
Astronomy & Astrophysics manuscript no. absfil c©ESO 2018
September 15, 2018

The Serpens filament: at the onset of slightly supercritical collapse
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ABSTRACT

The Serpens filament, as one of the nearest infrared dark clouds, is regarded as a pristine filament at a very early evolutionary stage
of star formation. In order to study its molecular content and dynamical state, we mapped this filament in seven species including
C18O, HCO+, HNC, HCN, N2H+, CS, and CH3OH. Among them, HCO+, HNC, HCN, and CS show self-absorption, while C18O
is most sensitive to the filamentary structure. A kinematic analysis demonstrates that this filament forms a velocity-coherent (trans-
)sonic structure, a large part of which is one of the most quiescent regions in the Serpens cloud. Widespread C18O depletion is found
throughout the Serpens filament. Based on the Herschel dust-derived H2 column density map, the line mass of the filament is 36–
41 M⊙ pc−1, and its full width at half maximum width is 0.17±0.01 pc, while its length is ≈ 1.6 pc. The inner radial column density
profile of this filament can be well fitted with a Plummer profile with an exponent of 2.2±0.1, a scale radius of 0.018±0.003 pc, and a
central density of (4.0± 0.8)× 104 cm−3. The Serpens filament appears to be slightly supercritical. The widespread blue-skewed HNC
and CS line profiles and HCN hyperfine line anomalies across this filament indicate radial infall in parts of the Serpens filament. C18O
velocity gradients also indicate accretion flows along the filament. The velocity and density structures suggest that such accretion
flows are likely due to a longitudinal collapse parallel to the filament’s long axis. Both the radial infall rate (∼72 M⊙ Myr−1, inferred
from HNC and CS blue-skewed profiles) and the longitudinal accretion rate (∼10 M⊙ Myr−1, inferred from C18O velocity gradients)
along the Serpens filament are lower than all previously reported values in other filaments. This indicates that the Serpens filament
lies at an early evolutionary stage when collapse has just begun, or that thermal and non-thermal support are effective in providing
support against gravity.
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1. Introduction

For many decades filamentary structures have already been
known to exist in molecular clouds (e.g., Schneider & Elmegreen
1979; Bally et al. 1987; Loren 1989). More recently, the preva-
lence of filamentary structures was emphasized by Herschel
observations of nearby molecular clouds, suggesting that fila-
ments do not only serve as a fundamental stage in star-forming
processes, but could also play an important role in the evo-
lution of molecular clouds (André et al. 2010, 2014; André
2017). Substantial observations of dust extinction, dust contin-
uum emission, and molecular lines have demonstrated that fila-
ments are ubiquitous in star-forming, translucent, and even dif-
fuse molecular clouds (e.g., Myers 2009; André et al. 2010;
Miville-Deschênes et al. 2010; Wang et al. 2015; Li et al. 2016b;
Xiong et al. 2017; Gong et al. 2017; Mattern et al. 2018). How-
ever, the formation and evolution of filaments are still not fully
understood. Identifying and characterising isolated filaments at
the earliest evolutionary stage of star formation is of great im-
portance to tackle this question.

The Serpens filament, named by Enoch et al. (2007), is also
known as the “starless cores” region in Burleigh et al. (2013)
and Filament 9 in Roccatagliata et al. (2015). This filament re-
sides in the Serpens cloud, the distance of which is about 440 pc

as deduced from the trigonometric parallax measured with the
Very Long Baseline Array (VLBA) (Ortiz-León et al. 2017). Fig-
ure 1a presents the distribution of 12µm radiation in the region
of interest here, observed by the Wide-Field Infrared Explorer
(WISE). The filament appears in absorption against a diffuse
background, making it an infrared dark cloud (IRDC). IRDCs
are known to be the cold and dense part of molecular clouds
(e.g., Carey et al. 1998; Pillai et al. 2006; Zhang et al. 2011) and
represent a very early evolutionary stage harboring no or only a
limited amount of embedded protostars (e.g., Menten et al. 2005;
Bergin & Tafalla 2007). IRDCs, which predominantly have fila-
mentary structures, can serve as ideal targets to study the initial
conditions of dense molecular cloud regions prior to star forma-
tion. This IRDC was not included in previous IRDC catalogs,
because of its location which is not fully covered by previous
mid-infrared surveys, many of which have been restricted to the
Galactic plane. In contrast to most IRDCs, this IRDC is charac-
terized by a particularly low mass (see results given below) and
its extreme proximity. The Serpens filament, similar to its well
known sibling – Serpens South (e.g., Gutermuth et al. 2008), is
one of the nearest IRDCs, but has much less substructure (e.g.,
sub-filaments, fibres) than Serpens South. Furthermore, the Ser-
pens filament was found to contain 7 dust cores (Enoch et al.
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2007) and three class I young stellar objects (YSOs) (Enoch et al.
2009), i.e., emb10 (also known as IRAS 18262+0050), emb16,
and emb28, which are marked with blue circles in Fig. 1a. On
the other hand, its southeastern part is free of YSOs, i.e., star-
less. Burleigh et al. (2013) argued that this region is going to be
the next site of star formation in Serpens.

Based on the Herschel observations, the Serpens filament is
estimated to have a size of ∼0.3 pc×1.7 pc, and a position an-
gle of 147◦ east of north (Roccatagliata et al. 2015). The highly
rectilinear morphology of the Serpens filament is clearly seen
in dust emission which matches the 12 µm absorption very well
(see Fig. 1), but is invisible in either 12CO (2–1) or 13CO (2–
1) maps (see fig. 15 of Burleigh et al. 2013). More molecular
line observations are crucial to study its molecular content and
dynamical state.

2. Observations and data reduction

2.1. PMO-13.7 m observations

We carried out multiple molecular line observations (project
code: 17A004) toward the Serpens filament with the Purple
Mountain Observatory 13.7 m (PMO-13.7 m) telescope from
2017 May 12 to 17. The 3×3 beam sideband separation Su-
perconducting Spectroscopic Array Receiver (Shan et al. 2012)
was employed as front-end, while a set of 18 fast Fourier trans-
form spectrometers (FFTSs) was used as a back-end to analyze
signals from both sidebands. During the observations, we used
two different FFTS modes which provided instantaneous band-
widths of 1 GHz and 200 MHz, respectively. Each FFTS con-
sists of 16384 channels, resulting in channel spacings of 61.0
kHz and 12.2 kHz (corresponding velocity spacings are given
in Table 1) for the two FFTS modes. The filament was ob-
served in the On-The-Fly mode (Sun et al. 2018) at a scan-
ning rate of 50′′ per second and a dump time of 0.3 seconds.
In order to minimize the overheads, the map was solely scanned
along the long axis of this filament. The parameters of the ob-
served transitions are given in Table 1. Follow-up single-point
On–Off observations with the 200 MHz FFTS mode were per-
formed toward two peaks of the F=0–1 line of HCN (1–0),
source A (αJ2000=18h28m47.s62, δJ2000=00◦50′55.′′8) and source
B (αJ2000=18h28m57.s70, δJ2000=00◦48′02.′′0) (see Fig. 1a) to ob-
tain higher quality HCN (1–0) line profiles. Furthermore, we also
performed single-point On-Off observations toward source A to
observe less abundant species and to confirm the observed self-
absorption. For all the single-point On-Off observations, only
spectra obtained with the central beam are analyzed in this work.
The observations encompass a total of ∼34 observing hours.

The standard chopper-wheel method was used to calibrate
the antenna temperature (Ulich & Haas 1976). The relationship
Tmb = T ∗A/Beff was used to convert antenna temperature, T ∗A, to
main-beam brightness temperature, Tmb, where Beff is the main
beam efficiency. The half-power beam widths, θb, at different
frequencies were found to be θb = 46.3′′ × 115.3

ν
, where ν is

the observed frequency in units of GHz. Two standard sources
(W51D and S140) were used as spectral calibrators that were
regularly observed with the same setups as for our scientific ob-
servations. A dispersion of ∼5% in the peaks of observed lines
toward these two standard sources indicate that the uncertainty
on the temperature scale is better than the 10% given in the tele-
scope status report. Typical system temperatures were 121–142
K on a T ∗A scale. The pointing was found to be accurate to within
∼5′′. Throughout this paper, velocities are given with respect to
the local standard of rest (LSR).

Data reduction was performed with the GILDAS1 software
including CLASS and GREG (Pety 2005). Since the half-power
beam widths are slightly different for each observed spectral line,
all spectral maps have been convolved to an effective angular res-
olution of 1′ (corresponding to a linear scale of 0.13 pc at a dis-
tance of 440 pc) for direct comparison between different tracers.
In these maps, a single pixel size is 20′′×20′′.

2.2. Archival data

We make also use of mid-infrared data from the WISE which
mapped the full sky at 3.4, 4.6, 12, and 22 µm with angular res-
olutions of 6.1′′, 6.4′′, 6.5′′, and 12.0′′ in the four bands (Wright
et al. 2010). Additional ancillary data include level 2.5 processed
Herschel2 images observed at 70/160 µm with the PACS instru-
ment (Poglitsch et al. 2010) and at 250/350/500 µm with the
SPIRE instrument (Griffin et al. 2010). Their angular resolutions
range from 6′′ to 37′′. The H2 column density map of this re-
gion is derived from the spectral energy distribution (SED) fit-
ting from 160–500µm, and is obtained from the Herschel Gould
Belt (GB) Survey3 (André et al. 2010; Könyves et al. 2015;
Fiorellino et al. 2017). The comparison with the extinction map
from 2MASS on the same grid suggests that the derived H2
column densities have an uncertainty of ∼10% (Könyves et al.
2015).

3. Results

3.1. Molecular gas distributions

Figure 2a shows the Herschel H2 column density image of
the Serpens filament. In this panel, the two white dashed lines
roughly divide the observed area into three individual regions
that are labeled as NW (northwest), SE (southeast), and EX (ex-
tended), respectively. NW and SE represent the northwest and
southeast part of the filamentary structure, while EX stands for
the extended emission to the south and outside the filamentary
structure. NW and SE have stronger 12 µm absorption than the
EX region. Both 500 µm emission and absorption at 12 µm show
that NW has a wider width than SE (see Figs. 1 and 2a). The two
YSOs emb10 and emb28 are seen projected near the center of
NW, while emb16 is seen projected at the northeastern edge of
NW. In NW, emb28 is located at the filament’s narrowest place,
from which it extends in two opposite directions.

The Serpens filament has been mapped by our PMO-13.7
m observations in lines from 7 different species, the integrated
intensity maps of which are presented in Fig. 2b–2h. These
7 species include C18O, HCO+, HNC, HCN, N2H+, CS, and
CH3OH. All but two of the detected lines have upper energy
levels (Eu/k) lower than 7 K (see Table 1), and typical spectra
toward source A are shown in Fig. 3. The observed properties
and beam-averaged molecular column densities of source A are
given in Table 2, and more discussions about source A are pre-
sented in Appendix A. Among these detected lines, C18O (1–0)
is the brightest. It is worth noting that none of the three YSOs
have associated peaks in the distribution of detected species. The
distribution of different species will be discussed in the follow-
ing.

1 https://www.iram.fr/IRAMFR/GILDAS/
2 Herschel is an ESA space observatory with science instruments pro-
vided by European-led Principal Investigator consortia and with impor-
tant participation from NASA.
3 http://www.herschel.fr/cea/gouldbelt/en/index.php
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C18O. – The whole filamentary structure is well detected
in C18O emission, which resembles the distribution of the Her-
schel H2 column density image. However, such a structure is
not found in either 12CO (2–1) or 13CO (2–1) maps (Burleigh
et al. 2013). This is likely because there is significant 12CO and
13CO self-absorption in the filament and the bulk of optically
thick CO/13CO gas in the outer region blocks the view to the fil-
amentary structure. Meanwhile, EX shows stronger C18O (1–0)
integrated intensities than NW and SE, which is opposite to that
in the Herschel H2 column density image. This is likely because
the depletion of C18O molecules in the innermost region of the
filament is more significant than that in EX (see Sect. 3.3).

HCO+. – HCO+ (1–0) shows the weakest emission and is
only marginally detected in NW and EX (see Fig. 2c). However,
H13CO (1–0) is detected by our single-point observations toward
source A. Its peak intensity (0.56 K) is much stronger than that of
HCO+ (1–0), suggesting that significant self-absorption is play-
ing an important role.

HNC. – In Fig. 2d, the filament is clearly seen in HNC (1–
0) with stronger emission in NW than in SE. Meanwhile, EX
displays HNC (1–0) emission, which is not as extended as C18O
(1–0). Toward source A, HNC (1–0) shows self-absorption with
a dip observed at the peak velocity of its 13C substitution HN13C.

HCN. – In Fig. 2e, the integrated velocity range includes the
three hyperfine structure (hfs) components of HCN (1–0) which
are mostly weaker than HNC (1–0). HCN (1–0) is detected
in NW and SE, and marginally detected in EX. The strongest
emission is found in NW. However, the emission bridging NW
and SE is not detected in HCN (1–0). This filament also shows
widespread HCN (1–0) hyperfine line anomalies which will be
discussed in Sect. 3.4.

N2H+. – Figure 2f gives the integrated intensity map of the
three main hfs components of N2H+ (1–0). This transition is
detected in NW and SE but not in EX. Both NW and SE are
elongated, and the emission is stronger in NW than that in SE.
Assuming that self-absorption is not present in N2H+ (1–0), we
can use the hfs line fitting subroutine in CLASS to determine
the optical depth of N2H+ (1–0), which gives an optical depth
of 0.32±0.15 for the main hfs line in source A (see Fig. 3). This
implies that this line is optically thin.

CS. – As demonstrated in Fig. 2g, CS (2–1) is the second
widespread tracer after C18O (1–0) in the Serpens filament, but
the CS (2–1) morphology is not as rectilinear as C18O (1–0).
Similar to HNC (1–0), CS (2–1) also displays self-absorption
(see Fig. 3). On the other hand, CS (2–1) is more widespread
than HNC (1–0), although their critical densities, where radiative
decay rates match collisional de-excitation rates, are comparable
(Shirley 2015).

CH3OH. – CH3OH is the only complex organic molecule ob-
served by this study. CH3OH (Jk =20–10 A) and CH3OH (2−1–
1−1 E) are detected. CH3OH (20–10 E) and CH3OH (21–11 E)
are also covered by our observations, but remain undetected, i.e.,
Tmb <0.21 K. CH3OH (2−1–1−1 E) is also not shown in Fig. 2.
This is because its distribution is similar to that of CH3OH (20–
10 A) and its dynamical range is lower. Figure 2h shows that
CH3OH emission appears in NW, SE, and EX. The CH3OH
emission peaks in SE, a starless region. This is reminiscent of
CH3OH in other starless cores, e.g., TMC-1 (Friberg et al. 1988)
and L1544 (Vastel et al. 2014).

Overall, different molecular species show noticeable differ-
ences in their distributions. Among them, HCO+, HNC, HCN,
and CS are found to be affected by self-absorption. On the other
hand, C18O (1–0) is more sensitive for tracing the filamentary
structure than the other tracers. Nearly all dense tracers (HNC,

HCN, N2H+, and CH3OH) are not detected in EX, indicating
that EX is a less dense region than NW and SE.

3.2. The properties of the Serpens filament derived from
C18O (1–0)

As shown in Sect. 3.1, C18O (1–0) data not only trace the dis-
tribution and velocity information of the filament, but also have
the best signal-to-noise ratio among all the mapped lines. Fur-
thermore, the difference between the systemic velocities derived
by C18O (1–0) and the other optically thin lines is less than
0.1 km s−1 (see Fig. 3), demonstrating that the velocity informa-
tion derived from C18O (1–0) will not be significantly affected
by differences in molecular chemistry. Therefore, we simply ap-
ply Gaussian decomposition to the C18O (1–0) data to study the
kinematics of the Serpens filament. Before the fitting procedure,
the rms noise level, σ, of each pixel is estimated from emission-
free channels. We then create a mask that includes at least three
adjacent channels with intensities higher than 3σ. Only spec-
tra within this mask are used for the following analysis. Visual
inspection of the spectra within this mask confirms that a sin-
gle Gaussian component is a good approximation, so a single
Gaussian component is assumed to obtain observed parameters
after these spectra are binned to a channel width of 0.1 km s−1 to
improve the signal-to-noise ratios of the resulting effective chan-
nels.

Figure 4 presents the overall distribution of peak intensi-
ties, LSR velocities, and line widths derived from the single-
component Gaussian decomposition of C18O (1–0) data. In
Fig. 4a, NW, SE, and EX are clearly seen, but in SE the line
shows brighter peak intensities than in NW, which is opposite to
what is found in its integrated intensity map (see Fig. 2b). This is
due to the line width variations. Meanwhile, the peak intensities
of C18O (1–0) range from 0.66 K to 2.60 K with a mean uncer-
tainty of 0.19 K on a main beam brightness temperature scale.
These peak intensities correspond to optical depths of 0.10–0.49
at an assumed C18O (1–0) excitation temperature of 10 K which
is a typical value of IRDCs (e.g., Du & Yang 2008). The low
opacities imply that opacity broadening is negligible in the ob-
tained line widths derived below (e.g. Hacar et al. 2016a). As-
suming local thermodynamic equilibrium (LTE) and a constant
excitation temperature of 10 K and following equation (80) of
Mangum & Shirley (2015), the C18O column densities are esti-
mated to be (0.1–1.7)×1015 cm−2 in NW, (0.2–1.6)×1015 cm−2

in SE, and (0.2–2.3)×1015 cm−2 in EX.
Figure 4b shows that the determined centroid LSR veloci-

ties fall in the range from 7.85 to 8.56 km s−1 with Gaussian
fitting uncertainties of 0.01–0.06 km s−1. The whole filament
appears to be blue-shifted with respect to the ambient molecu-
lar gas (3lsr ∼8.4 km s−1). The maximum velocity difference is
about 0.7 km s−1 across the whole region. A continuous veloc-
ity distribution is seen across the Serpens filament, suggesting
that this filament is velocity-coherent (see also Sect. 3.5). At
an offset of (3.′5, −7.′5) in Fig. 4b, there is a clump whose ve-
locity is blue-shifted with respect to the bulk emission of EX.
This blue-shifted clump is seen in the C18O (1–0) and HNC
(1–0) integrated intensity map (see Figs. 2b and 2d). Veloc-
ity gradients both parallel and perpendicular to the filament’s
long axis are present in the Serpens filament, as indicated by
black and red arrows in Fig. 4b, respectively. The velocity gra-
dients parallel to the filament’s long axis are indicated by four
black arrows in Fig. 4b. The associated four regions are found
to show the largest velocity gradients. The four parallel velocity
gradients are estimated to be ∇3‖,1 = 0.40 ± 0.05 km s−1 pc−1,
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∇3‖,2 = 0.30±0.09 km s−1 pc−1, ∇3‖,3 = 0.53±0.06 km s−1 pc−1,
and ∇3‖,4 = 0.55 ± 0.14 km s−1 pc−1 over a length of about 3.′9,
2.′2, 3.′9 and 2.′5, respectively, suggesting that the velocity gra-
dients in NW are slightly larger than those in SE. The veloc-
ity gradients perpendicular to the major axis around emb28 are
1.31 ± 0.78 km s−1 pc−1 and 1.34 ± 0.62 km s−1 pc−1 both over
a length of about 1′, but keep in mind that the values have large
uncertainties due to a small number of pixels.

Figure 4c shows that the derived line widths, ∆3, range
from 0.33 to 1.11 km s−1. The mean error in the fitted line
widths is 0.06 km s−1. More than 70% of the pixels have line
widths of <0.7 km s−1. In this plot, an enhanced line broadening
(∆3 >0.7 km s−1) is clearly found around emb10 and emb28,
toward which the four velocity gradients are converging (see
Fig. 4b). Both thermal and non-thermal motions contribute to
the observed line broadening, so we can extract the non-thermal
velocity dispersion, σNT, by subtracting the thermal velocity dis-
persion, σth, from the observed line widths:

σNT =

√

∆32

8ln 2
− kTkin

mi
(1)

where σth =

√

kTkin
mi

is the thermal velocity dispersion of C18O,

mi is the mass weight of a C18O molecule which is 30, k is the
Boltzmann constant, and Tkin is the kinetic temperature. Follow-
ing the method of Hacar et al. (2016b), we express the derived
σNT in terms of the H2 sound speed, cs, i.e., the observed Mach
number M = σNT/cs, where cs is derived by adopting a mean
molecular weight of 2.33 (Kauffmann et al. 2008). Although the
dust temperature is found to be 12–15 K in this region according
to the dust temperature map4, gas kinetic temperature is found
be lower than dust temperature in IRDCs (Sokolov et al. 2017;
Wang 2018), which is likely due to the background/foreground
contributions of the dust emission. Thus, we assume a constant
kinetic temperature of 10 K (Benson & Myers 1989) to derive
the H2 sound speed and thermal velocity dispersion, which gives
cs=0.19 km s−1 and σth=0.05 km s−1. Using Equation 1, we ob-
tain the M distribution of the Serpens filament which is dis-
played in Fig. 4d. Except cloud edges and regions where the
three YSOs are located, the filament is found to have a mean
M of <1, which suggests that this filament is a velocity-coherent
and (trans-)sonic filament. If the kinetic temperature were higher
than 10 K, the non-thermal velocity dispersions would become
even lower, so that it still would remain (trans-)sonic. Compared
with other regions in the Serpens cloud (Burleigh et al. 2013;
Dhabal et al. 2018), the Serpens filament has lower non-thermal
velocity dispersions, which makes it one of the most quiescent
regions in the Serpens cloud. The kinematic properties of this fil-
ament are analogous to velocity-coherent fibers in L1495/B213,
NGC 1333, and the Orion integral filament (Hacar et al. 2013,
2017, 2018), the Musca cloud (Hacar et al. 2016b), filaments in
Barnard 5 (Pineda et al. 2011), dense filaments in OMC1 (Mon-
sch et al. 2018), filaments with H2 column densities 6 8 × 1021

cm−2 in nearby molecular clouds (Arzoumanian et al. 2013), and
more distant filaments in IRDCs (Sokolov et al. 2017; Wang
2018). Meanwhile, the Serpens filament, similar to the Musca
cloud, appears to have much less substructure than the other
aforementioned filaments, but this needs to be confirmed with
higher angular resolution observations.

4 http://www.herschel.fr/cea/gouldbelt/en/index.php

3.3. C18O and N2H+ fractional abundances relative to H2

Among all mapped lines, C18O (1–0) and N2H+ (1–0) are likely
optically thin and have significant signal-to-noise ratios, so we
only estimate their fractional abundances relative to H2 in the
Serpens filament. The column densities of C18O and N2H+ are
calculated by assuming optically thin emission and an excita-
tion temperature of 10 K. Under the optical thin assumption,
the different excitation temperatures within the range of 5–15 K
only lead to deviations of <15% in column densities. In order
to match the angular resolution of molecular lines, the Herschel
H2 column density map was convolved to an angular resolution
of 1′ with a Gaussian kernel size of 47.′′2, and then was lin-
early interpolated to the same grid as our molecular line data.
The fractional abundances are directly derived from the ratios
of molecular column densities and H2 column densities. In the
following analysis, only the C18O and N2H+ data with signal-to-
noise ratios higher than 5 are taken into account.

Figure 5a presents a pixel-by-pixel comparison between
C18O column densities and H2 column densities within the H2
column density range of (0.3–1.8)×1022 cm−2. We clearly see
two different groups labeled by different colors where their col-
umn densities are roughly linearly correlated, respectively. The
two groups are found to arise from EX and the Serpens filament
including NW and SE (see Fig. 6a). Figure 5b demonstrates that
the C18O fractional abundances in the Serpens filament tend to
be lower than those in EX. As shown in Figs. 5b and 6a, the C18O
fractional abundances are found to be (0.7–1.5)×10−7 with a me-
dian value of 1.1×10−7 in EX, and (3.4–7.0)×10−8 with a median
value of 5.6×108 in the Serpens filament. The C18O fractional
abundances in the Serpens filament are lower than those in EX
by roughly a factor of 2 (see Fig. 6a), which cannot be explained
by the deviations caused by the different excitation temperatures.
Rather, it is natural to assume that the gas-phase C18O molecules
have frozen out onto dust grain surfaces in cold dense regions
(e.g., Bergin et al. 2002; Bergin & Tafalla 2007). The low C18O
fractional abundances suggest the presence of widespread C18O
depletion throughout the Serpens filament. Meanwhile, such de-
pletion is more significant in higher H2 column density regions
(see Fig. 5b), consistent with the predictions of previous chemi-
cal models (e.g., fig. 3 of Bergin et al. 2002).

Figure 5c shows that the N2H+ column densities are linearly
correlated with H2 column densities with a high Pearson cor-
relation coefficient of 0.86. Figure 5d indicates that the N2H+

fractional abundances tend to increase with increasing H2 col-
umn densities but with a lower Pearson correlation coefficient
of 0.51. The N2H+ fractional abundances also peak in dense re-
gions (see Fig. 6b), better tracing dense cores. This trend is dif-
ferent from that observed for C18O in Fig. 5b. This is mainly
due to selective freeze-out in the sense that C18O molecules are
more easily depleted than N2H+ (Bergin & Tafalla 2007). Mean-
while, N2H+ depletion has also been found in B68 (Bergin et al.
2002), but is not evident in the Serpens filament. This is mainly
due to our lower linear resolution of 0.13 pc versus 0.01 pc in
the case of B68. Within the H2 column density range of (0.8–
1.8)×1022 cm−2, the N2H+ abundances are found to be (0.8–
2.3)×10−10 with a median value of 1.3×10−10.

Figure 5e shows that fractional abundances of C18O and
N2H+ are anti-correlated. This is similar to what has been found
in a sample of low-mass protostellar objects (see fig. 15 of Jør-
gensen et al. (2004)) and caused by the fact that N2H+ ions
are mainly destroyed via the reaction N2H++CO→HCO++N2
(e.g., Mauersberger & Henkel 1991; Jørgensen et al. 2004). Fig-
ure 5f shows that the N2H+/C18O abundance ratios increase with
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increasing H2 column densities, which is also evident in the
N2H+/C18O abundance ratio map (see Fig. 6c). This is due to
the aforementioned selective freeze-out effect that causes C18O
molecules to become more significantly depleted in denser re-
gions, whereas most N2H+ ions remain still in the gas phase.
Meanwhile, the depletion of C18O makes the removal mecha-
nism for N2H+ more inefficient, reinforcing such a trend.

3.4. Widespread HCN (1–0) hyperfine line anomalies

Rotational transitions of HCN exhibit hfs which can be used to
estimate their optical depths from the intensity ratios between
individual components. Under local thermodynamic equilibrium
(LTE) conditions, the ratios R(I[F = 1 − 1]/I[F = 2 − 1]) and
R(I[F = 0 − 1]/I[F = 2 − 1]) (R12 and R02 hereafter) are ex-
pected to be 0.6 < R12 < 1.0 and 0.2 < R02 < 1 for HCN (1–
0), depending on different optical depths (e.g., Loughnane et al.
2012). However, HCN hyperfine line anomalies, in which case
the observed ratios R12 and R02 deviate from the LTE ranges, im-
pair this usefulness of HCN hyperfine lines for optical depth and
thus column density estimates.

Figure 7 shows the integrated intensity maps of the three in-
dividual hfs lines. Surprisingly, the F = 0 − 1 line is found to
be stronger than the F = 2 − 1 line, i.e., R02 > 1, which demon-
strates the presence of HCN (1–0) hyperfine line anomalies. On
the other hand, the obtained R12 values lie in the expected LTE
range. For positions in NW, toward which both the F = 0 − 1
and F = 2 − 1 hfs lines are detected with at least 5σ, R02 ranges
from 0.6 to 1.7. The higher velocity resolution spectrum toward
source A in NW reveals that all three individual hfs components
show self-absorption (see Fig. 3). In SE, the integrated intensi-
ties of the F = 0 − 1 line are higher than those of the F = 2 − 1
line which is barely detected. This clearly shows that the entire
SE region exhibits HCN (1–0) hyperfine line anomalies, even
more pronounced than those in NW. In SE, we can constrain
the lower limits (3σ) to R02 which are found in the range of
∼1.0–2.0 for different pixels. The lower limit of ∼2.0 toward the
F = 0 − 1 peak of SE surpasses all reported R02 values found
in other sources (e.g., Loughnane et al. 2012). Such an extreme
HCN (1–0) hyperfine line anomaly is confirmed by our deeper
integration toward source B (see Fig. 8) which is found to have
a R02 value of ∼2.6.

3.5. Widespread blue-skewed profiles

As shown in Fig. 3, three optically thick lines including HCN (1–
0), HNC (1–0), and CS (2–1) are double-peaked with a stronger
component on the blue-shifted side, while their corresponding
rare isotopologues including H13CN (1–0), HN13C (1–0), and
13CS (2–1) peak at the dips of the self-absorbed lines. Such
blue-skewed profiles are known to be an indication of inward
motions (e.g., Zhou et al. 1993; Myers et al. 1996). Figure 9
presents position-velocity (PV) diagrams across the crest of the
filament in C18O (1–0), HNC (1–0), and CS (2–1). In Fig. 9b,
only a single velocity component is seen in C18O (1–0), confirm-
ing that the Serpens filament is velocity-coherent. In Fig. 9c-9d,
two main velocity components are found in HNC (1–0) and CS
(2–1), while C18O (1–0) lies between the two main velocity com-
ponents. This structure, seen in HNC and CS, is more tentative in
HCN (1–0) (see Fig. B.1a in Appendix B), but this is mainly due
to this line’s coarser spectral resolution (0.21 km s−1). Gener-
ally, the blue-shifted component is stronger than the red-shifted
component in HNC (1–0) and CS (2–1), indicating the pres-

ence of widespread blue-skewed profiles across the filament.
This strongly suggests that the Serpens filament is undergoing
radial gravitational collapse. Our observations demonstrate that
the two velocity components identified in optically thick tracers
can also arise from the same spectral component, so characteris-
ing filaments and their velocity structures in optically thin tracers
is more reliable.

4. Discussion

4.1. The density structure

In order to study the radial column density profile of the Ser-
pens filament, we use the H2 column density maps from the Her-
schel Gould Belt Survey to constrain our physical model of fil-
aments. We first extract the crest of the Serpens filament with
the discrete persistent structure extractor (DisPerSe5) algorithm
(Sousbie 2011). Based on the discrete Morse theory, this algo-
rithm can be used to extract filamentary structures in 2D and
3D datasets. The extracted skeletons are representive of the crest
of the filaments. There are two important parameters, the per-
sistence and robustness thresholds, in this algorithm. The per-
sistence threshold describes the column density difference of a
pair of critical points where the gradient is null. This value is
set to be 4.0×1020 cm−2 to isolate the filamentary structure. The
robustness threshold is defined as a local measure of how con-
trasted the critical points and filaments are with respect to their
background. The robustness threshold is set to be 6×1021 cm−2.
In order to make the structure as long as possible, we also as-
semble pieces of filaments that form an angle smaller than 70◦.
These parameters are adopted to identify the skeleton in the H2
column density map without smoothing. Since we are only in-
terested in the dense crest of the Serpens filament, the structures
with column densities lower than 1×1022 cm−2 were trimmed
to better visualize its crest. The resulting crest is shown as the
blue line in Fig. 10a. The spatial separation between every pixel
and the crest is calculated as the radial distance. The width in
NW is apparently broader than in SE, which is because NW is
likely affected by the feedback of the three YSOs. SE is more
pristine, so SE is used to derive the radial H2 column density
profile here. The radial column density profile of this filament is
estimated within the white box in Fig. 10a. The western part is
contaminated by the emission of EX, leading to the asymmetry
of the radial column density profile in Figs. 10b and 10c. In or-
der to avoid the errors caused by the contamination, we employ
Gaussian functions to only fit the eastern part of SE. The fitted
FWHM width is 0.19±0.01 pc, corresponding to a deconvolved
width of 0.17±0.01 pc. Assuming a cylindrical geometry with a
radius of 0.17 pc and a length of 1.6 pc, we estimate the average
number density to be about 6.5×103 cm−3.

Based on theoretical predictions of infinitely-long filaments
(e.g., Ostriker 1964; Arzoumanian et al. 2011a; Kainulainen
et al. 2016), their radial column density profiles can be expressed
in a Plummer-like function as

N(r) = Ap
nc
√

8r0

(1 + ( r√
8r0

)2)(p−1)/2
, (2)

where Ap =
1

cos(α)

∫ ∞
∞

du
(1+u2)p/2 where the inclination, α, is set to 0

here, nc is the number density at the center of the filament, r0 is
the scale radius. We note that the so-called characteristic radius,
Rflat, is also used in previous studies (e.g., Arzoumanian et al.

5 http://www2.iap.fr/users/sousbie/web/html/indexd41d.html?
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2011a). According to their definitions, Rflat is simply
√

8 times
r0, i.e., Rflat =

√
8r0. During the fitting process, we first convolve

Eq. (2) with a Gaussian function with a FWHM of 37′′ (∼0.08
pc) to take the contribution of the beam into account. In the fit-
ting processes, the modeled p varies from 1.0 to 4.0 with a step
size of 0.1, the modeled nc varies from 1×103 to 1×105 cm−3

with a step size of 1×103 cm−3, and the modeled r0 varies from
0.001 to 0.030 pc with a step of 0.001 pc. The goodness of the fit
is estimated from the chi-square (χ2) analysis, and we minimize
χ2 between data points and models. Figure 10c gives the best
fits to the observed radial column density of the regions East and
West of the crest lines (as defined by the rectangles in Fig. 10a)
within a radius range of r < 0.2 pc, respectively. The best fit
to the East leads to p =2.2±0.1, nc = (4.0 ± 0.8) × 104 cm−3,
and r0 = 0.018 ± 0.003 pc, while the best fit to the West re-
sults in p =2.0±0.3, nc = (2.5 ± 1.8) × 104 cm−3, and r0 =

0.023 ± 0.011 pc. The given errors are the one-sigma uncertain-
ties of the fit. Since the asymmetry of the radial column den-
sity profile is likely due to the contamination by EX, only the
derived parameters of the East are used for the following dis-
cussions. When adopting different inclinations, nc changes by
a factor of 1/cos(α). On the other hand, the p value is depen-
dent on the selected radius range. When the range extends out to
0.25 pc toward the East, this leads to a much higher χ2, e.g., a
poorer fit. On the other hand, the derived p value (2.2±0.1) of the
East indicates that the profile is similar those found in IC 5146
(p ∼2, Arzoumanian et al. 2011a) and other filaments in nearby
molecular clouds (see Table 3), but is shallower than that of
an isolated isothermal filament in hydrostatic equilibrium (p=4,
Ostriker 1964). Comparing other filaments in nearby molecu-
lar clouds (see Table 3), the physical properties of the Serpens
filament are similar to those of Musca. At larger radial range
(r &0.2 pc), the observed radial column density profiles of both
the East and West significantly deviate from the Plummer-like
function. When fitting the tail within the radial range of 0.2–0.35
pc with a power law, the H2 column density is found to decrease
as NH2 ∼ r−0.3 in the East profile and NH2 ∼ r−0.5 in the West
profile. At a radial range of >0.35 pc, the column densities of
both the East and West stay nearly constant with mean values of
2.7×1021 cm−2 and 5.1×1021 cm−2, respectively.

Figure 11b shows the column density profile along the crest
of the Serpens filament. There are only three maxima across the
∼1.5 pc long crest in this profile. In addition, this filament ap-
pears to have a separation at a projected scale of ∼0.85 pc indi-
cated by the orange line in Fig. 11b, while a smaller separation
at a projected scale of ∼0.26 pc is found in NW (indicated by
the red line in Fig. 11b). Since little is known about the incli-
nation, we should keep in mind that these scales can only be
taken as lower limits. The larger separation of ∼0.85 pc is nearly
5 times the fitted FWHM width of the filament derived above.
This is roughly consistent with the prediction that fragmentation
is expected with separations of about four times the diameter
of the filament in equilibrium or a dynamical system with the
observed line mass (mass per unit length) close to the critical
line mass (Chandrasekhar & Fermi 1953; Larson 1985; Inutsuka
& Miyama 1992). On the other hand, the smaller separation of
∼0.26 pc in NW is close to the thermal Jeans length (∼0.26 pc)
of a spherical cloud (Jeans 1902) by assuming a number den-
sity of 6.5×103 cm−3 averaged over the the entire length of the
filament and a kinetic temperature of 10 K. Alternatively, the
smaller separation is also possibly caused by the feedback of
emb28 which is observed at the dip of the H2 column density
profile (see Fig. 11b).

4.2. Gravitational collapse observed in a (trans-)sonic
filament

The stability of the Serpens filament can be assessed by compar-
ing the observed line mass, Ml, with the critical line mass, Ml,crit,
predicted by theoretical models. Based on the H2 column density
map from the Herschel Gould Belt Survey, we calculate the mass
of the Serpens filament by integrating the column densities in-
side the contour of NH2 = {6, 8, 10}×1021 cm−2 (see Fig. 10a for
the contours). The resulting total mass is {66, 50, 36} M⊙ within
a length of {1.6, 1.3, 1.0} pc, which gives a line mass, Ml, of {41,
38, 36} M⊙ pc−1. Note that these values are about three times
as high as 13 M⊙ pc−1 reported by Roccatagliata et al. (2015),
in which the number of bands, dust spectral indices, and color
corrections adopted for SED fitting and the H2 column density
map is different from that of the Herschel GB team (Könyves
et al. 2015; Fiorellino et al. 2017). Detailed discussions about
the differences are presented in Appendix C. The H2 column
density map derived by the Herschel GB team is more appro-
priate and therefore used for this work. The critical line mass of
an infinite filament in hydrostatic equilibrium is expected to be

ml,crit =
2σ2

eff
G (e.g., Ostriker 1964; Inutsuka & Miyama 1992).

When σeff is taken to be the sound speed, i.e. gravity is only bal-
anced by thermal support, the critical line mass is 8–17 M⊙ pc−1

at a kinetic temperature of 5–10 K. As pointed out by previous
studies (e.g., Hacar et al. 2017), the calculation of ml,crit should
include the contribution from non-thermal motions in practice.
When the equilibrium is achieved by the support from both the
thermal and non-thermal motions, σeff should be taken to be the
total velocity dispersion, σt, which can be calculated from the
equation below:

σt =

√

σ2
obs + c2

s − σ2
th , (3)

where σobs is the observed velocity dispersion. Because SE is
more pristine, the properties of SE are more representive of the
initial conditions. σobs is thus taken to be the median velocity
dispersion (0.20 km s−1) of SE. This leads to a critical line mass
of 25–34 M⊙ pc−1 within a kinetic temperature range of 5–10 K.
The observed line mass appears to be higher than the critical line
mass, but does not exceed the critical value greatly, suggesting
that the Serpens filament is slightly supercritical.

As predicted previously by theoretical models (e.g., Inut-
suka & Miyama 1992), such slightly supercritical infinite fila-
ments are able to collapse. Due to the gravitational focusing ef-
fect (Burkert & Hartmann 2004; Pon et al. 2011; Li et al. 2016a),
finite filaments are more prone to collapse at the ends of a fila-
ment even when such filaments are subcritical. Blue-skewed line
profiles are known to be a signature of infall motions (e.g., Zhou
et al. 1993; Myers et al. 1996; Wyrowski et al. 2016). Recently,
Mullins et al. (2016) pointed out that HCN (1–0) hyperfine line
anomalies could also be ascribable to gravitational infall. The
observed widespread blue-skewed line profiles and HCN (1–0)
hyperfine line anomalies across the Serpens filament suggest that
the filament is undergoing radial (i.e., perpendicular to the major
axis) collapse. Therefore, our observations indicate that such ra-
dial collapse is present in a (trans-)sonic filament. Such collapse
has been observed in other supersonic filaments (e.g., Schneider
et al. 2010; Kirk et al. 2013), but evidence for radial collapse in
a (trans-)sonic filament like the Serpens filament remains sparse.
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4.3. The radial collapse

Due to the greater gravitational potential in the central filament,
ambient molecular material will collapse onto the center of the
filament. As pointed out by previous studies (e.g., Kirk et al.
2013), the infall rate, Ṁ⊥, can be estimated with

Ṁ⊥ =
23iM

rcos(α)
, (4)

where 3i is the infall velocity, M is the mass of the filament, r
is the radius of the filament, and α is the inclination which is
used to correct projection effects. In order to estimate the infall
velocity, we use the Hill5 model (De Vries & Myers 2005) in
the pyspeckit package (Ginsburg & Mirocha 2011). The Hill5
model employs an excitation temperature profile increasing lin-
early toward the center, rather than the two-slab model of Myers
et al. (1996), so the Hill5 model is thought to provide a better fit
of infall motions (De Vries & Myers 2005). In the Hill5 model,
five physical parameters, including the opacity, τ0, the systemic
LSR velocity, 3s, the infall velocity, 3i, the velocity dispersion,
σ0, and the peak excitation temperature, Te, can be fitted. As
shown in Figs. 3 and 9, both HNC (1–0) and CS (2–1) display
widespread blue-skewed profiles, and are thus used as an input in
the Hill5 model. Spectra in NW and SE are averaged to improve
the signal-to-noise ratios, and the averaged spectra are fitted with
the Hill5 model to derive the infall velocity. The fitted results are
shown in Fig. 12 and given in Table 4. These results suggest that
both CS (2–1) and HNC (1–0) have high opacities (τ0 > 1). The
fitted LSR velocities and velocity dispersions and the values de-
rived from C18O (1–0) agree within 0.1 km s−1. The fitted infall
velocities of NW and SE are found to be 0.05 to 0.13 km s−1 with
an average value of 0.09 km s−1. The fitted peak excitation tem-
peratures are very low, i.e., Te ∼ 5 K. Meanwhile, the HNC (1–0)
and CS (2–1) spectra of source A are also fitted with the Hill5
model, and the results are shown in Fig. 3. The fitted parameters
are consistent with the values derived with the average spectra.

Assuming that the whole filament is collapsing with a mean
infall velocity of 0.09 km s−1, we estimate its infall rate to be
72 M⊙ Myr−1 with Equation 4 when the inclination is set to be
0◦. This infall rate is likely to be lower than what is found in
Serpens South (130 M⊙ Myr−1 under the same assumption, Kirk
et al. 2013) and in the much more massive DR21 filament (a
few 103 M⊙ Myr−1, Schneider et al. 2010). We also note that
the derived infall rate onto the filament is a lower limit, because
cos(α) is very likely to be < 1 in reality. With this current infall
rate, it needs about 0.9 Myr to double the mass of the Serpens
filament. This timescale is comparable to the age (∼1 Myr) to
form class I YSOs (Evans et al. 2009) which are found in the
filament. On the other hand, this timescale is roughly twice the

free-fall time (τff =
√

3π
32Gρ

= 3.8 × 105 yr) at an average num-

ber density of 6.5×103 cm−3. The low rate could be due to its
relatively early evolutionary stage. This is also supported by the
derived infall velocities which are less than 10% of the free-fall
velocity (3ff =

√
2GM/r ∼ 1.8 km s−1). As pointed out by Tan

et al. (2014), such a low infall velocity indicates that collapse has
just begun. Alternatively, both thermal and non-thermal support
are effective in providing support against gravity, leading to the
low rate.

The mass (36–66 M⊙) of the Serpens filament is similar to
that (52 M⊙) of the Serpens South filament (Kirk et al. 2013),
but the radial column density profile is different for the two fila-
ments. The Serpens filament has 10 times lower central density
and 3 times higher scale radius than the Serpens South filament.

As collapse goes on, the central density will become higher and
the scale radius will become smaller (e.g., Inutsuka & Miyama
1992). This suggests that the Serpens filament may lie at an ear-
lier evolutionary stage, prior to the Serpens South filament. This
is reinforced by the fact that the Serpens filament contains less
YSOs.

4.4. The longitudinal collapse

Accretion flows along filaments are important for the growth
of dense cores and protostars. A few observational studies in-
dicate that there are accretion flows along the filaments’ long
axis to feed nascent stars or the dense cores (e.g., Kirk et al.
2013; Peretto et al. 2014; Liu et al. 2015; Yuan et al. 2018; Lu
et al. 2018). As described in Sect. 3.2 (see also Fig. 4b), veloc-
ity gradients, ∇3‖, are also observed along the filament’s long
axis, which could be due to such accretion flows. The accretion
rate along the filament, Ṁ‖, can be estimated with the following
equation (Kirk et al. 2013),

Ṁ‖ =
∇3‖M
tan(α)

. (5)

As mentioned in Sect. 3.2, ∇3‖,1, ∇3‖,2, ∇3‖,3, and ∇3‖,4 are
0.40±0.05, 0.30±0.09, 0.53±0.06, and 0.55±0.14 km s−1 pc−1.
The regions showing the four velocity gradients are found to
have masses of ∼20 M⊙, ∼10 M⊙, ∼18 M⊙, and ∼16 M⊙ accord-
ing to the H2 column densities derived from dust emission (see
Fig. 10a). Assuming an inclination of 45◦, we estimate the accre-
tion rates to be ∼8 M⊙ Myr−1, ∼3 M⊙ Myr−1, ∼10 M⊙ Myr−1, and
∼9 M⊙ Myr−1. These values are lower than all reported accretion
rates (&50 M⊙ Myr−1) along filaments under the same assump-
tion of an inclination of 45◦ (Kirk et al. 2013; Yuan et al. 2018;
Lu et al. 2018). If these low values are due to the earlier evolu-
tionary stage of the Serpens filament, this may indicate that gas
accretion can be accelerated during its evolution. The accretion
rate per unit length, Ṁ‖/L, is found to be ∼20 M⊙ Myr−1 pc−1,
which is also lower than that (∼90 M⊙ Myr−1 pc−1) of Serpens
South (see Table 3). The low values of Ṁ‖ and Ṁ‖/L may be the
reason why star formation in the Serpens filament is not as active
as that in Serpens South.

As shown in Figs. 4b and 11c, the two velocity gradients
∇3‖,1 and ∇3‖,2 converge to source B in SE, while the other two
velocity gradients ∇3‖,3 and ∇3‖,4 converge to emb28 in NW. Fur-
thermore, the two velocity converging positions roughly coin-
cide with the enhancements of H2 column densities in Fig. 11b.
In addition, the velocities change as nearly a linear function of
offsets from the two converging positions (indicated by the ar-
rows in Fig. 11c), which is roughly consistent with the velocity
profiles expected in homologous free-fall collapse of filaments
(see fig. 5 of Peretto et al. (2007), fig. 5 of Peretto et al. (2014),
and fig. 1 of Myers (2005)). This suggests that such accretion
flows are likely due to the longitudinal collapse of the Serpens
filament. Toward the velocity converging place in NW, the line
widths are apparently higher (see Fig. 11d), which may also re-
sult from the collision of the longitudinal collapsing gas indi-
cated by arrows in Fig. 4b or the feedback of the YSOs. Together
with the velocity gradients perpendicular to the filament’s long
axis and the widespread blue-skewed profiles (see Sect. 3.2 and
4.3), this implies that radial and longitudinal collapse occur hand
in hand in the Serpens filament.
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5. Summary and conclusion

We have mapped the Serpens filament (one of the nearest in-
frared dark clouds) in 7 different species (C18O, HCO+, HNC,
HCN, N2H+, CS, and CH3OH) near λ =3 mm with the PMO-
13.7 m telescope, and have studied its physical properties and
dynamical state. The main results include:

1. Among the 7 species, HCO+, HNC, HCN, CS are found to
show self-absorption, while C18O is most sensitive to the fil-
amentary structure. Based on the C18O data, the Serpens fil-
ament is found to be a velocity-coherent (trans-)sonic fila-
ment which is one of the most quiescent regions in the Ser-
pens cloud. Widespread C18O depletion is found throughout
the Serpens filament where the C18O fractional abundances
are (3.4–7.0)×10−8, lower than those in ambient regions by
a factor of ∼2. N2H+ has fractional abundances of (0.8–
2.3)×10−10. The N2H+/C18O abundance ratios are found to
increase with increasing H2 column densities, suggesting
that N2H+ is less depleted than C18O in dense regions. Fur-
thermore, blue-skewed HNC and CS line profiles and HCN
hyperfine line anomalies are widespread across this filament.

2. The filament has a total gas mass of ∼66 M⊙ within a length
of ∼1.6 pc, and its FWHM width is 0.17±0.01 pc. The ra-
dial column density profile is asymmetric in the Serpens fil-
ament. Within a radius range of <0.2 pc, the radial H2 col-
umn density profile is well described as a Plummer-like pro-
file. Our fit leads to an exponent (p) of 2.2±0.1, scale ra-
dius (r0) of 0.018 ± 0.003 pc, and central density (nc) of
(4.0 ± 0.8) × 104 cm−3 for the East profile which is simi-
lar to Musca but shallower than that of an infinite hydrostatic
filament. In the outer part (r >0.2 pc), the H2 column den-
sities fall as a power-law profile to a nearly constant column
density. The column density profile across the filament crest
presents two characteristic fragmentation scales of ∼0.85 pc
and ∼0.26 pc. The former roughly agrees with the filament
fragmentation scale, while the later could be due to the ther-
mal Jeans instability or the feedback of young stellar objects.

3. The Serpens filament is found to be slightly supercritical
with an observed line mass (mass per unit length) of 36–
41 M⊙ pc−1. The widespread blue-skewed HNC and CS line
profiles and HCN hyperfine line anomalies across this fila-
ment imply that radial collapse is present in a (trans-)sonic
filament. This is consistent with the theoretical prediction
that slightly supercritical filaments are prone to collapse.

4. Based on the HNC and CS blue-skewed profiles, the ra-
dial infall velocities of the Serpens filament are found to be
less than 10% of the free-fall velocity, and the resulting in-
fall rate of radial collapse is found to be ∼72 M⊙ Myr−1,
which implies that it needs about 0.9 Myr (roughly twice the
free-fall time) to double the mass of the Serpens filament.
The timescale is also comparable to the age (∼1 Myr) to
form class I young stellar objects. C18O velocity gradients
along the filament’s long axis are indicative of gas accre-
tion within this filament. This leads to an accretion rate of
∼10 M⊙ Myr−1 along this filament. Its velocity and density
structures support that such accretion flows are likely due
to the filament’s longitudinal collapse. Both the infall rate
and the accretion rate along the Serpens filament are lower
than all previously reported values in other filaments. This
indicates that the Serpens filament lies at an early evolu-
tionary stage when collapse has just begun, or that thermal
and non-thermal support are effective in providing support
against gravity.

ACKNOWLEDGMENTS

We appreciate the assistance of the PMO-13.7 m staff during
the observations. We are grateful to the FFTS team who made
the special 200 MHz FFTS mode available to the community.
Y. Gong also acknowledges the organizers of the treasure hunt
around Yardangs in the Tsaidam Desert which triggers the idea
of this paper. Stefano Pezzuto is acknowledged for providing
information on the H2 column density map. Shaobo Zhang is
acknowledged for providing his AICer6 plotting code. Xing Lu
is acknowledged for introducing the pyspeckit package. This
work was supported by the National Key Research & Devel-
opment Program of China under grant 2017YFA0402702, the
National Natural Science Foundation of China (NSFC) under
grant 11127903, and the Chinese Academy of Sciences under
grant QYZDJ-SSW-SLH047. J.X.S. was supported by NSFC un-
der grant U1531103. This publication makes use of data prod-
ucts from the Wide-field Infrared Survey Explorer, which is a
joint project of the University of California, Los Angeles, and
the Jet Propulsion Laboratory/California Institute of Technology,
funded by the National Aeronautics and Space Administration.
This research has made use of data from the Herschel Gould
Belt survey (HGBS) project (http://gouldbelt-herschel.cea.fr).
This research made use of NASA’s Astrophysics Data System.
This research made use of Astropy, a community-developed core
Python package for Astronomy (Astropy Collaboration et al.
2013). The authors thank the anonymous referee for useful com-
ments on the manuscript.

6 https://github.com/shbzhang/aicer

Article number, page 8 of 22



Y. Gong et al.: The Serpens filament: at the onset of slightly supercritical collapse

Table 1. Observed parameters of the molecular lines used in the work.

Line Frequency Eu/k Beff δ3 δν σ obs.Mode
(GHz) (K) (km s−1) (kHz) (K)

(1) (2) (3) (4) (5) (6) (7) (8)
The Serpens filament

C18O (1–0) 109.78217 5.0 55.5% 0.04 12.2 0.27 mapping
HCO+ (1–0) 89.18852 4.3 56.8% 0.21 61 0.07 mapping
HCN (1–0) 88.63185 4.3 56.8% 0.21 61 0.07 mapping
N2H+ (1–0) 93173.76 4.5 61.9% 0.04 12.2 0.20 mapping

CS (2–1) 97.98095 7.1 60.6% 0.04 12.2 0.13 mapping
HNC (1–0) 90.66357 4.4 57.0% 0.04 12.2 0.16 mapping

CH3OH (JK=20–10 A+) 96.74138 7.0 63.4% 0.19 61 0.07 mapping
CH3OH (JK=2−1–1−1 E) 96.73936 12.5 63.4% 0.19 61 0.07 mapping

Source A: (αJ2000=18h28m47.s62, δJ2000=00◦50′55.′′8)
HCN (1–0) 88.63185 4.3 56.8% 0.04 12.2 0.06 pointing

H13CO+ (1–0) 86.75429 4.2 56.7% 0.21 61 0.02 pointing
H13CN (1–0) 86.34018 4.1 56.7% 0.21 61 0.02 pointing
HN13C (1–0) 87.09085 4.2 56.7% 0.21 61 0.02 pointing

13CS (2–1) 92.49426 6.7 61.9% 0.20 61 0.02 pointing
CCS (JN=87–76) 93.87011 19.9 61.9% 0.19 61 0.04 pointing

Source B: (αJ2000=18h28m57.s70, δJ2000=00◦48′02.′′0)
HCN (1–0) 88.63185 4.3 56.8% 0.04 12.2 0.06 pointing

Notes. (1) The observed transition. (2) The rest frequency of the observed transition. (3) The upper energy of the observed transition. (4) The main
beam efficiency. (5) The channel width in units of km s−1. (6) The channel width in units of kHz. (7) The rms noise level. (8) The obsevering mode.

Table 2. Observed and physical properties of source A.

Line 3LSR ∆3
∫

Tmbd3 Nmol

(km s−1) (km s−1) (K km s−1) (cm−2)
(1) (2) (3) (4)

C18O (1–0) 8.11±0.01 0.53±0.01 1.14±0.06 (5.9±0.3)×1014

N2H+ (1–0) 8.06±0.12 0.45±0.12 1.29±0.09 (3.1±0.2)×1012

HCO+ (1–0) ... ... <0.32 ...
H13CO+ (1–0) 8.20±0.21 0.70±0.20 0.42±0.01 (2.5±0.1)×1011

HCN (1–0) ... ... 0.31±0.02 >1.1×1012

H13CN (1–0) 8.04±0.21 0.50±0.21 0.11±0.01 (4.0±0.4)×1011

HNC (1–0) ... ... 1.33±0.05 >2.4×1012

HN13C (1–0) 8.09±0.21 0.77±0.21 0.47±0.01 (1.1±0.2)×1012

CS (2–1) ... ... 0.57±0.04 >2.6×1012

13CS (2–1) 8.18±0.20 0.69±0.20 0.05±0.01 (2.5±0.5)×1011

CCS (JN=87–76) 8.47±0.19 0.52±0.19 0.13±0.02 (2.0±0.3)×1012

CH3OH (JK=20–10 A+) 8.28±0.19 0.57±0.19 0.26±0.03 (1.5±0.2)×1013

CH3OH (JK=2−1–1−1 E) 8.23±0.19 0.54±0.19 0.15±0.03 (8.8±0.2)×1012

Notes. (1) The LSR velocity. (2) The FWHM line width. (3) The integrated intensity. For N2H+ (1–0), the integrated velocity range is 5–11 km s−1.
For HCO+ (1–0), HCN (1–0), HNC (1–0), and CS (2–1), the integrated velocity range is 7–9 km s−1. 3σ is taken as the upper limit of the HCO+

(1–0) integrated intensity. (4) The beam-averaged molecular column density is calculated by assuming optically thin emission and an excitation
temperature of 10 K. Since HCN (1–0), HNC (1–0), and CS (2–1) suffer from self-absorption, their derived column densities can only be used as
lower limits.

Table 3. A comparison between the Serpens filament and other filaments in nearby clouds.

The Plummer profile
Filaments length width(1) Ml p nc r0 Ṁ⊥ Ṁ‖ Ṁ‖/L ref.

(pc) (pc) (M⊙ pc−1) (cm−4) (pc) (M⊙ Myr−1) (M⊙ Myr−1) (M⊙ Myr−1 pc−1)
The Serpens filament 1.6±0.1 0.17±0.01 41±5 2.2±0.1 (4.0±0.8)×104 0.018±0.003 ∼72 ∼10 ∼20 This paper

Serpens South(2) 0.53 0.13 97 1.9±0.2 (3.6±2.2)×105 0.004±0.002 ∼ 208 ∼45 ∼90 Kirk et al. (2013)
Musca 6.5 0.07 21–31 2.6±0.3 (5–10)×104 0.016±0.005 Kainulainen et al. (2016)
TMC-1 0.6 0.12 90 2.27 7.0×104 0.015 Malinen et al. (2012)

filaments in IC5146 0.06–0.18 1–152 1.3–2.4 0.004–0.028 Arzoumanian et al. (2011b)
F2 in OMC1 0.45 0.02±0.008 5.1±1 0.004±0.001 Monsch et al. (2018)

Notes. (1) The FWHM width. (2) Scaled to a distance of 415 pc.
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Table 4. The fitted parameters of the Hill5 model for the average spectra and source A.

Line τ0 3s 3i δ0 Te

(km s−1) (km s−1) (K km s−1) (K)
(1) (2) (3) (4) (5) (6)

The average spectra centered at an offset of (−40′′, 40′′) in Fig. 2
HNC (1–0) 3.77±2.55 8.09±0.10 0.13±0.15 0.29±0.07 5.29±0.79
CS (2–1) 3.31±4.38 8.05±0.14 0.10±0.22 0.20±0.10 4.36±0.93

The average spectra centered at an offset of (100′′, −120′′) in Fig. 2
HNC (1–0) 4.72±4.94 8.30±0.14 0.09±0.19 0.28±0.10 4.49±0.85
CS (2–1) 2.11±4.71 8.21±0.15 0.05±0.29 0.17±0.13 4.24±0.84

Source A
HNC (1–0) 3.83±2.41 8.11±0.09 0.10±0.13 0.29±0.06 5.56±0.79
CS (2–1) 3.90±4.69 8.05±0.11 0.05±0.16 0.21±0.09 4.56±0.92

Notes. (1) The used transition. (2) The fitted opacity. (3) The fitted systemic LSR velocity. (4) The fitted infall velocity. (5) The fitted velocity
dispersion. (6) The fitted peak excitation temperature.

Fig. 1. (a) The WISE 11.2 µm image of the Serpens filament which shows up in absorption. (b) The Herschel 250 µm image of the Serpens
filament. The contours start at 0.5 Jy beam−1, and increase by 0.5 Jy beam−1. In both panels, the three blue circles mark the three embedded YSOs,
emb10, emb16, and emb28 (Enoch et al. 2009), while the white and cyan circles give the selected positions of Source A and Source B (see Sect. 2.1
and Table 1). The beam size is shown in the lower right of each panel.
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Y. Gong et al.: The Serpens filament: at the onset of slightly supercritical collapse

Fig. 2. Spatial distributions of different molecular species, labeled in the lower right of each panel, over the Serpens filament. (a) The Herschel H2

column density image. The contours are H2 column densities of 4×1021 cm−2 and 6×1021 cm−2. This region is divided by the two white dashed
lines into three individual regions which are labelled as NW (northwest), SE (southeast), and EX (extended). (b) The C18O (1–0) intensity map
integrated from 7.4 to 8.7 km s−1. The contours start at 0.30 K km s−1 (5σ), and increase by 0.18 K km s−1 (3σ). (c) The HCO+ (1–0) intensity
map integrated from 6.5 to 9.5 km s−1. The contours start at 0.27 K km s−1, and increase by 0.27 K km s−1. (d) The HNC (1–0) intensity map
integrated from 7.0 to 9.0 km s−1. The contours start at 0.24 K km s−1, and increase by 0.24 K km s−1. (e) The HCN (1–0) intensity map integrated
from 0 to 1.6 km s−1, from 7.0 to 8.6 km s−1, and from 11.8 to 13.4 km s−1relative to the frequency of the F=2–1 hyperfine structure component.
The contours start at 0.27 K km s−1, and increase by 0.27 K km s−1. (f) The N2H+ (1–0) intensity map integrated from 6.5 to 9.5 km s−1. The
contours start at 0.30 K km s−1, and increase by 0.30 K km s−1. (g) The CS (2–1) intensity map integrated from 7.0 to 9.5 km s−1. The contours
start at 0.18 K km s−1, and increase by 0.18 K km s−1. (h) The CH3OH (20–10) intensity map integrated from 7.5 to 8.8 km s−1. The contours start
at 0.12 K km s−1, and increase by 0.12 K km s−1. In all panels, the (0, 0) offset corresponds to αJ2000=18h28m49.s642, δJ2000=00◦50′01.′′08, and the
three blue crosses give the positions of the three embedded YSOs (see also Fig. 1). The beam size is shown in the lower right of each panel.

Article number, page 11 of 22



A&A proofs: manuscript no. absfil

Fig. 3. Single-pixel spectra (black lines) of all detected molecules toward Source A. Species are given in the upper left of each panel. In all panels,
the vertical blue dashed lines represent the systemic velocity obtained from C18O (1–0). Single-peaked spectra are modeled with a Gaussian fit.
The blue-skewed line profiles of CS (2–1), HCN (1–0), and HNC (1–0) are fitted with the Hill5 model (De Vries & Myers 2005). For H13CN
(1–0) and N2H+ (1–0), the spectra are fitted with the hyperfine structure fitting subroutine in GILDAS. All fitted results are shown in red lines. The
velocities of the N2H+ (1–0) hyperfine structure components are indicated by vertical red lines. In the CH3OH panel where the velocity is given
with respect to the rest frequency (96.74138 GHz) of CH3OH (20 −10 A+), the CH3OH triplet around 96.74 GHz is also indicated by three vertical
red lines.
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Y. Gong et al.: The Serpens filament: at the onset of slightly supercritical collapse

Fig. 4. Maps of peak intensities (Fig. 4a), LSR velocities (Fig. 4b), line widths (Fig. 4c), and Mach numbers (Fig. 4d) derived from single-
component Gaussian fits to our C18O (1–0) data. The color bars represent main beam brightness temperatures in units of K in Fig. 4a, LSR
velocities in units of km s−1 in Fig. 4b, and line widths in units of km s−1 in Fig. 4c. Velocity gradients along the filament and perpendicular to the
filament are indicated by the black and red arrows in Fig. 4b, respectively. In all panels, the (0, 0) offset corresponds to αJ2000=18h28m49.s642,
δJ2000=00◦50′01.′′08, and the three black crosses give the positions of the three embedded YSOs (see Fig. 1). The mean uncertainties in derived
peak intensities, LSR velocities, line widths, and Mach numbers are 0.19 K, 0.02 km s−1, 0.06 km s−1, and 0.1, respectively. The beam size is
shown in the lower right of each panel.
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Fig. 5. (a) C18O column densities as a function of H2 column densities. (b) C18O fractional abundances as a function of H2 column densities. (c)
Similar to Fig. 5a but for N2H+ column densities. (d) Similar to Fig. 5b but for N2H+ fractional abundances. (e) C18O fractional abundances as
a function of N2H+ fractional abundances. (f) The N2H+/C18O abundance ratios as a function of H2 column densities. In all panels, the values of
NW, SE, and EX are marked with red, green and blue symbols, respectively. In Figs. 5c–5f, only data from NW and SE, but not from EX, are
presented.
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Y. Gong et al.: The Serpens filament: at the onset of slightly supercritical collapse

Fig. 6. The distributions of C18O (Fig. 6a) fractional abundances, N2H+ fractional abundances (Fig. 6b), and N2H+/C18O abundance ratios (Fig. 6c).
The (0, 0) offset corresponds to αJ2000=18h28m49.s642, δJ2000=00◦50′01.′′08. The beam size is shown in the lower right of each panel.

Fig. 7. HCN (1–0) intensity maps of the Serpens filament integrated from 0.0 to 1.6 km s−1 (Fig. 7a), integrated from 7.0 to 8.6 km s−1 (Fig. 7b),
and integrated from 11.7 to 13.6 km s−1 (Fig. 7c) with respect to the frequency of the F =2–1 hyperfine structure component. The three ranges
correspond to the F = 0 − 1, F = 2 − 1, and F = 1 − 1 hyperfine structure components, respectively. The color bar represents the integrated
intensities in units of K km s−1. In all panels, the overlaid black contours denote H2 column densities of 6×1021 cm−2, while the two open circles
give the observed positions of sources A and B. In all panels, the (0, 0) offset corresponds to αJ2000=18h28m49.s642, δJ2000=00◦50′01.′′08. The beam
size is shown in the lower right of each panel.
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Fig. 8. The observed HCN (1–0) hyperfine line anomaly (black lines) toward Source B. The three hyperfine structure components are indicated by
vertical red lines.
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Y. Gong et al.: The Serpens filament: at the onset of slightly supercritical collapse

Fig. 9. (a) The C18O (1–0) integrated intensity map similar to Fig. 2b but overlaid with a PV cut indicated by the white dashed line. (b) The PV
diagram of C18O (1–0) along the PV cut in Fig. 9a. The channel width of C18O (1–0) spectra has been binned to 0.1 km s−1 to achieve a higher
dynamical range. (c) Similar to Fig. 9b but for HNC (1–0). (d) Similar to Fig. 9b but for CS (2–1). In Fig. 9b–d, the color bars represent main
beam brightness temperatures in units of K, and the black contours represent the C18O (1–0) emission starting at 1.5 K (5σ) with increments of
0.9 K (3σ). The offsets are given with respect to the center of the PV cut (αJ2000 =18h28m50.s865, δJ2000 =00◦50′21.′′799, also indicated by the
white filled circle in Fig. 9a), and increase from southeast to northwest. The resolution element is shown in the lower right of each panel.
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Fig. 10. (a) The H2 column density image of the Serpens filament obtained from the Herschel Gould belt survey. The contours correspond to
column densities of 6×1021 cm−2, 8×1021 cm−2, and 1×1022 cm−2. The extracted crest of the Serpens filament is marked with the blue line. The
emission within the white box is used to derive the radial profile of H2 column density. The three black crosses give the positions of the three
embedded YSOs. The beam size is shown in the lower right of this panel. (b) The mean radial profile of H2 column densities within the white box
in Fig. 10a. The offsets increase from east to west. A Gaussian fit is indicated by the red line. (c) The mean radial H2 column density profile on
the west (yellow) and east (orange) sides of the crest. The red and blue dashed lines represent Plummer-like fits to the east and west (see Fig. 10a)
within a radius range of <0.2 pc, while the cyan and black lines represent the beam-convolved radial profile of Musca-West (Kainulainen et al.
2016) and the Serpens South filament (Kirk et al. 2013). In both Figs. 10a and 10b. The beam size is shown by the brown line.
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Fig. 11. (a) The LSR velocity map similar to Fig. 4b but overlaid with the H2 column density contours which represent 4×1021 cm−2 and
6×1021 cm−2. Source B is marked with the red circle, and the three black crosses give the positions of the three embedded YSOs, i.e., em10,
em28, and em16. (b) The column density profile along the crest of the Serpens filament indicated by the blue line in Fig. 11a. The spatial resolu-
tion is ∼0.08 pc. The offset increases from south to north. The red line represents a sinusoidal fit to the profile within the offset range of 1.0–1.4
pc. A sinusoidal orange line is created to better visualize the variation at a large scale. (c) Similar to Fig. 11b but for the C18O (1–0) velocity. The
four red arrows correspond to the velocity gradients in Fig. 4b, indicated there by black arrows. (d) Similar to Fig. 11c but for the C18O (1–0) line
widths. In Figs. 11b–11d, the red dashed lines mark the positions of Source B and the YSO emb28.
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(d) CS
τ0 = 2.11±4.71
vs = 8.21±0.15 km/s
vi = 0.05±0.29 km/s
σ0 = 0.17±0.13 km/s
Te = 4.24±0.84 K

Fig. 12. (a) The HNC (1–0) spectrum is averaged over 3×3 pixels centered at an offset of (−40′′, 40′′) in Fig. 2 to increase the signal-to-noise level.
(b) Similar to Fig. 12a but for an offset of (100′′, −120′′). (c) Similar to Fig. 12a but for CS (2–1). (d) Similar to Fig. 12b but for CS (2–1). All these
lines are modeled with the Hill5 model (De Vries & Myers 2005, ; see Sect. 4.3). These offsets are given with respect to αJ2000=18h28m49.s642,
δJ2000=00◦50′01.′′08. The fitted parameters and their uncertainties are given in the upper right of each panel.
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Appendix A: More comments on Source A in the

Serpens filament

Benefiting from a longer integration on Source A which rep-
resents the peak of the F=0–1 line of HCN (1–0) (see Fig. 7),
our single-point observations have led to the detection of 13
transitions which can be assigned to 8 different molecules and
their isotopologues (see Fig. 3 and Table 2). As mentioned in
Sect. 3.1, self-absorption is observed in HCO+ (1–0), CS (2–1),
HCN (1–0), and HNC (1–0), which is analogous to those ob-
served in Serpens South (Kirk et al. 2013). The hfs components
of H13CN (1–0) are detected toward Source A. The fit to its hfs
lines gives an optical depth of ∼0.70 for the F = 2 − 1 line of
H13CN (1–0). This implies a very high optical depth of ∼50 for
the corresponding line of HCN (1–0) with a typical isotopic ra-
tio [12C/13C]=70 in nearby clouds (Gong et al. 2015; Li et al.
2016c). Furthermore, our measured H13CN (1–0) and HN13C
(1–0) brightness temperatures are comparable to those in TMC-
1 (Hirota et al. 1998) and higher than those in Serpens South
(Kirk et al. 2013) which were obtained with larger telescopes
(Nobeyama 45m and Mopra 22m), neglecting beam dilution ef-
fects. The detection of CCS (87–76) also points out that Source
A is chemically young, since this molecule tends to be abundant
in early phases of star-forming cores (Suzuki et al. 1992). Fur-
thermore, the peak intensity of HN13C (1–0) is about four times
that of H13CN (1–0), indicative of an extremely cold kinetic tem-
perature (Schilke et al. 1992). Based on the derived column den-
sities in Table 2, the CH3OH A/E abundance ratio is estimated
to be 1.7±0.2, indicating an over-abundance of A type methanol.
This could be because CH3OH is formed from hydrogenation
of solid CO on interstellar grain surfaces and then released into
the gas phase via reactive desorption (e.g., Wirström et al. 2011;
Vasyunin & Herbst 2013). The frequency of SiO (2–1) has also
been observed but the line remains undetected, which suggests
that the 3σ upper limit of the peak intensity is 0.06 K.

Appendix B: Position-velocity diagrams of HCN

(1–0), N2H+ (1–0), and the CH3OH lines

In addition to Fig. 9, Figure B.1 also presents the position-
velocity diagrams of HCN (1–0), N2H+ (1–0), and the CH3OH
lines. In Fig. B.1a, we see that the F =1–0 component of HCN
(1–0) is brighter than the other two components in most of the
observed regions, confirming the presence of the HCN hyperfine
line anomalies.

Appendix C: Comments on H2 column densities

H2 column densities derived from the Herschel GB team are
nearly three times higher than those derived by Roccatagliata
et al. (2015) in the Serpens filament. The differences may arise
from three reasons given below. First, Roccatagliata et al. (2015)
fitted the SED with data from all five Herschel bands (70–
500 µm), while the Herschel GB team only used observed data
points from 160 to 500 µm (Fiorellino et al. 2017). Since the
70 µm emission might trace a hotter dust population, including
70 µm data in the SED fitting may cause larger uncertainties
in deriving the properties of molecular clouds. Second, the two
teams used different dust spectral indices, which leads to a dif-
ference in the dust mass absorption coefficient by a factor of 1.2-
1.5 for the five Herschel bands. Third, the color correction seems
different. Although both of them use the same model, the added
offset values of the Herschel GB team (Könyves et al. 2015) are

higher than those used in Roccatagliata et al. (2015) by a factor
of 1.5-2.6, leading to different absolute flux densities.

Here, we present a comparison between the Herschel H2 col-
umn density map used in this work and the visual extinction map
that is obtained from the c2d Spitzer Legacy project7 (Evans
et al. 2003, 2009). This project has provided visual extinction
maps with angular resolutions of 90′′–300′′, and we choose the
visual extinction map with the highest angular resolution of 90′′

for the comparison (see Fig. C.1a). The visual extinction (AV)
was converted to the H2 column density by assuming NH2,av
(cm−2)=9.4×1020 AV (mag) (Bohlin et al. 1978). Meanwhile, the
Herschel H2 column density map was also convolved to an angu-
lar resolution of 90′′ with a Gaussian kernal size of 82′′, and then
was linearly interpolated to the same grid as the visual extinction
map. Figure C.1b presents the ratio (NH2,av/NH2 ) between the H2
column densities derived from the visual extinction and the Her-
schel SED. We find that the ratios are 0.8–1.5 in NW and SE,
and 1.7–2.0 in EX. This suggests that the H2 column densities
derived from the two methods agree with each other in NW and
SE, and the variations may mainly arise from the uncertainties in
the Herschel column denisty map and the visual extinction map.
In EX, the H2 column densities based on the extinction map are
nearly twice the H2 column densities derived from the Herschel
SED. This is probably because the conversion factor from AV
to H2 column density and the dust spectral index (β) in EX are
different from those in NW and SE.

Roccatagliata et al. (2015) also compared their results with
other observations in other regions in Serpens. Their calculated
mass of Serpens Core (i.e., Cluster A) is seven times less mas-
sive than the mass derived by C18O (scaled to the same distance,
White et al. 1995), and their calculated masses of core B and C
are also three times less massive than the masses derived with
3 mm continuum emission (scaled to the same distance, Testi &
Sargent 1998; Testi et al. 2000). Given these facts, the H2 col-
umn density map derived from the Herschel GB team is used for
this work.
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Fig. B.1. PV diagrams similar to Fig. 9b but for (a) HCN (1–0), (b) N2H+ (1–0), and (c) two CH3OH lines. In Fig. B.1a, the three hyperfine
structure components are labeled next to their respective emission. In Fig. B.1b, the channel width of the N2H+ (1–0) spectra has been binned
to 0.16 km s−1 to achieve a higher dynamical range in individual channels. In Fig. B.1c, the two transitions are labeled next to their respective
emission. In all panels, the color bars represent main beam brightness temperatures in units of K. The offsets are given with respect to the center
of the PV cut (αJ2000 =18h28m50.s865, δJ2000 =00◦50′21.′′799, also indicated by the white filled circle in Fig. 9a), and increase from southeast to
northwest. In all panels, the vertical dashed lines mark the systemic velocity of −8.11 km s−1 for corresponding lines.

Fig. C.1. (a) The Spitzer c2d visual extinction map overlaid with the Herschel H2 column density contours. The contours increase from
4×1021 cm−2 to 1.2×1022 cm−2 by 4×1021 cm−2. The color bar represents the visual extinction in units of magnitude. (b) The map of the ra-
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color bar represents the H2 column density ratio. The beam size is shown in the lower right of each panel.
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