin resolution allows to resolve the internal structure of
the ISM up to distances of a few kiloparsecs, and sample regions
with very different values of excitation temperature and optical
depth of the '>CO (1-0) transition as well as possible variations
of the CO abundance. Since a constant conversion factor is not a
good approximation for our data, as already mentioned, we pre-
ferred to estimate the mass of the MCs of our catalogue from
the Herschel data. Indeed, Herschel data have a spatial resolu-
tion similar to that of our FQS data and do not suffer from the
saturation problems of the '>CO (1-0) line that is expected to be
optically thick in large parts of the MCs.

On the other hand, a mean value of Xco can still be
useful when dealing with low-spatial-resolution data or unre-
solved structures, and when only CO data are available.
We therefore calculated the mean value of the Xco conver-
sion factor for the '>CO (1-0) line and we found Xco =
(3.3+1.4)x10%cm™2 (Kkms™!)7!, slightly higher than but
still compatible, within the statistical error, with the value
of 2x10* cm™2 (Kkms™')™! recommended by Bolatto et al.
(2013) for the Milky Way in their review paper. Interestingly,
the Xco derived from FQS data is very similar to that derived
in the ThrUMMS survey, a new generation CO (1-0) sur-
vey with an effective spatial resolution of 72", which finds
a median value of 3.8x10*cm™ (Kkms™")~! (Barnes et al.
2015). For BCO (1-0), we find a mean value of the con-
version factor of (1.2+0.4)x 10?! ecm™ (Kkms™))~!, consis-
tent with the value (1.08 +0.19) x 10?! cm™2 (Kkms~')~! found
in the science demonstration field of the SEDIGISM survey
(Schuller et al. 2017) at I = 340.0°-341.5°. It is worth noting
that, although our method to derive the constant conversion fac-
tor is different from that used in the ThrUMMS and SEDIGISM
surveys, we find consistent values. Indeed, we derive the H; col-
umn density from Herschel data that is from the far-infrared
emission of the cold dust and assuming a gas-to-dust mass
ratio, while both Barnes et al. (2015) and Schuller et al. (2017)
derived the H; column density from only CO data, measuring
the line opacity and excitation temperature from several lines
and isotopologues and assuming a CO chemical abundance with
respect Hy. Moreover, FQS observed only molecular gas out-
side the solar circle, that is at a galactocentric distance of Rga 2
8.3 kpc, while both ThrUMMS and SEDIGISM surveys mapped
regions mainly inside the solar circle. The similarity of all these
estimates of Xco, as well the agreement with the estimate of
(3.3+1.7)x 10 cm™2 (Kkms™")~! based only on '>CO (1-0)
data in a sample of MCs of the far outer Galaxy (15.7 < Rgy <
20.2 kpc; Brand & Wouterloot 1995) suggests that Xcg is invari-
ant, or at least not strongly variable, with galactocentric distance.

9. Conclusions

We present the FQS project, a survey in the '>CO (1-0) and
13CO (1-0)lines of the Milky Way plane in the range 220° <
| < 240°and -2°5 < b < 0°, carried out with the 12m ARO
antenna. The median value of rms of the single tiles ranges from
0.79K to 1.31K for '>CO (1-0) and from 0.33K to 0.58 K for
13CO (1-0) at the instrumental spectral resolution of 0.65 kms~.
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We built a mosaic of all the spectra in spectral cubes with spa-
tial pixels of 17”3 and velocity channels of 1 km s~!. The median
value of the rms in these final spectral cubes is 0.53 K and 0.22 K
for 12CO (1-0) and '3CO (1-0), respectively.

One of the main goals of the FQS project is to study the
large-scale distribution of the ISM in the mapped portion of the
outer Galaxy. For this purpose, we produced a catalogue of MCs
and studied their global properties. The identification of the MCs
and the measurement of their physical parameters were carried
out using the '>CO (1-0) spectral cubes. We identified 263 MCs,
many more than previously found in the same area from the
Dame et al. (2001) data. The clouds are grouped in three main
structures corresponding to the Local, Perseus, and Outer arms
of the Galaxy, up to a distance of ~8.6 kpc from the Sun. This is
the first self-consistent statistical catalogue of molecular clouds
of the outer Galaxy obtained with a subarcminute spatial reso-
lution. Such a resolution allows us to detect not only the clas-
sical giant molecular clouds but also the small clouds and to
resolve the cloud structure at the subparsec scale up to a dis-
tance of a few kiloparsec. Indeed, the median value of the spher-
ical equivalent radius of the detected structures is 1.8 pc. The
mass of the detected clouds ranges from a few tens to ~10°> Mo,
while the distribution of their average surface density spans a
relatively narrow range around the median value of 65 Mg pc~2,
indicative of a tight correlation between the cloud mass and the
size.

The correlation of both the velocity dispersion and the virial
parameters with the equivalent spherical radius suggests that
there could be a change in the properties of the identified struc-
tures at a radius of 1-2 pc. Molecular structures with sizes above
a few parsecs are typical MCs that may be self-gravitating,
with non-thermal motions dominated by supersonic turbulence.
Structures smaller than ~1-2pc are not gravitationally bound
and could dissolve unless confined by external pressure. In addi-
tion, the velocity dispersion of these clouds does not appear to
depend on their size, which suggests an origin in large-scale
motions such as density wave shocks in spiral arms. The small-
est structures with radii of only a few tenths of a parsec could
represent the high-density clumps of more extended clouds, the
most tenuous part of which would be undetected due to lack of
sensitivity.

We used the ratio between the H, column density derived
from Herschel data and the integrated intensity of the FQS
observed CO lines to calculate the Xco conversion factor for both
12CO (1-0) and 3CO (1-0). We found that the conversion factor
spans about one order of magnitude from pixel to pixel as a conse-
quence of the capacity of our data to resolve the internal structure
of the MCs composed of regions in very different physical states.
The mean values of Xco are (3.3 £ 1.4) x 10* cm™2 (Kkms™!)™!
and (1.2+0.4)x10*' cm™? (Kkms™")™" for >CO (1-0) and
13CO (1-0), respectively, which are very similar to the values
obtained in other new-generation CO surveys of comparable spa-
tial resolution and in agreement, within the uncertainties, with
older estimates.
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Appendix A: Additional table

Table A.1. Properties of the molecular clouds identified in the 2CO (1-0) data cubes.

A&A 633, A147 (2020)

Index Name ) b ma mi PA ULSR o Ico Lco d

©) ©) @) (@) )  kms™) (kms™') (Kkms™') (Kkms™'pc?) (kpc)
1 FQS-MC219.856-2.190 219.8564 -2.1897 74.24 22.85 84.01  28.49 0.80 10.712 13.97 2.332
3 FQS-MC219.921-2.098 219.9211 -2.0981 75.33 42.80 5240 31.76 1.00 8.437 26.20 2.649
4 FQS-M(C220.030-1.363 220.0299 -1.3631 74.14 45.43 113.61 17.23 0.70 5.851 3.71 1.319
7 FQS-M(C220.158-1.482 220.1583 —1.4822 119.40 31.85 55.38  70.09 1.01 22.190 229.31 7.896

R A M b Qyir m flagl flag2

() (ph)  (Mo)  (Mopc™)

0.889 2.30 0.00 0.00 0.00 1 1 2

1.393 491 18.37 3.74 88.34 1 1 0

0.709 0.98 44.49 45.27 9.06 1 0 2

4.509 52.83 2888.87  54.68 1.86 1 0 0

Notes. Columns are as follow: Col. 1: progressive index. Column 2: name defined as “FQS-MC” followed by the Galactic coordinates of the
cloud’s centroid. Columns 3 and 4: Galactic longitude and latitude of the cloud’s centroid. Columns 5 and 6: intensity-weighted semi-major and
semi-minor axes, ma and mi, respectively. Column 7: position angle with respect to the cube x-axis. Column 8: mean velocity. Column 9: velocity
dispersion. Column 10: '>CO (1-0) integrated intensity across the area of the cloud. Column 11: total luminosity from the '>CO (1-0) line. Column
12: kinematic distance from the Sun. Column 13: equivalent radius, assuming circular geometry. Column 14: area. Column 15: total mass derived
from Herschel H, column density. Column 16: average surface density. Column 17: virial parameter. Column 18: number of dendrogram leaves.
Column 19: flagl; O indicates that the cloud is fully mapped in the Herschel H, column density map, 1 indicates that the area of the cloud as
derived from the '>CO (1-0) data is only partially covered, or not covered at all, by the Herschel H, column density map; for those clouds the
derived mass and surface density are lower limits and the virial parameter is an upper limit. Column 20: flag2; 0 means that the cloud is fully
mapped in '2CO (1-0), 2 means that the area of the cloud as derived from the '>?CO (1-0) touches the border of the map; those clouds could extend
outside the mapped area, therefore the measured parameters are linked to an uncertainty that depends on how much CO emission was missed.

Only a few objects are listed as example here, the complete catalogue is available at CDS.
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