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ABSTRACT

Context. Recent surveys of the Galactic plane in the dust continuum and CO emission lines reveal that large ( 50 pc) and massive
(2 103 M) filaments, know as giant molecular filaments (GMFs), may be linked to galactic dynamics and trace the mid-plane of the
gravitational potential in the Milky Way. Yet our physical understanding of GMFs is still poor.

Aims. We investigate the dense gas properties of one GMF, with the ultimate goal of connecting these dense gas tracers with star
formation processes in the GMF.

Methods. We have imaged one entire GMF located at / ~52-54° longitude, GMF54 (~68 pc long), in the empirical dense gas tracers
using the HCN(1-0), HNC(1-0), HCO*(1-0) lines, and their '*C isotopologue transitions, as well as the N,H*(1-0) line. We study
the dense gas distribution, the column density probability density functions (N-PDFs) and the line ratios within the GMF.

Results. The dense gas molecular transitions follow the extended structure of the filament with area filling factors between 0.06 and
0.28 with respect to *CO(1-0). We constructed the N-PDFs of H, for each of the dense gas tracers based on their column densities
and assumed uniform abundance. The N-PDFs of the dense gas tracers appear curved in log-log representation, and the HCO* N-
PDF has the largest log-normal width and flattest power-law slope index. Studying the N-PDFs for sub-regions of GMF54, we found
an evolutionary trend in the N-PDFs that high-mass star forming and Photon Dominated Regions (PDRs) have flatter power-law
indices. The integrated intensity ratios of the molecular lines in GMF54 are comparable to those in nearby galaxies. In particular, the
N,H*/"*CO ratio, which traces the dense gas fraction, has similar values in GMF54 and all nearby galaxies except ULIRGs.
Conclusions. The largest coherent cold gaseous structure in our Milky Way, GMFs, are outstanding candidates for connecting studies
of star formation on Galactic and extragalactic scales. By analyzing a complete map of the dense gas in a GMF we have found that: 1)
the dense gas N-PDFs appear flatter in more evolved regions and steeper in younger regions, and 2) its integrated dense gas intensity

©ESO 2020

ratios are similar to those of nearby galaxies.
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1. Introduction

Studies towards nearby molecular clouds (MCs) show that the
dense regions of MCs are permeated with filaments that contain
sites of star formation (e.g, André et al. 2014). Recent observa-
tions identified a class of large (250 pc) and massive (3 10° M)
filaments, known as giant molecular filaments (GMFs) (Jackson
et al. 2010; Goodman et al. 2014; Ragan et al. 2014; Zucker
et al. 2015; Wang et al. 2015; Li et al. 2016; Wang et al. 2016;
Abreu-Vicente et al. 2016; Wang et al. 2020). Many of these
giant filaments lie along, or extremely close to spiral arms in
the position-position-velocity space, suggesting they may trace
the dense “spine” of the spiral arms and the mid-plane of the
gravitational potential in the Milky Way (MW) (Goodman et al.
2014; Zucker et al. 2015). Detailed inter-comparison of a sam-
ple of long filaments from the literature suggests that there may
be different classes of filaments in both their physical properties
and their association with Galactic structure (Zucker et al. 2018).
GMFs are the largest coherent cold gas structures in our Milky
Way yet our physical understanding of GMFs is still poor, lim-

ited to estimates of their occurrence, gas masses and lengths (Ra-
gan et al. 2014; Abreu-Vicente et al. 2016; Zucker et al. 2018).

Observations of nearby galaxies have resolved giant MCs
with masses and sizes similar to those of GMFs (10 to 200 pc,
e.g., Hughes et al. 2013; Schinnerer et al. 2013; Leroy et al.
2016; Li et al. 2016; Faesi et al. 2018; Herrera et al. 2020), sug-
gesting that GMFs could be analogous to these extragalactic gi-
ant MCs and could connect studies of star formation on Galactic
and extragalactic scales.

So far, GMF studies have relied on Galactic plane surveys,
either in dust tracers like (sub)mm emission (e.g., Hi-GAL!,
Molinari et al. 2010; ATLASGAL?2, Schuller et al. 2009) or in
low- to intermediate-spatial resolution surveys of CO and its iso-
topologues (e.g., GRS?, Jackson et al. 2006; COHRS*, Dempsey

! The Herschel infrared Galactic Plane Survey.

2 The APEX Telescope Large Area Survey of the Galaxy.
3 The Galactic Ring Survey.

4 The CO High-Resolution Survey
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et al. 2013; SEDIGISM?, Schuller et al. 2017). However, there
exists little knowledge about the high-volume-density gas, which
will eventually form stars.

To study this, we selected the giant molecular filament lo-
cated at [ ~ 52 — 54 deg longitude (GMF54, Fig. 1), that was
identified by Ragan et al. (2014) in infrared extinction and con-
firmed using the GRS 13CO(1-0) data (Jackson et al. 2006) as
a velocity-coherent filament at a distance of ~ 2 kpc. With the
3CO data, Ragan et al. (2014) estimated the total length and
mass of GMF54 to be ~ 68 pc and 6.8x10* My, respectively.

As a common tool to study the physical properties of molec-
ular clouds, column density probability density functions (N-
PDFs) are widely used both in observational (e.g., Lombardi
et al. 2008; Kainulainen et al. 2009; Alves de Oliveira et al. 2014;
Sadavoy et al. 2014; Abreu-Vicente et al. 2015; Stutz & Kainu-
lainen 2015; Schneider et al. 2015a; Lin et al. 2017) and theoret-
ical studies (e.g., Ostriker et al. 2001; Federrath et al. 2010; Fed-
errath & Klessen 2013; Burkhart et al. 2017; Chen et al. 2018;
Kortgen et al. 2019). The shape of the N-PDF depends on the
physical processes dominating the cloud and can thus be used to
study the evolution of the molecular clouds. From simulations,
the early evolutionary stage of a molecular cloud is dominated
by turbulence and the N-PDF shows a log-normal shape. The
width of the log-normal N-PDF is determined by the turbulent
motions (see e.g., Federrath et al. 2010; Ballesteros-Paredes et al.
2011; Kritsuk et al. 2011; Federrath & Klessen 2013; Burkhart
et al. 2015; Bialy et al. 2017; Kortgen et al. 2019). As the cloud
evolves to a gravity dominated system, the N-PDF develops a
high column density power-law tail with a slope of around -2
(Klessen 2000; Girichidis et al. 2014). Observations indicate that
star-forming clouds show such tails, providing support to this
scenario (e.g., Kainulainen et al. 2009; Schneider et al. 2013).
Furthermore, the slope of the power-law N-PDF can be related
to evolutionary stages of the clouds as steeper slopes possibly
indicating earlier quiescent stages (e.g., Kritsuk et al. 2011; Fed-
errath & Klessen 2013; Ward et al. 2014), while flatter slopes
or a second flatter power-law tail, often found in high-mass star-
forming regions may indicate feedback effects (Tremblin et al.
2014; Schneider et al. 2015b).

N-PDFs are often constructed using dust extinction or con-
tinuum emission observations (e.g, Lombardi et al. 2008; Kain-
ulainen et al. 2009; Sadavoy et al. 2014; Stutz & Kainulainen
2015; Schneider et al. 2015b). However, since GMFs lie close to
the Galactic mid-plane, heavy contamination from foreground
and background emission makes it very difficult to study N-
PDFs with continuum emission as it traces the entire line of sight
through the Milky Way disk. With the velocity information of
molecular line observations, we can easily distinguish different
clouds along the line of sight. So far, a few studies investigated
the molecular cloud properties with N-PDFs obtained from low J
transitions of '>CO or '*CO observations (Goldsmith et al. 2008;
Wong et al. 2008; Goodman et al. 2009; Carlhoff et al. 2013;
Schneider et al. 2015b; Sun et al. 2020), which can not trace the
column density of dense cores due to high optical depth. Schnei-
der et al. (2016) found that compared to dust N-PDF, N-PDFs
of the dense gas tracers NoH*(1-0) and CS(2-1) can recover the
power-law tail well independent of the exact column-density.

5 Structure, excitation, and dynamics of the inner Galactic interstellar
medium
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2. Observation and data reduction
2.1. Dense gas tracers with IRAM 30 m

The giant filament GMF54 was observed with the IRAM 30 m
telescope in September 2017 and November 2017 with the
EMIR receiver and the Fourier Transform Spectrometer (FTS)
backends at 3 mm. The receiver was tuned to center at 91.4 GHz
with dual-polarisation to cover the dense gas tracers HCO*(1-
0), HCN(1-0), HNC(1-0) and their '3C isotopologues, includ-
ing the cold and dense gas tracer N;H*(1-0). The FTS backends
were used to cover the 16 GHz bandwidth of the receiver with
a uniform spectral resolution of 200 kHz, which results in a ve-
locity resolution of ~ 0.7 km s~' at 3 mm. The observations
were carried out in the on-the-fly (OTF) mode employing po-
sition switching to an OFF position sufficiently far away. The
filament was scanned at least once along the Galactic longitude
and latitude directions, respectively, in order to reduce scanning
effects. The system temperature and other calibration parame-
ters were measured every 10 to 15 min. Jupiter and standard
mm calibrators were observed regularly to calibrate the point-
ing and focus. During the observation, the weather condition
in general was good and the radiometer opacity 7 at 225 was
measured around 0.5, except for two OTF maps observed on 9th
September which have a precipitable water vapor (PWV) larger
than 40 mm, the data was therefore dropped and the area was re-
observed later. The spectra were calibrated with CLASS, which
is part of the GILDAS software package®. We converted the data
from antenna temperature (7's) to main beam brightness temper-
ature (Typ) using a forward efficiency (Feg = 95% at 3 mm) and
main beam efficiency (Beg = 81% at 3 mm) following equation
Tmb = Ta X Fer/Beg. A linear function was fitted to the line
free channels of the spectra to subtract the baseline. The final
3 mm data were all smoothed to a common spectral resolution
of 0.7 km s~! and a beam size of 32" (~0.32 pc at 2 kpc distance),
and the rms noise level of T, measured at line free channels is
around 0.05 K.

2.2.13C0(1-0)

The 3CO(1-0) data are from the Galactic Ring Survey (GRS,
Jackson et al. 2006), with a spectral resolution of 0.21 km g1
and a FWHM beam size of 46”. After converting the antenna
temperature (7's) to main beam brightness temperature (Typ) us-
ing a main beam efficiency of 0.48 (Jackson et al. 2006), the line
free channel rms noise level of Ty, is around 0.22 K.

2.3. Dust continuum data

The dust temperature and column density maps were produced
by Zucker et al. (2018) by performing pixel-by-pixel modified
blackbody fits to the Hi-GAL 160, 250, 350, and 500 um con-
tinuum map using the HiGal_SEDfitter’ code (Wang et al. 2015)
with a fixed dust opacity of 8 = 1.75 and a gas-to-dust ratio
of 100. The 70 um band was excluded from the fitting due to
its high optical depth towards very dense region and to better
tracing cold gas. We subtract a constant column density value
(3.46x10%' cm2) measured from a 1’radius circular area cen-
tered at [ = 53.69° and b = —0.30° to remove the line-of-sight
contamination (Schneider et al. 2015b; Ossenkopf-Okada et al.
2016).

% http://www.iram.fr/IRAMFR/GILDAS
7 https://github.com/keflavich/HiGal_SEDfitter
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Fig. 1. Integrated intensity contours of the GRS '*CO(1-0) emission (17-28 km s, Jackson et al. 2006) overlaid on the Hi-GAL 500 um
continuum map at an angular resolution of 36” (Molinari et al. 2010, top panel) and GLIMPSE 8 um map (Churchwell et al. 2009, bottom panel)
towards the giant molecular filament GMF54. Contour levels are 5, 15, 25, and 350 (0=0.75 K km s™!). The beam of the *CO(1-0) emission is

marked in the bottom left of each panel.

3. Results
3.1. Distribution of the dense gas

While the '*CO(1-0) map (Fig. 1) shows the extended nature
of the giant filament GMF54, the integrated intensity maps of
HCO*, HCN, HNC, and N,H* in Fig. 2 show that these dense
gas spectral lines trace the extended structure of the filament al-
though a much smaller area is detected compared to the '*CO
map. The integral velocity range for each tracer was determined
to include all emissions associated with the filament. Since we
want to include the emission of the all hyper-fine structures, a
larger integrated velocity range (as shown in Fig. 2) is adopted
for HCN(1-0) and N,H*(1-0), which also includes some emis-
sion at velocities >35 km s~} or <10 km s~'. These emissions
that lie in regions marked with red ellipses in Fig. 2 are at differ-
ent distance and unrelated to the filament, so we exclude them
from the further discussion. As the spectra in Fig. 2 show, the
filament is dominated by one component centered at 20 km s~
The contamination from the other two components (peaked at
~5km s~ and ~ 36 km s~!, respectively) is negligible.

To quantify how much extended structure is traced by dif-
ferent molecular lines, we calculate the area filling factor of
the dense gas integrated intensity map relative to the '3CO(1-
0) map. We measured the area of each molecular line map where
S/N>3, and divided it by the '*CO map area to get the filling fac-

Table 1. Observed tracers and their corresponding critical and effective
densities.

Tracer E,/k° erit” e
(K) (cm™)  (ecm™¥)
BCO(1-0) 5.3 720. -
HCO*(1-0) 43  6.8x10* 9.5x10?
HB3CO*(1-0) 42  6.2x10* 3.9x10*
HCN(1-0) 43 47x10°  8.4x10°
HNC(1-0) 44  14x10° 3.7x10°
HN'3C(1-0) 42  9.6x10* -
N,H*(1-0) 45  6.1x10* 1.0x10*

Notes. @ E,/k are from the Cologne Database for Molecular Spec-
troscopy (CDMS, Miiller et al. 2001, 2005; Endres et al. 2016). @ n g
are from Shirley (2015) assuming 7,=10 K, except for '3CO(1-0) and
HN!3C(1-0), which were calculated following the method described
by Shirley (2015). We also assume HN'*C(1-0) shares the same col-
lision rate coefficients as HNC. The relevant data used for the calcula-
tion are from Yang et al. (2010) and Dumouchel et al. (2010), and the
Python script can be found at https://github.com/ZhiyuZhang/
critical_densities. © ne; assuming T,=10 K are from Shirley
(2015).

tor, and the results are listed in Table 2. Comparing to the '3CO
emission, these typical dense gas tracers cover between 6% and
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Table 2. Emission area and filling factor.

Molecule Area” Filling factor”

(arcmin?) relative to '3CO
B3Co 1186.1 1
HCO™ 330.8 (534.7) 0.28 (0.45)
HCN 251.4 (421.3) 0.21 (0.36)
HNC 207.1 (304.5) 0.17 (0.26)
N,H* 75.6 (130.8) 0.06 (0.11)

Notes. ) The area and filling factors in brackets are measured with the
data that are smoothed and regridded to the same angular resolution of
46" and pixel size 22" as the 3 CO data.

28% of the area of the '*CO emission, depending on the tracer
(Table 2). If we smooth and regrid our 3 mm integrated intensity
maps into the same angular resolution of 46”’and pixel size of
22"as the 1*CO data, the filling factors of these dense gas tracers
increases by ~ 70% (see Table 2). The filling factors should be
taken in to account for extragalactic studies.

We list the upper energy level, the critical density (n.) under
the simplifying assumptions of two-levels systems and optically
thin emission, and the effective excitation density (n.g) of the
lines we used in Table 1. Recent studies show that these molec-
ular lines trace much lower densities than their critical densities
(e.g., Kauffmann et al. 2017; Pety et al. 2017). Compared to ngj,
neg gives a better estimate of the approximate density at which
a modest (1 K km s™!) molecular line can be observed (Shirley
2015). Among these four dense gas tracers (HCO*, HCN, HNC,
and N,H"), we observe that HCO*(1-0) has the smallest 7.,
and also traces the most extended structure, while NoH* (1-0)
has the highest n.; and traces as expected the most compact
structure. On the other hand, HCN(1-0) has both a higher n.g
and a higher n,;; than HNC(1-0), yet traces more extended struc-
ture than HNC(1-0). Kauffmann et al. (2017) also found that
HCN(1-0) typically traces gas at a density of ~ 870 cm™>, while
N,H*(1-0) traces a much higher density of ~ 4 x 103 cm™3.

The ratios of the molecular line integrated intensities are of-
ten used to trace different physical properties of the gas. The
HCN/CO integrated intensity ratio is commonly used to trace the
dense gas fraction in galactic and extragalactic studies (e.g., Gao
& Solomon 2004; Lada et al. 2012), and HCN/HNC ratio is con-
sidered to be able to trace the evolutionary stages of the molecu-
lar cloud (Schilke et al. 1992; Graninger et al. 2014; Hacar et al.
2019). To compare the intensity of different lines properly, we
first integrated all four dense gas tracers and the '*CO line in the
velocity range 10 < visg < 36 km s~!. We then convolved and
regridded all dense gas maps to the same resolution as the '3CO
one. We divided the HCN integrated intensity map by the HCO™,
HNC, N,H* and '3CO map to obtain the line ratio maps shown
in Fig. 3.

To study the dense gas properties in different evolutionary
stages, we divided the filament into four regions based on the
molecular line and dust emission maps. The border between Re-
gions A and B is defined by where the narrow filament connects
to the extended PDR (the narrowest part in HNC and Hi-GAL
maps). Regions B and C are separated by the 30 closed contours
in the HCO* and HCN maps. Regions C and D are separated by
the narrowest part between the two strongest peaks in this region
in the HNC map. All polygons are further extended to include
all emission above 30

As shown in Figs. 2 and 3, the four sub-regions are: Region
A, infrared dark filament dominated; Region B, infrared bright
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Hu regions with PDRs (Urquhart et al. 2011; Anderson et al.
2014); Region C, infrared dark filament dominated; Region D,
high-mass star forming region with a hypercompact (HC) Hu
region, methanol maser, and water maser (Pandian & Goldsmith
2007; Pandian et al. 2009; Sanchez-Monge et al. 2011; Urquhart
etal. 2011; Anderson et al. 2014). Therefore, we propose an evo-
lutionary sequence among these four sub-regions, that Region A
and Region C are the youngest, Region D is more evolved, Re-
gion B with PDRs is the most evolved region. The mass of the
four subregions derived from the Hi-GAL column density map
(Fig. 4) are 1.6, 2.6, 6.1, and 4.4%10° Mo, respectively. Consid-
ering there are only a few dense cores in Regions A and C, with
such a large mass reservoir, it is likely that Regions A and C
will form massive stars. Regions A and C were also classified as
massive star forming regions by a previous study (Dunham et al.
2011).

As shown in Fig. 3 where we overlaid the HCN integrated
intensity contours on line ratio maps and Hi-GAL dust temper-
ature map (Marsh et al. 2017), compared to HCO* and HNC,
the relative intensity of HCN increases dramatically in regions
with high temperature (i.e., Regions B and D). For instance, the
HCN/HNC ratio remains relative constant (< 2) in Regions A
and C, where the dust temperature is Tqus < 18 K, while in Re-
gions B and D the dust temperature rises to Tgu = 20 K and the
HCN/HNC ratio also increases to > 3. Similar trends can also be
seen in the HCN/HCO™ ratio map, where the HCN/HCO™ ratio
is approximately a factor of 3 higher in Region B than in Region
C.

3.2. Column density

Following the standard method described in other works (e.g.,
Eq. 15.37 in Wilson et al. 2013, appendix in Caselli et al. 2002
and Feng et al. 2016), we estimated the column density of differ-
ent molecules in this section.

GMF54, as basically all GMFs and giant molecular clouds
(GMCs), are active sites of star-formation with warm, IR-
bright areas with embedded sources, and cool, IR-dark areas
(Sect. 3.1). This obviously implies a complex temperature struc-
ture which has an influence on the determination of the column
density. In addition, abundance variations can arise from chem-
istry and from the radiation field. If the local thermal equilibrium
(LTE) assumption is valid and the density is larger than the crit-
ical/effective density of the transition, the gas kinetic tempera-
ture (Tkin) corresponds to the excitation temperature (7 ) for the
molecular lines (which is assumed to be equal for all species). If
gas and dust are well mixed, this temperature should also corre-
spond to the dust temperature (74,5 ). However, LTE conditions
are not present and the density varies from low values in the dif-
fuse gas phase, mainly seen in '>CO, to high values in dense
clumps in the molecular clouds, traced by dust and the lines of
HCO™, HCN, HNC (and their isotopologues), and NoH*. The
temperature also varies from a few K inside cold, dense clumps
to a few tens of K in UV-heated PDRs. In the following, we de-
termine the excitation temperature and optical depth in different
ways, using our observational data sets or literature values.

Assuming that the '>CO(1-0) is optically thick, Zhang et al.
(2019) estimated the excitation temperature T, for 13 GMFs
from Tmy('2CO), and they obtained the mean value of ~ 10 K
with a standard deviation of 2.5 K. Since we do not have
12CO(1-0) observation with compatible angular resolution with
GRS for GMF54, we assume 'CO emission to be optically
thin and adopt the mean excitation temperature T.x=10 K from
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Fig. 2. Left panels: Integrated intensity contours of the HCO*(1-0), HCN(1-0), HNC(1-0) and N,H*(1-0) overlaid on the molecular hydrogen
column density map derived from fitting Hi-GAL 160, 250, 350, and 500 um continuum map (Zucker et al. 2018). Contour levels are 3, 9, 15,
25, and 35 times of the respective o of each integrated intensity map. The noise level of each panel from top to bottom is 0.28, 0.40, 0.22 and
0.29 K km s, respectively. The integral velocity range for each line is labeled in each panel in the unit of km s~!. The polygons in the HCO*(1-0)
panel outline the four sub-regions, A, B, C, and D, that we studied in Sect. 3.3. The thick black contour in each panel traces the 5o level of the
GRS 3CO(1-0) integrated intensity. The red ellipses mark the emissions that are at a different distance and not associated with the filament. The
beam of the molecular line emission (32”) is marked in the bottom left of each panel. Right panels: The average spectra of the dense gas tracers
across the filament. The thick black spectra are HCO*(1-0), HCN(1-0), HNC(1-0), and N,H*(1-0) line, respectively. The thin blue spectra are
the 13C isotopologues that are scaled up by a factor of 10. The shades mark the integral velocity range for each line.

Zhang et al. (2019). We discuss the uncertainty introduced by
the possible optical depth of '*CO(1-0) in Sect. 4.5.

For HCN(1-0) and N,H*(1-0), we applied a hyperfine
structure (HFS) fit pixel-by-pixel using PySpecKit (Ginsburg &
Mirocha 2011) to derive the optical depth 7 and the excitation
temperature T.x. When fitting the HFS, we set a lower bound-
ary for T as 4 K. As the HFS fit only produce 7 X T, a lower
boundary smaller than 4 K for T.x does not change the results in
high S/N ratio regions but produces large 7 (>1) in low S/N ratio
regions (along the 30 contour in Fig. 2), which is not physical.
Since our maps are over sampled (32” FWHM beam and 8" pixel
size), we further convolve the T.x map and the T map into a gaus-
sian FWHM beam of 32" (gaussian kernel ~13.59"). The derived
final Tx and 7 maps including a few selected spectra to show the
fit results for HCN(1-0) and N,H*(1-0) are shown in Figs. A.1
and A.2. The excitation temperatures of HCN(1-0) are between
4 and 74 K with the highest value at the PDR in Region B as we

expected. The optical depths of HCN(1-0) are between 0.1 and
3.5 with the highest value in Region C and D. For N,H*(1-0),
the derived Ty is between 4 and 29 K and 7 is between 0.1 and
2.4.

For HCO™* (1-0) and HNC(1-0), since we only observed one
transition for the whole filament, we can not determine the ex-
citation temperatures from our observations directly. Therefore,
we assume HCO*(1-0) and HNC(1-0) share the same excita-
tion temperature as HCN(1-0). We discuss the uncertainty of
this in Sect. 4.5. Our observations also cover the H'3CO*(1—-
0) and HN'3C(1-0) lines, we assume these lines to be opti-
cally thin, and share the similar excitation condition as their 2c
counterpart lines. This allows us to estimate the optical depth
for HCO*(1-0) and HNC(1-0). To do this, we estimated the
12¢ to 13C abundance ratio following the relation ['2cy/[3c) =
6.2Dgclkpe] + 9.0 (Giannetti et al. 2014). For a Galactocentric
distance of Dgc = 7.3 kpc (Ragan et al. 2014), ['2C]/['3C] ~ 54.
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For regions where the '3C line integrated intensity is higher than
50, we calculated 7 for the '>C lines following (Eq. 6 in Gian-
netti et al. 2014):

1-e

T dv
S Tvp.12 _ ’ 0
[Tupizdv 11—

T

Riz/13 =

, Where ¢ is the 12 to 13C relative abundance. We assume the
remaining regions where the 1*C line emission is below 5o are
optically thin. Since the derived T maps are calculated pixel-by-
pixel, due to limited signal-to-noise ratio of the data, the 7 value
could vary significantly between two neighboring pixels, which
is not physically plausible. To avoid this pixelization problem,
we further convolved the 7 map into a gaussian FWHM beam of
32" (gaussian kernel ~13.59”), which is the beam of our 3 mm
data.

We took into account the optical depth and estimated the col-
umn densities of HCO*, HCN, HNC, and N,H* with the de-
rived Tex. For HCO* and HNC, limited by the S/N ratio of the
13C line emission (Fig. A.3), only a small percentage (8% and
2%, respectively) of the column density maps were corrected
for optical depth with the factor 7/(1 — exp(—7)) > 1.01. Since
the abundances of these molecules have large uncertainties (e.g.,
Gerner et al. 2014), we do not convert the column density of
the molecules to molecular hydrogen. Instead, we discuss di-
rectly the column density distribution of different molecules, and
physical properties of molecular hydrogen traced by these trac-
ers. The column density distributions of these tracers represents
the distribution of the molecular cloud at the densities traced by
these tracers.

3.3. Column density probability density function

We regridded all the column density maps of the dense gas trac-
ers (Fig. 4) to the same angular resolution of the '*CO map
(FWHM beam size of 46" and pixel size of 22”") and constructed
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the column density probability density functions (N-PDFs) of
the filament. Figure 5 presents the N-PDFs for the entire fila-
ment traced by different molecular lines. All column density val-
ues lower than 5o~ (N Threshold in Table 3 corresponding to the
thick closed contours in Fig. 4) were ignored when calculating
the N-PDFs. We also normalized all N-PDFs by the mean col-
umn density of each tracer ((N) in Table 3). We also constructed
the N-PDFs of the tracers without the optically depth correction
shown in Fig. B.1.

As shown in Fig. 5, qualitatively the '3CO N-PDF resembles
a log-normal shape, while the N-PDFs of HCO*, HCN, HNC
and N,H™ are closer to a broken power-law shape. We fit the N-
PDFs with different functions to quantify their shapes. We fit two
power-laws (p(x) oc x~*) to all N-PDFs. We first fit the N-PDFs
with a optimal power-law to the high column density tail from
an optimal column density threshold. The fitting procedure cre-
ates power-law fits starting from each unique value in the data,
and the optimal column density Np;, is the one that results in
the minimal Kolmogorov-Smirnov (K-S) distance between the
data and the fit. The fitting was performed with the python pack-
age Powerlaw® (Alstott et al. 2014). The obtained Ny, (marked
with the thin white contours in Fig. 4) and power-law index s are
listed in Table 3. Among different tracers, the N-PDF of HCO*
has the lowest power-law index of 2.18, and NoH* has the high-
est index of 4.15. We further fit a power-law function which in-
cludes all data points to each N-PDF, and all the derived power-
law indices are quite similar to each other (between 1.95 and
2.15), which are lower than the ones using the optimal column
density threshold Npp.

We also fit a single log-normal function® to '*CO N-PDF and
derive a width of 0.51. The error of the log-normal fitting are
estimated with bootstrap method, that we ran the fitting proce-

8 https://github.com/jeffalstott/powerlaw

° The lognorm function in the Python package S ciPy was used to per-
form the fit (https://docs.scipy.org/doc/scipy/reference/
generated/scipy.stats.lognorm.html).
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continuum emission. The thick white contours in each panel outline the column densities we used to construct the N-PDFs, and the thin white
contours mark the optimal column density threshold (N, for the optimal power-law fit) for the whole filament. The red contours in the dense gas
molecular line panels mark N, for the power-law for the sub-regions (see Sect. 3.3). The green polygon in the Hi-GAL panel outlines the area
we used to construct the N-PDFs from the dense gas tracers and continuum emission in the following sections. The beam of the column density
maps (43" for Hi-GAL, 46” for '*CO, and 32" for the the other panels) is marked in the bottom left of each panel. The polygons in the HCO*

panel and ellipses in the HCN panel are the same as in Fig. 2.

dure 100 times while removing 10% of the data points randomly
in each run, and we take the difference between the maximum
and minimum width as the error of the fit. We cannot identify
a clear peak in N-PDF, thus the width we derived could have
large uncertainties. A simple model comparison performed with
the python package Powerlaw shows the '3CO N-PDF can be
better described by a log-normal function than a power-law with
a loglikelihood ratio of 22 (log-normal over power-law) and p-
value< 0.001.

To study the dense gas properties in different evolutionary
stages, we constructed the dense gas N-PDFs for each sub-region
(Fig. 2). Since we only compare between the dense gas tracers,
the N-PDFs were constructed with the column density maps at
the original resolution (8" pixel size and 32”’beam size). The de-
rived N-PDFs of the dense gas tracers for each sub-region are
shown in Fig. 6.

Qualitatively, the N-PDFs of each dense gas tracer show
clear differences from region to region. As we proposed in
Sect. 3.1, Region A and Region C are in earlier relative quies-
cent stage, Region D is more evolved with HCH 11 region, Re-
gion B with PDRs is the most evolved region. An evolutionary
trend can be seen in some molecular lines, for instance, the HCN
and HNC N-PDFs resemble more of a break power-law shape
in the younger Regions C and A to an almost straight single
power-law shape in the more evolved Region D. To quantify
this evolutionary trend, we fit an optimal power-law function
to each N-PDF with the python package Powerlaw (Alstott et al.
2014). The obtained optimal column density Ny, for each sub-
region (marked with the thin red contours in Fig. 4) and power-

law indices s are listed in Table 3. As shown in the top panel in
Fig. 7, from quiescent regions to HCHu region, the power-law
slope becomes flatter systematically, then from HCH 1 region
to more evolved PDRs the power-law slope steepens again. The
lowest contour in HCO*, HCN and HNC column density maps
for these subregions are not closed. However, when we fit the
N-PDFs with the optimal power-law, the optimal column den-
sity threshold (Ny,;,) as marked with red contours in Fig. 4 are
closed contours except in HCO™ for Region C and HCN for Re-
gion D. If we fit the power-law from the close contour value
(HCO* 2.2x10'? cm™2, HCN 3.71x10'2 cm™2) for these two re-
gion, the index for HCO+ (Region C) increases by 0.03 and and
decreases by 0.01 for HCN (Region D).

To investigate the evolution of the N-PDFs, we estimated the
virial parameter ayisa Of each sub-region following the method
described in Bertoldi & McKee (1992). To eliminate the uncer-
tainty brought in by the abundances of the dense gas tracers, we
estimated the mass of each sub-region with the Hi-GAL column
density map (Fig. 4). For HCO* and HNC, we fit the spectra with
a Gaussian profile to derive the velocity dispersion. For HCN
and N,H™" we fit the HFS to derive the velocity dispersion. All
fittings were performed with PySpecKit (Ginsburg & Mirocha
2011). Assuming a circular shape, we estimated the effective ra-
dius from the projected pixel area of each sub-region. As shown
in Fig. 7 where the power-law indices are plotted as a function
of the virial parameters, the virial parameters of all regions and
tracers are around or smaller than two.

There is no clear correlation between the virial parameters
and the power-law slope (Fig. 7). Among all four molecular
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Table 3. Summary of the fitting results of the N-PDFs.

Tracers N Threshold” (N)? optimal power-law  single power-law Nmin©
%102 cm™2 %102 cm™2 index s index s* x10'2 cm™2
The whole filament
Bco 2700 6500 3.97+0.08 2.36+0.02 8694
HCO” 0.65 3.2 2.18+0.07 2.00+0.02 4.4
HCN 1.5 6.5 2.72+0.08 1.95+0.03 8.4
HNC 0.93 2.9 2.92+0.09 2.15+0.03 2.9
NoH* 14 4.8 4.15+0.41 2.00+0.04 10.3
Region A
HCO* 1.3 3.0 3.12+0.10 - 2.3
HCN 3.2 8.4 5.15+0.39 - 1.4
HNC 1.6 3.5 3.54+0.16 - 34
NoH* 2.8 6.2 2.52+0.09 - 2.8
Region B
HCO* 1.3 4.8 2.61+0.08 - 7.0
HCN 3.2 11.0 2.42+0.03 - 6.2
HNC 1.6 4.8 2.19+0.03 - 1.6
NoH* 2.8 6.2 2.62+0.12 - 2.8
Region C
HCO” 1.3 4.3 2.68+0.03 - 2.1
HCN 3.2 8.0 3.76+0.12 - 1.2
HNC 1.6 3.8 3.24+0.11 - 5.6
NoH* 2.8 6.6 3.89+0.17 - 94
Region D
HCO* 1.3 8.8 1.76+0.04 - 34
HCN 3.2 1.5 2.05+0.03 - 3.2
HNC 1.6 4.6 2.41+0.10 - 4.4
NoH* 2.8 9.9 2.23+0.07 - 4.4

Notes. @ Five o threshold for the N-PDFs and the thick white contours in Fig. 4. ® The mean column density above 5o and used to normalize
the column density for the N-PDFs. ) The optimal column density determined by the program Powerlaw.
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Fig. 5. Probability density functions of the 13CO, HCO*, HCN, HNC, and N,H* column density for the whole filament. The dashed vertical lines
in each panel mark the column density threshold (5o level), and the solid vertical lines mark the mean column densities. We list in each panel the
mean column density (N), the power-law index s (the optimized fit, solid line) and s* (the fit to all data, dashed line). For the '*CO N-PDF, we
also list the log-normal width o . Error bars are calculated from Poisson statistics.
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lines, N,H™ always has the lowest virial parameter, which makes
sense, since NoH* traces the dense cores that are gravitational
bond. Virial parameters of Regions A and C measured with all
four tracers are all < 1, indicating the gas traced by these four
tracers in these two relative quiescent regions are all at gravita-
tional virial equilibrium and could be undergoing gravitational
collapsing (e.g., Bertoldi & McKee 1992; McKee & Zweibel
1992). For the more evolved Regions B and D, while the gas
traced by NoH" is still gravitational bond (@yija < 1), the gas
traced by HCO* show much larger @y, and could be confined
by pressure (Bertoldi & McKee 1992).

4. Discussion
4.1. N-PDFs of the whole filament

As mentioned in Sect. 1, there is only one prior dense gas N-PDF
study. Schneider et al. (2016) studied the N-PDFs of Cygnus X
with Herschel dust continuum, '>CO(1-0), 3CO(1-0), C'30(1-
0) and the dense gas tracers NoH*(1-0) and CS(2-1). They
found that compared to the dust N-PDF, the N-PDFs derived
from CO observations can recover the log-normal shape in the
lower column density regime, whereas, the N-PDFs derived from
dense gas tracers only recover the power-law tail in the high col-
umn density regime. Although the absolute column density de-
pends on the abundance and excitation temperature adopted, the
power-law index of the dense gas is robust (-1.41 for N,H*, and
—1.56 for CS). Compared to Schneider et al. (2016), our obser-
vation is deeper; for instance, the 30" level of the N,H* (1-0) ob-
servation from Schneider et al. (2016) corresponds to an N(H;)
of ~ 1 x 10?2 cm™2, while applying the same abundance, the
30 level of our N;H*(1-0) observation corresponds to an N(H,)
of 3.6 x 10?! cm™2. The '3CO N-PDF can be better described
with a log-normal function, but we still could not recover the
log-normal peak of the N-PDFs.

Wang et al. (2020) studied the N-PDFs of the atomic and
molecular gas in the giant molecular filament GMF38a, and
found that the N-PDF of H1 emission has the smallest width,
followed by the cold neutral media traced by H1 self absorption
(HISA) and the '*CO N-PDF has the largest width. Furthermore,
the log-normal widths of the dense gas for the whole filament are
all larger than the '*CO N-PDF as listed in Table 3. It seems that
the width of the N-PDF is correlated with the density it traces.

The power-law indices derived by fitting all data points in the
N-PDFs are quite similar for all molecular lines, between 1.95
and 2.15 (s* in Table 3). On the other hand, the optimal power-
law indices (s in Table 3) are different among different lines. A
power-law tail in the N-PDF requires a a power-law distribution
in the density structure. Though such a density configuration can
be achieved by a hydrostatic configuration, where the power-law
arises from a balance of gravitational forces and pressure gradi-
ents, it is more likely that in a massive GMF self-gravity is the
dominant process. Large-scale collapse of filaments and clumps
as well as small-scale collapse of high-density cores give then
rise to the power-law slopes, seen in the different tracers. Fol-
lowing the method described in Appendix D of Schneider et al.
(2016), we correlate the slope of the power-law tail s and the ex-
ponent « of a spherical (for clumps and cores, p(r) o« r~*) and
a cylindrical (for filaments, p(r) oc r~*") density distribution via
a. = 1+2/sand ay = 1+1/s, respectively (see also Appendx C).
Similar calculations are also discussed by Federrath & Klessen
(2013), Fischera (2014), and Myers (2015). The power-law in-
dices s* for the dense gas are all around 2, thus the radial density
profile a, is around 2 and a/ around 1.5. These values are fully

consistent with the collapse of an isothermal sphere (e.g., Shu
1977) and with a self-gravitating filament model (e.g., Myers
2015).

The N-PDFs of molecular clouds in the nearby galaxy M33
derived from '>CO observations (Druard et al. 2014; Corbelli
et al. 2018) peak at lower column density, but the shape and
width is similar to the '3CO one in Fig. 5. Our study provides
the foundation to interpret future high angular resolution dense
gas tracer observations towards nearby galaxies with ALMA.

4.2. N-PDFs and evolutionary stages

Previous observations show that clouds without star formation
have log-normal shape N-PDF with little or no excess in the high
column density tail, while active star-forming clouds present
prominent power-law-like wings (e.g., Kainulainen et al. 2009;
Schneider et al. 2013). Furthermore, the slope index of the
power-law tail is correlated with star formation activities, as
clumps with flatter power-law tails are more efficient at form-
ing Class 0 protostars (Sadavoy et al. 2014; Stutz & Kainulainen
2015). Louvet et al. (2014) demonstrated that the star formation
rate per free fall time steeply decreases with the virial parameter.
The dense gas N-PDFs for the sub-regions further confirm this
in a way that more quiescent regions have flatter N-PDFs (Ta-
ble 3). Although with large scatter, we also find a correlation be-
tween the evolutionary stages of subregions and N-PDF power-
law indices (Fig. 7). Sources at early quiescent stages have a
lower fraction of high density gas which would result in a steeper
power-law slope, while in high-mass star forming region with
HCH region the fraction of high density gas is higher which
results in a flatter power-law slope. When the source evolves
into the PDR stage, the feedback processes from high-mass stars
could reduce the dense gas fraction, and the power-law slope of
the N-PDF is also steeper again.

4.3. Comparison to the dust continuum N-PDF

To compare with the N-PDFs we derived from dense gas tracers,
we also constructed the N-PDF from the Herschel dust contin-
uum column density map. We convolved and regridded the dust
column density map to the same angular resolution and pixel size
as the GRS *CO(1-0) map, and constructed the N-PDF shown
in Fig. 8. We also fitted an optimal power-law function and a log-
normal function (with a closed contour N(H,)=6.0x10%' cm™?)
to the dust N-PDF. Since there is no closed contour in the low
column density regime of the dust N-PDF, and the log-normal
width is not reliable (Alves et al. 2017), we only compare the
power-law slope and the column density range to the ones traced
by molecular lines.

Compared to N-PDFs from dense gas tracers, the dust N-
PDF has a similar power-law slope to NoH™. Indeed, Figs. 2 and
4 also show that the N,H* emission follows the dust column
density very well, and traces the dense cores (see also Kauff-
mann et al. 2017). Similar to Schneider et al. (2016), we can
also shift the NoH* N-PDF to“calibrate” the N,H* abundance
with the dust N-PDF, and the “calibrated” abundance of N,H*
is 1.6x107°. This “calibrated” abundance is similar to the abun-
dance Gerner et al. (2014) estimated for high-mass protostellar
objects.
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Fig. 6. Probability density functions of the 13CO, HCO™, HCN, HNC, and N,H* column density for Regions A, B, C, and D. The dashed vertical
lines in each panel mark the column density threshold, and the solid vertical lines mark the mean column densities. We list in each panel the mean
column density (N), the power-law index s (the optimal fit, solid line). Error bars are calculated from Poisson statistics.

4.4. Line ratios

Integrated intensity ratios of molecular lines are often used to
trace molecular gas properties, which can be linked to star for-
mation activities. Numerous surveys have been carried out to-
wards nearby galaxies in the 3 mm band (Watanabe et al. 2014;
Aladro et al. 2015; Meier et al. 2015; Nishimura et al. 2016a,b;
Jiménez-Donaire et al. 2019). We would like to compare our ob-
servations of GMF54 with the observed line ratios in such nearby
galaxies. Figure 3 shows the line ratio map of GMF54, and we
list the averaged line ratios of GMF54 and in the nearby galaxies
in Table 4. Most of the observations of dense gas in the nearby
galaxies in Table 4 were carried out with single-dish telescopes,
where the spatial resolution varies from ~ 10 pc towards the
Large Magellanic Cloud (LMC) to ~24 kpc towards some active
galactic nucleus (AGNS). In comparison to this, GMF54 has a
size of 68 pc and our observations have a spatial resolution of
0.32 pc. Despite the huge spatial resolution differences, the line
ratios we derived in GMF54 are in general comparable to those
seen in the nearby galaxies.

The HCN/CO ratio is used to trace the dense gas frac-
tion, which is directly related to star formation activity (Gao
& Solomon 2004; Usero et al. 2015; Bigiel et al. 2016). Since
we do not have CO observations, we use the HCN/3CO ratio.
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Compared to nearby galaxies, the HCN/'*CO ratio in GMF54 is
much lower than in nearby galaxies, while ULIRGs present the
highest HCN/ 13CO ratio. As discussed by Shirley (2015); Kauff-
mann et al. (2017); Pety et al. (2017), HCN traces much lower
density than its critical density 7., and typically traces densi-
ties around ~ 102 — 10 cm™3. The HCN flux is also influenced
by far ultra-violet (UV) radiation (Pety et al. 2017). Similarly,
HCO™(1-0) also traces only moderate dense gas, and the flux
can be affected by far-UV radiation (Shirley 2015; Pety et al.
2017). Thus ULIRGs and AGNs have the highest HCO*/13CO
ratio, while GMF54 has the lowest ratio.

On the other hand, N,H" traces the real dense gas frac-
tion with an effective density n.s 10* cm™3(T=10 K). The
N,H*/13CO ratio, which traces the high density gas, shows sim-
ilar values in GMF54 and nearby galaxies, except in ULIRGs
which have a much higher N,H*/'3CO ratio. Considering
ULIRGs are forming many stars, it is reasonable that they have
a higher fraction of high density gas. It is surprising that GMF54
has a similar or even higher NyH*/'3CO ratio than the starbursts
in Table 4. Considering the filling factor of N,H* is < 10% (with
respect to 13CO), it is likely that the extragalactic studies are un-
derestimating the true N,H*/ 13CO ratio.
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Table 4. Integrated intensity ratios.

Sources HCN/HCO* HCN/HNC HCN/PCO HCO*/PCO N,H*/BCO Telescope  Ref.
GMF54 1.09 1.95 0.15 0.15 0.10 IRAM 30 m 1
W51 arm 1.29 2.78 0.35 0.27 0.06 IRAM 30 m 2
Starbursts 0.70-1.18 1.93-2.47  0.59-0.84 0.54-1.19 0.06-0.13 IRAM 30 m 3
AGNs 0.82-2.02 2.19-3.03  0.81-1.80 0.40-1.24 0.11-0.15 IRAM 30 m 3
ULIRGs 1.54-2.39 1.42-3.03  2.29-5.02 0.96-3.27 0.49 IRAM 30 m 3
LMC 0.40-1.36 1.13-3.36  0.05-0.60 0.13-0.89 0.01-0.11 Mopra 22 m 4
Dwarf galaxy IC10 0.04 3.15 0.22 0.56 0.07 Nobeyama 45 m 5
Barred disk 1.30 1.75 0.29 0.25 - IRAM 30 m 6
Unbarred disk 1.29 2.52 0.25 0.27 - IRAM 30 m 6

Notes. References: 1. This work; 2. Watanabe et al. (2014); 3, Aladro et al. (2015); 4, Nishimura et al. (2016b); 5, Nishimura et al. (2016a); 6,

EMPIRE project, Jiménez-Donaire et al. (2019)
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Fig. 7. Power-law indices of the N-PDFs plotted as a function of the
evolutionary stages (top panel) and of the virial parameter (bottom
panel) the sub-regions. The data points in the bottom panel are colored
according to the subregions and evolutionary stages, that Regions A and
C are in relative early and quiescent stage, Region D is more evolved
with an HCH 1t region, and Region B is the most evolved region with
PDRs.

Another useful line ratio is HCN/HNC, which is proposed as
a tracer of evolutionary stages of the molecular cloud because
at temperature 2 30 K HNC starts to convert to HCN (Schilke
et al. 1992; Herbst et al. 2000; Graninger et al. 2014; Hacar et al.
2019). Therefore, the HCN/HNC ratio would increase as tem-
perature increases. As we demonstrate in Fig. 3, the HCN/HNC
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Fig. 8. Probability density functions of the molecular hydrogen column
density derived from Hi-GAL (Fig. 2). The dashed vertical line marks
the column density threshold, and the solid vertical line marks the mean
column density. We list in the figure the mean column density (N(H,)),
the log-normal (green curve) width oy, the power-law index s (solid
line). Error bars are calculated from Poisson statistics.

ratio remains relative constant < 2 in infrared dark regions, and
increases to > 3 in the PDRs and around infrared bright HCH it
region. To further demonstrate this, we plotted the HCN/HNC
ratio as a function of the dust temperature derived from Hi-GAL
(Zucker et al. 2018). A clear correlation between the HCN/HNC
ratio and T, can be seen in Fig. 9, with a Pearson correlation
coeflicient of 0.77 and p-value < 0.001. The mean HCN/HNC
ratio across the whole GMF54 is also comparable to nearby
galaxies.

4.5. Uncertainties

Besides the rms noise of the data, the main factors that introduce
uncertainties to the column densities and N-PDFs are excitation
temperature and optical depth. For N,H+ and HCN we derive
Tex and 7 from the HFS fitting. The uncertainties of Tex and 7
of the fitting for N,H+ have a median value of 2 K and 0.5,
respectively. Therefore, the column density uncertainty of the
N,H+ column density brought in by HFS fitting is ~ 50%. The
uncertainties of Tex and 7 for HCN have a median value of 1 K
and 0.1, respectively, which brings in ~ 10% uncertainty to the
HCN column density estimation.
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Fig. 9. Integrated intensity ratio of HCN/HNC plotted as a function of
the dust temperature for the whole filament pixel by pixel. The points
are colored according to the S/N ration of the HNC integrated inten-
sity. Pixels below 5o~ were masked out. A linear fit result is plotted and
labeled in the figure.

Since we cannot derive the excitation temperature for HCO*
and HNC directly from our observations, we assume they share
the same excitation temperature as HCN. If we assume the exci-
tation temperatures of HCO™ (1-0) and HNC(1-0) are systemat-
ically 50% higher or lower than HCN(1-0), the average uncer-
tainty introduced to the column densities of HCO* and HNC is
~T7%. The uncertainties of the N-PDF power-law indices for the
whole filament brought in by the excitation temperature are be-
tween 0.1 and 0.5. For the subregions, this uncertainty of power-
law indices of HCO™ is < 0.6. For HNC, the changes in Tey also
change the derived Ny, for the optimal fit, and further increase
the power-law indices for Regions C and D by < 0.4 and Re-
gions A and B by < 2. However, the evolutionary trend of the
power-law index shown in Fig. 7 does not change, i.e., the qui-
escent Regions A and C show the steepest power-law index, the
HCH 1 region D has the flattest power-law index, and Region B
with PDRs has an intermediate power-law index.

To estimate the '*CO column density we adopted a uni-
form excitation temperature of 10 K, which was derived by
Zhang et al. (2019) from estimating the T, for 13 GMFs us-
ing Ty ('2CO). They derived a mean excitation temperature of
~ 10 K with a standard deviation of 2.5 K, and the 3CO column
density uncertainty brought in is ~ 19%. Another uncertainty
source for the '3CO column density is optical depth. Since we
do not have '>CO or C'80 observation with compatible angular
resolution, we cannot estimate the '3CO(1-0) optical depth di-
rectly. With a similar angular resolution, Schneider et al. (2016)
estimated the '*CO(1-0) optical depth for the Cygnus X North
and found that the optical depth is negligible and does not in-
fluence the N-PDF significantly. Riener et al. (2020) estimated
the *CO(1-0) optical depth for GMF24, and found a median 7
value of ~ 0.5. Wang et al. (2020) found that the GRS '3CO(1-
0) optical depth for another filament GMF38a (/ ~ 33° — 37°) is
mostly smaller than 1 with an median value of ~0.4. If we apply
this 0.4 to GMF54, the column density increases by ~21%. In
total the '3CO column density has a uncertainty of ~ 40%.
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5. Conclusions

We studied the dense gas properties of one giant molecular fila-
ment, GMF54, with typical dense gas tracers at 3 mm, HCO*(1-
0), HCN(1-0), HNC(1-0), and N,H*(1-0). The main results are
summarized as follows:

1. All dense gas molecular lines trace the extended structure of
the filament, the area filling factors (with respect to '3CO(1—-
0) of HCO*, HCN, HNC, and N,H" are, 0.28, 0.21, 0.17,
and 0.06, respectively. If we convolve and regrid the dense
gas maps to the same angular resolution and pixel size as the
13CO map, the filling factors increase by ~ 70%.

2. We constructed the N-PDFs of the '*CO column density
and the optical depth corrected HCO*, HCN, HNC and
N,H*column densities. While the '*CO N-PDF can be bet-
ter fitted with a log-normal function, the others are closer to
a power-law shape. We fitted power-law functions to the N-
PDFs. The HCO™ N-PDF has the flattest power-law slope.
The radial density profile of the filament is estimated to be
~1.5, which is consistent with the self-gravitating filament
model.

3. We studied the N-PDFs for sub-regions of GMF54, and
found an evolutionary trend in the N-PDFs, in the sense that
more evolved regions have a flatter power-law index.

4. The integrated intensity ratios of the observed molecular
lines in GMF54 are comparable to those in nearby galaxies.
The N,H*/'3CO ratio, which traces the dense gas fraction,
has similar values in GMF54 and all nearby galaxies except
ULIRGs. A clear correlation between the HCN/HNC ratio
and the dust temperature was detected with a Pearson corre-
lation coeflicient of 0.74 and p-value < 0.001.

As the largest coherent cold gas structures in our Milky Way,
GMFs are excellent candidates to connect studies of star forma-
tion on Galactic and extragalactic scales.
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Appendix A: Excitation temperature and optical
depth maps

In this section we show the excitation temperature and optical
depth maps derived from the HFS fitting for HCN(1-0) and
N,H*(1-0). All four maps are convolved with a gaussian FWHM
beam of 32" (gaussian kernel ~13.59”) in Fig. A.1 and four se-
lected spectra of each transition to show the HFS fitting results
(Fig. A.2). We also show the H'3CO*(1-0) and HN'*C(1-0) in-
tegrated intensity maps in Fig. A.3.

Appendix B: N-PDFs with optically thin assumption

Appendix C: The density profile of a singular
polytropic cylinder

This section is adopted from the appendix in Schneider et al.
(2016).

The N-PDF is defined as the area fraction of gas A with
column density N, py o« dA/dN. In this paper, we calculate
the probability distribution p of the normalized column density
log1o(N/{N)), therefore p oc dA/d(log,,(N/{N}))) « Npy. For
a singular polytropic cylinder, the density profile from the axis
of the cylinder filament is p(r) o r~*. The column density N
is an integral of the density, hence N o pr oc r~®*! The area
fraction A is proportional to the cylinder length z and radius r,
A « zr « r, therefore

py < dAJdN o 1/r7 oc No/(1=a0 (C.1)
p o Npy oc NYI=a0), (C.2)
The power-law index of the N-PDF is s (p o (N/(N))™%),
hence oy =1+ 1/s.
Similarly for a spherical core or clump with a density profile

of p(r) o ¥, column density N o« pr oc r~%*!_In this case, the
are A « r2. Therefor,

py < dA/dN o« r/r % « NIree/(-a) (C.3)
p o Npy oc N7/, (C4)

anda. =1+ 2/s.
Similar calculations are also discussed by Federrath &
Klessen (2013), Fischera (2014), and Myers (2015).
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Fig. A.1. The excitation temperature (7., left) and optical depth (7, right) maps derived from the HFS fitting after convolved with a gaussian
FWHM beam of 32" (gaussian kernel ~13.59”). The thick white contour in each panel traces the 30 level the respect '>C isotopologue line
integrated intensity shown in Fig. 2. The red circles mark the locations whose spectra are shown in Fig. A.2. The beams and polygons are the same
as in Fig. 2.
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are shown in red. The fitting results, excitation temperature (7y), optical depth (7), line center (v), and line width (o, velocity dispersion) are listed
in each panel.
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Fig. A.3. H'*CO*(1-0) and HN'*C(1-0) integrated intensity maps
(color scale and red contours). The red contours outline the area where
the 13C lines have good signal-to-noise ratio and the optical depth cor-
rection was applied for the column density calculation. The thick white
contour in each panel traces the 30~ level the respect '2C isotopologue
line integrated intensity shown in Fig. 2. The beams, ellipses, and poly-
gons are the same as in Fig. 2.

Article number, page 16 of 17



v Density

Y. Wang et al.: Dense Gas in a Giant Molecular Filament

logjoNfem™2]  HCO* logjpNfem™?  HCN logipNfem™?  HNC logioN (Hy) [em™2)  NoH*
15 120 125 130 135 140 145 115 120 125 130 135 140 145 1L5 120 125 130 135 140 145 1L5 120 125 130 135 140
T T T T T T T T T T T T T T T T T T
B logio(N) = 12.35 S logio(N) = 12.70 p logio(IV) = 12.44 p logio(N,
10°F ;F"\N : 97 +0.08 10°F ;_“"\M’ 5 55 +0.06 :.L\’k s=3.00£01 4 ;N :
' 06 £+ 0.02 3 ' hR 2.14 £ 0.03 ' h .17 £0.03 ' )
w0 ¥ ] 10-1} ! 1 : By 3 : i
- 1 1 1 ik 1
102 1 4 1 4 1 4 1 4
1073k 1 i 1 ] 1 ] 1 ]
10! . 101 . 10! : L L 1010 :
0.1 0.1 1 10 1 10 100 0.1 1
N/(N) N/(N) N/(N) N/(N)

Fig. B.1. N-PDFs of column density derived from the HCO*(1-0), HCN(1-0), HNC(1-0), and N,H*(1-0) assuming optically thin emission for
the whole filament. We listed in each panel the mean column density (N), the power-law index s (the optimized fit, solid line).
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