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Numerical simulations of the interstellar mediyisM) supercritical laments, similar to the results obtained for other
show that laments can be generated by gravitational instability regions by the Herschel observatigasy., André et al2014).
of a sheet, global gravitational collapse of a cloud, and The distance to IC 5146 is still uncertain, and ranges from
collisions of large-scale turbulen¢e.g., Nagai et al1998 460 to 1400 pde.g., Harvey et al200§ Nunes et al2019.
Padoan et al2001; Hennebelle2013 Gomez & Vazquez- Nunes et al(2016§ measured the distance to the embedded
Semadeni2014). In addition, recent magnetohydrodynamics clusters in the Streamer and quoted a distance of
(MHD) and hydrodynamical turbulent simulations show that 1.2+ 0.1kpc. Recently, using the newly released Gaia data

clumps in a magnetic eld tend to have more elongated (Gaia DR2, Bailer-Jones et a201§, Dzib et al. (2019
lamentary shapegsee Hennebelle & Inutsuka019 and estimated the distances to the star-forming clouds in the Gould

references therdin For the formation of dense cores in Belt, and estimated a distance of &1306 pc for the Cocoon
collapse and fragmentation due to the gravitational instabilityt0 1C 5146 including the Streamer using Gaia DR2, and argued
(Inutsuka & Miyama1997. With the observational results that the Streamer is nearer than the Cocoon Nebula. In this
obtained from Herschel, a two-step formation scenario has beeM/0rk for the analysis, we adopted the most recent distance
proposed in which thelaments rst form by the dissipation of ~ €Stimations of 80& 100 pc and 60& 100 pc for the Cocoon
large-scale turbulence, and then the cores are generated in tfd1d thebStreamer, respectively, madle u§|nght_h§ Gala measure-
gravitationally supercriticallaments via fragmentatioe.g., rlgelnts éwag%sg_aézﬂij Recen: égze thir ?eua Dgta
André et al.2014 Arzoumanian et al2019. Another model € (_ease( aia ; baller-Jones € o) was also made
proposed for the formation of théaments and the dense cores available, and the dlstances of ”.‘e$e two regions fr'om phe Gaia
is by the collision of turbulentows that form dense cores by 512%?5?;%22rgjdgop?eedcr?grsftqmmm the uncertaintigwith

the compression and dissipation of turbulence at the stagnatio : . - . !

point be?ween two ows (egp Ballesteros-Paredes et]e§]9£§J The_ Paper 1 orgam_zed in the following manner. _Secﬁon
Padoan & Nordlun002) R describes the observations and data reduction. Secsbows

u o s ) the spatial distributions of the detected molecular lines.
TRAO FUNS’.Wh'Ch is an acronym of tHerRAQ Survey Sections4 and 5 explain the identication and the estimations
of the nearby Filamentary molecular clouds, the Universal

. ; . of physical quantities oflaments and dense cores, respectively.
Nursery of Stars,is a project to survey the clouds belonging to Section6 discusses the formation mechanismslaments and
the Gould Belt in molecular lines using the Taeduk Radio

12 dense cores in IC5146 with their physical and chemical
Astronomy ObservatoryTRAO)™ 14m antenna. We have . qerties. Sectiort gives a summary and conclusions.
made observations of nine molecular clouds under the TRAO
FUNS project in eight molecular lines. These clouds are found
to have diverse physical conditions and range from being
quiescent non-star-forming clouds like Polaris to low-mass
star-forming clouds such as L1478 of California cloud, and to 2.1. Observations

actilve Ihigh—masls stqrrr—]forming ct:Ioud'slsuc;h a.? thgt Qric;EB IC5146 was observed with the TRAO 14m telescope.
molecular compiex. This project mainly aims 1o obtain e tpsq provides spatial resolution of 49" at 110 GHz,

oo e 0 nd o s e Jgeponin 0 145 e diarc o ot .
i u P Involveddpy, p9. TRAO has the frontend of Second Quabbin Optical

their formation. .
This is the second paper presenting the results obtained frorﬁmag.e .Array focal plane array re.celvﬁEQUOIA-TR_AQ
consisting of 16 horns, cogured in a 4 4 array with a

the TRAO FUNS project, especially on IC 5146 located in the spatial separation of 89The backend system used is the fast

constellation Cygnus_. .IC 5146 is. a nearby. star-forming Fourier transform(FFT) spectrometer, which has 409&
mholecular Clﬁug ?onssc';lngdofka Irecgon' Eebullg 'I:m:he east, channels at 15 kHz resolutign 0.04 km $* at 110 GH} and
the Cocoonhe u'a, an adar COUI with multidements in -~ o, 015 3 total bandwidth of 62.5MHz, corresponding to
the west, the Streamdtada et al.1994. Spitzer Space 170km §* at 110 GHz. Simultaneous observations of two

Telescope observations of the IC 5146 region made using they,giecular lines at frequencies of 85 and 100 GHz or 100 and
Infrared Array CamerdIRAC) and the Multiband Imaging 115 GHz are allowed. The beam efency of the telescope is

Photometer for SpitzgMIPS) resulted in the identcation of 0.48 at 98 GHz, and 0.46 at 110 GKleong et al2019.

200 candidate young stellar objeq¥SOs; Harvey et al. We choose eight molecular lines to investigate the physical
2008. Based on the Herschel data, Arzoumanian €2all) properties of laments and dense cores®Q(1-0) and
identi ed 71 YSOs and 45 candidate bound prestellar cores inN,H* (1-0) molecular lines are chosen as tracers of relatively
IC 5146. Observations at 450 and §50 with the James Clerk  |ess denselaments and denser cores, respectively. H(S0)
Maxwell Telescope(JCMT) have been carried out in this and C251) molecular lines were chosen because they are
cloud, and 15 Class/@ 4 Flat, 14 Class II, and 6 Class Ill  known to be good tracers of infall motions in prestellar cores
YSOs have been foundohnstone et ak017). The complex (e.g., Lee et al.200]). SO and NHD are known to be

lamentary structure of IC 5146 was revealed in the Herschelrespectively the most and least sensitive molecules to gas freeze-
Gould Belt SurveyArzoumanian et ak011). The main results  out(e.g., Tafalla et aR006. Hence, we selected 8-2;) and
from the Herschel observations are that tHaments in NH.D (1,1—197) lines to investigate the chemical evolution of
IC 5146 have a narrow characteristic width df.1 pc and the  dense cores. We made the simultaneous observations in two
most bound prestellar cores are located on the gravitationallymolecular lines with sets of 8 (1-0) and **C0O(1-0),

N,H* (1-0) and HCO (1-0), CS(2S1) and SQ(3,-2,), and
12 httpy/ radio.kasi.re Kitrad main_trao.php NH,D (1:1-197) and H3CO" (1-0), respectively.

2. Observations and Data Reduction
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Figure 1. Our survey areas of IC 5146 marked over its Herschel@b@mage. The areas observed in different molecular lines are marked with differenfveioliars

for ¥*CO and G®0 (1-0), red for NH* and HCO' (1-0), yellow for SO(3,-2;) and CS(2-1), and green for NkD (1,,—1o;) and H3CO" (1-0)). YSOs identied by
Spitzer are presented as blue diamo(fdat spectrury) magenta circlegClass ), orange crosseg€lass 1), and pink squarefClass Il) (Harvey et al2008, and

70 um point sources from Hersch®ACS Point Source Catalog(ig¢PPSC; Poglitsch et @010 are presented as red crosses. The white dashed line shows R.A.
(32009 of 21"50™3155, which separates the Cocoon Nebula and the Streamer.

21h44m

The observations were carried out from 2018 May to 2019 resampled with a channel width of 0.06 kmit,sand both ends
November. These data are obtained in on-thenapping were cut off again, giving the spectra a velocity range of
mode. To cover the whole IC5146 region including the 60km$?t; the baselines of the spectra were again subtracted
Cocoon Nebula and the Streamer in thé®aQ1-0) and but with a rst-order polynomial. Finally, the maps were
¥CO(1-0) molecular line set, we divided it into four merged into anal ts cube with 20 cell size and 0.1 knTs
subregions having box shapéeferred as‘tiles’ hereafter  velocity channel width for €0 (1-0), **C0O(1-0), SO(32—§15),
with a size of 28’ x 30'. Five tiles were made for the and NHD (1;—1o;) data, and 20cell size and 0.06 knts
N,H* (1-0) and HCO (1-0) line set, of which three were of  velocity channel width for the ™ (1-0), HCO" (1-0), CS(2
20’ x 20’ size and two of20’ x 24’ size. For the third  S1), and H3CO" (1-0) data. The basic information on the
molecular line set of C&S 1) and SQ(3,-2,), three tilegone observations and thenal data is given in Tablé. The nal
28’ x 22’ and two29’ x 20/) are made. For the last molecular rms levels achieved werg0.1K[7x] for the C%0 and**CO
line set of NHD (1,1—101) and H3CO" (1-0), ve tiles with lines and 0.07K[T3] for other molecular lines.
various sizes fror’ x 6’ to17’ x 18’ were made to cover the
dense core regions detected igH\l (1-0). The scanning rate
was 59 per second and the recording time is 0.2 s. We chose
scan steps of"&o 11” along the scan direction and separations 3.1.%3C0 and G®0 Emissions

// U H 1
o  to 3 betueen e s o Pcease e OSENAION g shows e e ety mepsEO(L-0)
Y g : P ind CG®0 (1-0) lines, which are found to nicely delineate the

3. Results

are smaller than the recommended Nyquist spacing to avol arge-scale structure of IC5146. The line intensity maps are

undersampling. We made several maps alternately along the Ry o o0 over the velocity range fré0.8 to 10.7 km $* for
A. and decl. directions to obtain uniform target sensitivity.

Figurel shows the observed regions for each set of molecularlgco(l_o)’ and 0.7 to 9.4 km¥' for C*O(1-0). The
19 gio . distribution of*3*CO(1-0) emission is well matched with that
lines over the Herschel 2506n continuum image.

of the Herschel 250m emission, while €0 (1-0) lines are
. only detected in relatively compact regions of high continuum
2.2. Data Reduction ux. In the eastern region of IC 5146, the ball shape of the
The data were reduced as follows. First, the raw onyidata Cocoon Nebula is shown in the 2hfh emission as well asdd
for each map of each tile were read and converted iotaas™ image (e.g., Arzoumanian et al011). However, the CO
format map after the subtraction of base(ingh rst ordeyin isotopologues have a different distribution from those of the
OTFTOOL A resulting cell size of YOwas chosen and noise- dust and ionized gas. They have the shape of three-leafed
weighting was applied. Further reductions and inspection of theclover instead of a roundish structure. In the Streamer hub
data were done using the fpro CLASS script. The baseline lament structures andament shapes can be seen in'tf@0
subtractions were done iteratively. Both ends of the raw spectraand C-0 (1-0) maps. The molecular gasé¥0 and G0
were cut off and baselines of the spectra were subtractedhave relatively higher LSR velocity toward the southeast than
with a second-order polynomial. After that, the spectra weretoward the northwegsee the spectra in FiguPeand Figurel5
in the Appendiy.
In Figure2, the right panels present tht®O and ¢®0 (1-0)
13 https/ www.iram.fl IRAMFR/ GILDAS spectra at four positions indicated in the maps with crosses,
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Figure 2. Integrated intensity maps &1CO (1-0) (top lef) and G0 (1-0) (bottom lef} with contours on the Herschel 256n image and spectra of the selected

positions(right). The contour levels dfCO are 5, 20, 3% , 95 ¢ and those of €0 are 3, 8, 13, and 18 ¢. The positions of the presented spectra in the right are
indicated with crosses. In the right panel$®@line intensity is scaled ufthe factor is written under eacH%0 spectrum

Table 1
Observing Information

Molecule Vref Orwim ° Ared Bpixer © ove rms rms of mom@ Nerig

(GH2) (arcse} (arcmir?) (arcse} (km s°Y) (K) (K km s> (cm™3)
C*0 (1-0) 109.7821731) 49 3360 20 0.1 0.096 0.090 1910°
B¥co (1-0) 110.2013532) 49 3360 20 0.1 0.096 0.103 191C°
NoH* (1-0) 93.176258(1) 52 2160 20 0.06 0.066 0.071 5710°
HCO" (1-0) 89.188525(3) 57 2160 20 0.06 0.066 0.050 1%610°
CS(2-1) 97.980953(1) 52 1780 20 0.06 0.069 0.056 3310°
SO (3-2y) 99.299870(4) 52 1780 20 0.1 0.056 0.052 3610°
NH2D (1;1-101) 85.926278(3) 57 864 20 0.1 0.058 0.078 3810°
H*CO" (1-0) 86.754288(3) 57 864 20 0.06 0.068 0.067 510°
Notes.

& Rest frequency of each molecular line. The referenceflatese et al(2007), (2) Lovas(2004), (3) Cologne Database for Molecular Spectrosa@yMS: Miiller
et al. 2001, httpst/ cdms.phl.uni-koeln.decdmg portal ), and (4) Submillimeter, Millimeter, and Microwave Spectral Line Catalog provided by Jet Propulsion
Laboratory(Pickett et al1998.

b FWHM of the telescope beafdeong et al2019.

© Total observed area.

9 The pixel size of the nal data cube.

© The channel width of thenal data cube.

 Noise level inT* of the nal data cube.

9 Noise level of integrated intensity moment 0 map.

" Critical density, which is estimated frofd v whereA is the EinsteirA coef cient andy is the collisional rate coe€ient at 10 K from LAMDA(Schdier et al.
2009. ngit of SO(3,-2y) is calculated withy at 60 K, which is the lowest temperature provided by LAMDA.

showing that overlapping of the multiple velocity components and G0 (1-0) lines trace the same multiple velocity compo-
seems common. Shown here are the various shapé8®fand nents at 7.6 and 8.8 kmi’s These two components are shown to
C*®0 (1-0) spectra found toward IC 5146. In positit, *3CO be clearly separated in th&CO (1-0) spectrum as well as in the
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C*®0 (1-0) spectrum, though the former shows much larger line N,H* (1-0) emission in the Cocoon Nebula may have

width than the latter. However, in positiofi§ and (c), the

something to do with the presence of the central B-type star,

13C0(1-0) spectra show different peaks when compared with thewhich may increase the dust temperature enough for CO to be

C'®0 (1-0) ?ectra. Ir(b), the G0 (1-0) line has only one peak
at 4.5kms?, but the"*CO(1-0) line shows an additional peak

evaporated rather than depleted. CO freezes out at low
temperaturé< 20 K) but starts to evaporate back into the gas

at 2kms’t, suggesting thdfCO covers less dense and larger phase at 25K (e.g., Hocuk et a2014). Indeed, the mean dust

bulk structures where *® is not detected. However, toward

brighter regions'*CO can be self-absorbed as shown in position

temperature of the Cocoon Nebula is 23K and it goes up to
30 K. The abundant CO can play a role in destroyingi N

(0). Looking at the'*CO(1-0) spectrum alone, it appears that making the NH* abundance lowe(Caselli et al1999 2002
there are two different velocity components. However, it can beBergin et al.2002. In the Streamer, some distinct features can

seen that the dip between the two bggak%%b(l—O) exactly
matches with the peak position of th 1-0) spectrum which
has a relatively smaller optical depth tH380 (1-0), indicating
that the double components of tH€0 (1-0) line are caused by
the self-absorption of th€CO (1-0) spectrum due to its high
optical depth. Thé3CO(1-0) spectrum at positiofd) shows a
larger line width (AVewnm 4kmsh) and appears to be
composed of multiple Gaussian components while
C'0 (1-0) shows only a single component. THECO (1-0)
line is useful to trace the less dens@ment material and covers a

large area, but has limitations due to its large optical depth in the
area of high column density. After visual inspections of all the

spectra, we chose the'®D (1-0) line to trace the velocity
structure of the densdament material, which is thought to be
more closely related to the star format{erg., Nishimura et al.
2015.

3.2. HCO', CS, NH™, and SO Emission

We present the distributions of HC@QL-0), CS(2S1),
N,H* (1-0), and SQ3,S 2,) emission in Figure3. The
HCO" (1-0), CS(2S1), and SQ3,-2,) intensities are inte-
grated over the velocity ranges from_0.62 to 9.98 ki, s
$1.66 to 9.2 km 3%, and 0.86 to 9.2 knTs, respectively. The
N,H* (1-0) intensity is integrated fror$5.9 to 13.6 km 8!
including all hyperne components.

The distribution of HCO (1-0) emission matches well
with the region of overall high JHcolumn density derived from
the 76-500um Herschel datgdArzoumanian et al2011). In
the Cocoon Nebula, HCQ(1-0) emission shows a shell-like
structure. The abundance of HEQs maintained by the
balance between its formation from the reactions betgen

be noticed based on the distribution of various molecular
species. One representative example is tji¢"N1-0) bright
region in the very northwestern pgR1 region in Figured),
where there is weak'®0 (1-0), relatively bright C$251), but

no SO(3,-2;) emission. The spatial differentiation between
molecules may be due to the different evolutionary stages as
well as distinct physical conditions. The chemical differentia-

thetion is studied in more detail in SectiémB.

4. Filament Properties
4.1. Filament Identication

We identi ed velocity coherentlaments using the three-
dimensional information of the’®0 (1-0) data cube. There are
several algorithms available that can be used to identify the
structures of clumps andlaments(e.g., Rosolowsky et al.
2008 Sousbie2011; Sousbie et al2011 Men'shchikov et al.
2012 Hacar et al2013 Koch & Rosolowsky2015 Ossen-
kopf-Okada & Stepano2019. Consequently, it is important to
make a comparison between the results obtained by them.
However, this is denitely beyond the scope of the paper. Thus,
in this paper, we simply introduce the various algorithms
developed for lament identication and describe in detail the
one that we used in this work.

The algorithmsastrodendro (Rosolowsky et al2008,
DISPERSE(Sousbie et ak011), FIVE (Hacar et al2013, and
FILFINDER (Koch & Rosolowsky2015 have been used for

nding lamentary structures in the astronomical deitzIN-
DER uses two-dimensional image data and is not suitable for
the identi cation of the laments in a three-dimensional data
cube. The other algorithms, nameWSPERSE astroden-

and CO and its destruction from dissociative recombinationdro, and FIVE, can be used with the three-dimensional data
with electrons. Besides, it is reported that in far-ultraviolet cube, but the methodology used to identify tHaments in

irradiated environments HCGan more easily recombine with
free electrons, leading to a decrease in its abundarge Pety
et al.2017). Hence, the central hole in HC®1-0) emission

each of them is quite differerbISPERSE nds critical points
where the intensity gradient equals zero in a map and examines
the persistence, which is the absolute difference between

may be due to the dominance of its destruction processeshe pair of critical points. If the persistence is larger than the
through electronic recombination in an environment that persistence threshold given as a free parameter, it connects
contains abundant free electrons produced by the centrathe critical points to make arcs of integral shapes, producing the

B-type star. In the Streamer, the HCQ-0) emission appears
to be well matched with the Htolumn density distribution as
well as with G®0 (1-0).

CS(2S1) emission (shown with contours in the second
panel from the top of Figur8) is in good agreement with the
C*®0 (1-0) emission(the bottom panel in Figur@) in the
Cocoon Nebula as well as in the Streamer.

For the NH* and SO specigpresented with contours in the
third and bottom panels of FiguBerespectively, the emission
shows a clumpy distribution in the bright% (1-0) and or
dense H regions. It is noticeable that,N* (1-0) is hardly
detected in the Cocoon Nebula at the rms level @07 K[Tx]
while other species are detected above thie®el. The lack of

skeletons of the laments as their ridges. However, with only
the information on the ridges of théaments, this algorithm is
not able to give any detailed information on the physical
quantities of the whole velocity coherent three-dimensional
structure. Meanwhileastrodendro, a PYTHON package
utilizing DENDROGRAMS is designed to nd hierarchical
structures in the molecular line data cube and provide three-
dimensional isosurface hierarchical structuses.rodendro

nds structures, called leaves, from local maxima and appends
the surrounding regions with lowelx densities, increasing
the volume of the structures. When they meet neighboring
structures, they continue to merge into larger structures, the so-
called branches and trunks. This process is found to be useful
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Figure 3. Integrated intensity contour maps of HC@-0), CS(251), N,H* (1-0), and SQO(3-2;) on an H column density maArzoumanian et aR013). The
contours are drawn every Srom the 3 level for HCO', N,H*, and CS emissions, and everyfr SO emission. & values for the integrated intensity maps for each
line are given in Tabld.
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Figure 4.1denti ed laments on the ¥0 (1-0) integrated intensity image. Filaments larger than@..mare marked as F1 to F14. The others, having sizes of 1 to
4 x 6heamand aspect ratio less than 3, are shown with thin white and black lines without their names. The red triangles represent the locations of 22 dense cor
identi ed with N,H* (1-0) data(Section5.1). The 49 FWHM beam of the TRAO telescope at 110 GHz is shown by white circle at the bottom left corner.

to identify the isosurface hierarchical structures and thus the The parameters that we used fot®@(1-0) data of the
lamentary structures in the molecular clouds with a simple|C 5146 are 3 level for the lower limit of intensity, smoothing
hierarchical structure like L147{8hung et al2019. However, parameters of two pixel40” 16,2, and three velocity
in a complex molecular cloud where multiple velocity channelg0.3kms?") in the initial tting stage and one pixel
components are mixed up in a complicated way with their and one velocity channel in th@al tting stage. We gave low
signi cant intensity variance, e.g., F4 of IC 5146e Figured and high limits of tted velocity dispersion of 0.1 and
and 5), the use of isosurface structures is found to be not2.0kms™* to avoid creating pseudostructures such as spikes
effective for identifying velocity cohereniamentary struc-  Of baseline-like structure with a wide velocity line width. We
tures in detail. found 3700 velocity components for 3236 pixels, and pixels
Above all, we aim to nd velocity coherent structures in the having double and triple velocity components arE5% and
position-position-velocity (PPV) space regardless of the <1%, respectively. The velocity structures appear to be
intensity. TherIVE algorithm is found to be a well designed Somewhat complicated, especially in the western region, and
algorithm for identifying coherent structures in the PPV cube the results of decomposition are sigrantly uncertain in the
by applying the friends-of-friend¢FoP) technique to the  PiX€ls with low signal-to-noise ratis/ N).

central velocity information of the molecular liti¢acar et al. FindingFilaments is an algorithm designed for identi-
2013. Its concept is very simple, and it is straightforward to fying lamentary structures that uses a similar concept to the

nd velocity coherent structures in the PPV space, making theFOF' .FOF. is the algorithm originally used tad a group of
FTVE algorithm more suited to our aim. galaxies in an external galaxy survey, and to create groups of

Hence we take the concept of thevE algorithm to nd adjacent galaxies within a certain range in three-dimensional

: . space of R.A., decl., and redsh#tg., Huchra & Gellet982).
continuously connected structures in the PPV space and toI_Fr)]e FF algorithm is similar [(0 31e FoF in that it coﬁects

segregate structures having different velocity components tha&djacent points in three-dimensional space of R.A., decl., and

\a/l\?pear ttodbe connec;ec:howmgltt'oIoverllap .Ln the line of ts'gh;f‘velocity, but differs from the FoF in that it treats overlapping
& rst decompose € multiple velocily components o components in the line-of-sight direction, i.e., components at

18 H
C 0(1}1_0) spectra using the tooFUNStools.Decom- the same R.A. and decl. but having different velocities, as
pose™ (S. Kim et al. 2021, in preparatipriVe then identied different ones. The data set used in te algorithm is the
laments with an FoF-like algorithmgindingFila- pixel number, the emission amplitude, the central velocity, and
ments (FF). ) . the velocity dispersion for the Gaussian components that are
FUNStools.Decompose iS a tool that automatically decomposed from the spectra.
d?gomposes multiple Gaussian components from the  The rr algorithm works in an iterative manner based on the
C™0(1-0) data cube. The algorithm primarily decides the steps mentioned below. First, it selects a decomposed Gaussian
number of components and their velocity positions in the ggeq component with the maximum amplitude and gives the
smoothed spectrum using thest, second, and third derivatives = structure a number. Second, it selects the other Gaussian
based on a conceptual idea that the velocity component in &omponents in the neighboring pixels whose pixel distance is

lament is continuous with the surroundings. Then, ttieg less than/2 from the seed component, and checks the velocity
results are given as the initial guess, and a Gaussiag is differences of the seed and other components in the neighbor-
performed again. ing pixels. At this stage, if the velocity difference between the
seed and other components in the neighboring pixel is less than
Y httpst/ github.condradioshiny funstools the velocity dispersion of the sedd:**?), the neighboring


https://github.com/radioshiny/funstools
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Figure 5. Integrated intensity maftop), velocity eld map(middle), and line width magbottor) of each lament. Peak velocCitfVpea) and line width(AV) are
quantities derived by the Gaussiating method. Locations of thdaments ridges(skeletonsare drawn on top of the maps and the notations of saments are
given in the middle panel. A small offset is given to the original position of elacthent to avoid spatial overlaps and distinguish them from each other. The small
clumps in the left and right dotted square boxes are shiftg8,by18) and (0, $29) from their original position¢dashed square boyesespectively.

component is assigned as a friend of the seed and given theame second and third steps are repeated until there are no more
same structure number. If more than one velocity component irfriends to assign.

a neighboring pixel is within the range of velocity dispersion

We do not use any criterion of intensity gradient or initial

from the velocity of the seed, then only the closest one assumption of lament direction but use the distance in the

becomes the friend of the seed. Third, after every neighboringPPV space. Hence, the result changes only with the given
component has been checked, the assigned friends of the seetiiterion of velocity difference between the seed and the
become the seeds of the structure for the next turn, and theeighboring component for which we usg®® in our study.
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/
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Figure 14.Dense cores in thdaments. The integrated intensity offO (1-0) emission is drawn with contours at thelgvel, and skeletons ofaments are overlaid
with solid lines. The 14 cores with YSOs are drawn in red, and the eight starless cores are color-coded based on the total points for gradingntgiseatoisiin
Table5, i.e., black, gray, blue, purple, and pink for cores with total points from 1 to 5, respectively; a larger total means that the core is more evubleted he t
ellipses indicate cores with YSOs located in the hubs.

hubs(C3, C5, C15, and C)/might have been formed as a result 6.2. Are the Filaments and Clumps in IC 5146 Gravitationally
of collisions of turbulent ows. Bound?

The systemic velocity shift between thé®G and NH* gas
also supports the collision scaodor the formation of dense cores
in the hubs. In the right panel of Figut&, the systemic velocities
of the dense cores and thtament material correlate well with
each other, and in the majority thiem the differences are smaller it 2¢2
than or similar to the sound speged.20 km §* at 13 K, which is Mine™ = == @
the mean dust temperatures of the dense cores measured from the
Herschel daja However, C3, C5, C14, C15, and C17 have a wherecs andG are the isothermal sound speed and gravitational
larger offset than the sound speed between the systemic velocitieonstant, respectivelfinutsuka & Miyamal1992 1997. The
of the dense cores and thiamentary gas. The systemic velocity median value of the dust temperature in IC 5146 is about 23K in
shift between thle M" and C%O gas of the ve cores is  the Cocoon Nebula and about 15K in the StreagAezouma-
0.32+ 0_.06Nk}rirl§ . This discrepancy is rst attrlbuteq to the  pjan et al.201)). The corresponding/<rt is  32M, pc>* at
uncertainVy,:" due to the low BN. However, the BH" (1-0) 23K and 20M, pct at 15 K. On the other hand, the effective

spectra of C3 and C17 show highh§ and the velocity difference  critical mass per unit length that includes the nonthermal
between the €0 and NH" (1-0) emission can be caused by the components of turbulent motions is calculated as

merging of laments with different velocities.

The relative core-to-envelope motions have been studied to ait | 20
investigate the core formation mechanism, but no displacement Mipe = —=
in the systemic velocities between the dense gas and the
surrounding gas has been found in the low-mass star-formingvhereo: is the average total velocity dispersion of the mean
regions(e.g., Kirk et al2007 Hacar & Tafalla2011; Punanova  free particle of molecular weight = 2.8 within a lament
et al. 2018 Chung et al2019. However, recently a velocity (e.g., Arzoumanian et alk013 Peretto et al.2014. The
difference of 0.3kms' between 0 and NH* (1-0) effective critical mass per unit length of eactament is
lines was observed in the infrared dark clou¢RDCs) calculated using the average total velocity dispersion, and these
G035.3900.33 and G034.4300.24 (HenShaW et al2013 values are tabulated in Talfte
Barnes et al2018. These clouds are proposed to be formed by  Figure12 gives the mass per unit length déments with the
the collision o_f laments, and_ the_ velocity difference indicates critical mass per unit length, indicating that the majority of
that the merging of laments is still ongoing. _ ~ those in IC 5146 are supercritical or marginally criti@ab/s"!

In fact, laments and clumps overlapped on the line of sight o pzthcrity within uncertainties of a factor of 2. Meanwhile, the
can be easily found around most of the dense c(see laments F2 and F8, which harbour dense cores, have
Figure9). C3 and C17, in particular, are located at the hubs p7. /pMeit < 1 and are subcritical even with the uncertainties
where the largestlaments merge. Inspecting thé®0 (1-0) of a factor of 2. One of the possible explanations for the
spectra in the regions, multiple velocity components aresypcritical laments with dense cores is that the CO depletion
presented in the corgBigure21in the Appendiy. The offset  via freeze-out onto dust grains as the core evolves results in an
value ofV$© andv?"" is similar to the velocity shift between  underestimation of thelament mass. Filaments with "

C'™0 and NH' gas in the IRDCs G035.390.33 and  cores clearly must have CO freeze-out, since otherwis& N
G034.43-00.24. Hence, the velocity difference of thee emission would not have been seen. This implies that the
cores with respect to the systemic velocities of their parentC*®0-based masses are probably an underestimate of the true
laments can imply that the dense cores are forming via thevalue. In Figure23 in the Appendix H, column densities
merging of the laments. derived from our %0 (1-0) and from the Herschel data

Under the assumption that d&ament is an innitely long,
self-gravitating, isothermal cylinder with only thermal support,
the equilibrium mass per unit length is given by

3
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are compared. F2 and F8 are shown to have a shallower slopeary by a factor of 2.7 to 0.4 of the observed velocity gradient.
of NI%‘RO to Nierschel than that in total, especially where Therefore it is possible that the relatively large velocity gradient
Nferschel > 5o 102 ecm-2. The presence of cores in the inferred in F4 may not be true in reality but appears to be so as a

lament may reect fragmentation that occurred in the past fesult of the projection effect. _
history of the lament, but the current criticality of dament Kirk et al. (2013 have estimated the accretion mass of the
indicates its ability to make cores in the future. lament lament to the stellar cluster in Serpens South with the
velocity dispersions and other properties have changed ovefo!lowing equation by assuming that thiament would have a
time, their criticality may have changed as well. Hence, we Simple cylindrical shape with mas lengthL, radiusr, and
speculate that F2 and F8 formed dense cores in supercritical, of€loCity Ve along the lament long axis:
at Ie_a_st transcritical, conditions, but t_hey appear to be M=V x (M/r2L) x (zr?)
subcritical subsequently due to the depletion of CO as a result
of core evolution inside thelament. =V x M/L). “)
We also test gravitational instability for the 30 clumps that  with the inclination anglex of the lament to the plane of
s_hpw a smaller aspect ratio than thements by deriving their  the sky, L, = L cos(«) and Vi.obs = Vjsin(a), and Vpops=
virial parameters. Figurg3 shows masses of the 30 Clumps as VP,obsx Lobs Then the mass accretion rate becomes
a function of their virial maséV;). Most of the clumps are .
virialized (Mops> Myir). The clump CL22, which is found to be M= VVjobs X M x tan™'(cv). o)

consistent in the velocityeld as well as in the plane of the sky  sing this equation, we attemgt® estimate the mass accretion
with the dense core C18, hag, 0.5, indicating that CL22 s rate from the lament to the cores C3, C11, C15, and C17, located
virialized and gravitationally contracting. ~in the hubs of HFSs where convergingws can be seen.

We conclude that most of thelaments and clumps in  However, a direct application of Equatifs) using the total mass
IC5146 are gravitationally bound systems that can form gnq global velocity gradient of théament is not straightforward,
prestellar cores and stars by contraction and fragmentation. 55 there are multiple dense cores lament F4. For example, a

large velocity gradient can be seen along F4h to core C3.

6.3. Velocity Field and Gradient: Filaments as Passages of However, there is a core, C2, iretmiddle of F4h, and the global

Mass Flow? velocity gradient, mass, and length of F4h are not appropriate to

Several previous observations of molecular lines toward measure the mass accretion rate from F4h to C3. Therefore, we

laments have found thataments have velocity gradier{sg., carefully examined the systemic motions along with taments

Hacar et al201 Barnes et al2018 Chung et al2019. One skeleton. We selected a local arealafment at which lament gas
explanation for the velocity gradients in thdameﬁts is material possibly ows to the cores. For C3, the accretion rates are

gravitational accretion onto théaments. The most representative calculated alon_g Fag, Fde, and F4h. For C11, although it is not
example is the Taurus B213. lament, in which striations parallel  129€. the velocity gradients are found along F4a and F4e, and the
to the B- eld but perpendicular to 'Lhe maiftament ridge are mass accretion rates are derived for both directions. Accretion rates

observedPalmeirim et al2013. The velocity difference between for C15 are estimated from the areas of F4a and F4d. C16 and C17
the lament and the striations isL km %, being well matched are located quite close to each other, and the mass accretion rate is

with what is expected from gravi@nal freefall motions. Another ~ Measured from F4b and F4a, respectively. We have limited the
example of a velocity gradient, which is now along thement lament area to an area where the velocity gradient is visible but

is presented by Kirk et a{2013 in the Serpens SoutHament. seemingly related to the cores only in the hub-like region. The
The reported velocity gradient in Serpens South is lament areas that we use are shown by arrows in the top panel of
14+ 02kmS1pct with an assumption for the inclination 19ure22in the Appendix .
angle of 20. Their study suggested that massw along the /WezLa_ppéed :_he zT?an fEJ_aS tdet?]SItIy 01; the I;)_cal atrea]c for
laments into the central star clusters plays an important role i/ 7r°L in Equa ion(4) to es Imate the local accretion rates for
their ongoing star formation. Trevifio-Morales et @019 cores, Assuming th"’.lt thg thickness oflament along the'llne
investigated Monoceros R2, a representative-Hatment system °|f S'tht's eqL;f' to Its v_wc]i\_';h, tf;;/! mhean ]gas dednvs\;ty oﬂtﬁri]he
forming high-mass stars. They falimcreasing velocity gradients amen arela eC(()jmﬁ,s.t— Hdl/ tr; w ('e(;?h Hzij ?hf‘ p ilare te
along the laments toward the hub, claiming that the gas rT“r?a” ,:% column enst!y ant fe Wil;ﬂle Io X arr:erl[r.]
accelerates near the gravitatib potential well of the hub and en, ebmasst_ acctredl?n ratﬁ rom i ament area o the
makes the formation of high-mass stars possible in the hub region‘?Ore can be estimated from the equation
All of these ndings indicate that theow of material along the

laments will possibly directly f&fct the formation of dense cores Moo= VVobs.i X p; X Li X 14 )
and stars. = tan(cv) ’
Itis interesting to note that Fdhich harbors the largest number where Vpqpsj andL; are the observed velocity gradient and
of dense cores and YSOs, has the largest velocity gradefin length of theth lament area. Vpops; is derived from a linear

IC5146. The mean V of F4 is 1.7+ 1.2km §%PCSC§1 and the |east-squarest for the systemic velocities along with the
{)OF[:I;C())I’; /Of the lament mth \t/hlarlger th?n 2hkm p |s\c/:Ios$ lament skeleton. The region where the velocity gradient is
0 2 oy\{everl, € othériaments have mean 0 estimated with thist is drawn with a green line in the bottom
1.3+ 0.9kmS'pc?, and the portion with V larger than ; . ; S

panel of Figure22 in the Appendix The accretion time,

2kmstpcct is less than 15%. Since we derived the velocity 4 s caleul th the freetall
gradient without corréiag for the inclination(a), projection  fwce = Meore /S M.i, is calculated to compare with the freefa

effects should be considered. The observed velocity gradient isime ¢z = ,/37/32Gp,,. The results are given in Tabde
identical to the true velocity gradient multiplied tayi(«). If the The accretion rates toward dense cores in F4 of IC 5146 were
inclination changes from 2@o 7C, the true velocity gradient can  found to be in the range from 15 to B& Myr>!, which is
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Table 4
Mass Accretion Rates from Filaments to Cores
VP,cbsV M\,ia ZIWH,:'&V taccb tffc

(km $°* pc>?) (Me MyrS?) (Me Myrs?) (Myr) (Myr)
C3-F4g 1.5 0.1 26+ 10 35+ 11 0.7+ 0.2 0.3
C3-F4e 0.5 0.1 4+ 1
C3-F4h 0.9+ 0.1 6+ 3
Cl1-F4a 0.6 0.1 12+ 5 15+ 5 0.4+ 0.1 0.3
C11-F4e 0.3 0.1 3+ 1
C15-F4af! 1.0+ 0.1 10+ 5 19+ 6 0.2+ 0.1 0.3
C15-F4aw! 0.3+ 0.1 5+ 2
C15-F4d 0.2+ 0.1 5+ 2
C16-F4b 0.7 0.1 5+ 2 26+ 14 0.8+ 0.4° 0.2
C17-F4a 0.2 0.1 20+ 14 0.2

Notes.

@ The mass accretion rates and the total mass accretion ratesldroents to the cores are given assumingafgn 1 (i.e., the inclination angle: = 45°) for all
laments. The real accretion rate should be divided by }aand the accretion rate can vary by a factor of@4& between inclination angles of°2énd 70.

b The accretion time is the time taken to gather the current core mass through the acovefimm the laments, i.e.t,.c = wm/ZM”_i.

€ The freefall timef; = /37/32Gp, .

9 F4aE and F4aW refer to the eastern and westement regions of C15.

© The accretion time is measured for the total mass of C16 and C17.

similar to those found for the Serpens Soutlament laments associated with the Streamer. There is no skt
(28M. Myr=% Kirk et al. 2013 and smaller than that of the difference found between thelaments identied with the
Monoceros R2 laments (7OM. Myr=% Trevifio-Morales Cocoon Nebula and those with the Streamer in terms of their
et al.2019. C3 is placed at the hub of the western-HFS, and physical properties such as ldolumn density and mass per
the mass accretion rate of B8 Myr>! is comparable to that  unit length (Mjine). The H column density ranges between
of Serpens South. The timescales to collect the current core 2.5 and 6.x 10 cm™? in the Cocoon laments and
mass via accretionows from laments are found to be 0.2 to  between 2.2 and 8.& 10**cm™? in the Streamerlaments.

0.8 Myr. Though longer than the freefall time 00.3 Myr, this ~ The Cocoon laments havé/;,e of 25-68M, pc>*, and the

is consistent with the lifetime of YSOs within the uncertainty. It Streamer laments haveM;,e of 19-115M. pct. The

is reported that the global lifetime of the prestellar core phase isritical value of mass per unit length at which thermal pressure
1.2+ 0.3 Myr (Konyves et al2015. The lifetimes of Class|  can support the gravitational contraction i82M. pc>* at

and Class |l are known to be around 0.5Myr and 1Myr, 23K for the Cocoots laments and 20M, pc ! at 15K for
respectively(see Evans et ak009 and references thergin  the Streamés laments(Ostriker1964).

Hence, the accretion time of the cores is roughly in agreement F10, F11, and F14 in the Cocoon have smallgg. thanM:t

ine

with the time for the formation of YSOs and prestellar cores in gnd thus they are seemingly thermally supported and no dense

the laments. In conclusion, it is likely that the accreti@w cores form. The lament F12 where a smalbN" dense core is
from the laments to the cores in IC 5146 plays a sigant  detected hadline of 36M, pc?, similar to the criticaMne
role in the star-forming processes in IC 5146. within the uncertainty. F13 has an effective critibdje Of

71+ 24M._pc>t. The observed mass per unit length of F13 is

_ _ 68M. pct. Hence, F13 is gravitationally supercritical but is
6.4. Filaments in the Cocoon Nebula devoid of any dense cores. One possible explanation for F13 not
The Cocoon Nebula and the Streamer have been investigatefprming dense cores despite being physically supercritical is that
together due to their proximity in the plane of the @g., Lada its dynamical state may be controlled by other means of support

et al. 1994 Johnstone et aP017 Wang et al2017. However, such as turbulence afmt magnetic eld that are not considered

the distances of the Cocoon and the Streamer are known to bBere. However, the nonthermal velocity dispersions show that the
quite different. Our observations of thééo (1-0) line indicate laments associated with the Cocoon Nebula have subsonic or
that the velocity range of the Cocoon Ne kms'1) also transonic turbulent motions, while those associated with the

differs from that of the Streamdil-7 kms’'). Besides, the  Streamer are transonic or supersonic. Hence, we tentatively
Cocoon and the Streamer have sigantly different star  conclude that the thermal pressure and magnelitrather than
formation environments. The Cocoon Nebula hd90 YSOs, the turbulence may be more important iaments of the Cocoon
while the Streamer has20 (Harvey et al2008. Also, thereisa  Nebula than in laments of the Streamer.
massive B-type star BE46> 3474 at the center of the Cocoon  The roles of gravity, turbulence, and magnetitd may change
Nebula (Herbig & Reipurth 2008. Hence, comparing the along with the formation and evolution daments and cores. The
physical properties of laments in the Cocoon and in the models of clouds and star formation suggest that the magaletic
Streamer would be meaningful. In this section, we compare theand turbulence may play different roles at different stages of
physical properties oflaments in the Cocoon Nebula with those evolution(e.g., CrutcheR0129). Besides, the types of clumps that
in the Streamer, focusing on the more evolved Cocoon Nebula.evolve can be affected by the balance of the three factors. It has
In the Cocoon Nebula regionyve laments are idented recently been suggested that the subtle difference in the relative
(F10-F14). Only one dense core is detected in the Cocoon signi cance between gravity, turbulence, and magneti¢ can
Nebula, while a few tens of dense cores are found in theproduce different fragmentation from the clump to the core scale
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Table 5
Evolution Indicators of Starless Dense Cores
Core ID N(N2H™) AV(NHY) f5(CO) N(Hz) Det(SO Infall Asy. Totaf
(10*2cm?) (km s°h (10° cm?)

@ @ (©) @ (©) (6) )
Cc2 0.97(2) 0.49(1) 1.1(1) 108.1(1) Y (0) Y (1) 5
C5 0.95(1) 0.31(0) 0.9(0) 65.5(0) N (1) N (0) 2
C6 0.68(0) 0.47(0) 1.1(1) 73.9(1) Y (0) Y (D) 3
Cc8 1.01() 0.47(0) 1.0(0) 56.0(0) N (2) N (0) 2
C10 0.82(0) 0.45(0) 0.5(0) 55.7(0) N (1) N (0) 1
C12 0.88(0) 1.62(2) 0.7(0) 86.3(1) Y (0) N (0) 2
C13 0.75(0) 0.78(1) 1.0(0) 64.9(0) Y (0) N (0) 1
Cl6 2.29(1) 0.57(1) 1.3(1) 166.2(1) Y (0) Y (1) 5

Notes.These physical parameters provide the evolutionary status of starless denf@rapse®t al2005. Columns numbered)—(6) show NH* column density
(N(N,HY)), NoH' line width (AV(N,H™)), CO depletion facto¢fp(CO)), H, column density at the peak positi¢d(H,)), the detection of SO emissigPet(SO)),

and infall asymmetry of the HCOspectrun(infall Asy.). Det(SO) indicates whether the SO line was detected above ilsv@l. Each number in parentheses is the
point given for each parameter of each core if its property is ranked to mean that it is more evolved than the average for that property among the cores.
& The total is sum of points, and a larger total means that the core is more evolved.

(Tang et al.2019. To investigate the precise roles of gravity, factor, i.e., the detection of §8-2,) over 3, as an evolution
turbulence, and magnetield in forming stars, more observational indicator for the cores in our discussion. We gave one point for
constraints, particullgrobservations of polazation, are required.  each parameter for each of theesoand summed the points to get
The laments in Cocoon are intst;g targets in which to  a total. A larger sum of points implies that that core is relatively
investigate the precise roles played by gravity, turbulence, andnore evolved. Among the eight starless cores, C2 and C16 secured
magnetic eld in their formation and elution. Further investiga-  the highest sums, implying théitety are the most evolved starless
tions on the importance of magnetield relative to gravity and  cores, while C10 and C13 appear to be the least evolved cores.
turbulence will be given in our next pafger J. Chung et al. 2021, Figure 14 shows the distribution of dense cores that are color-
in preparatiop coded based on their relative evolutionary stage. The cores with
YSOs are located in the supersoniaments and hubs of HFSs
6.5. Formation of Filaments and Dense Cores in the Streamerwhile most of the starless corese found in single-shaped,

This section discusses possible roles of thementary transonic laments. This indicates that théamentary accretion

structures in the formation and evolution tdments and dense  OW as Well as turbulent gas motions in thiement may play an
cores. Most of thelaments in the Streamer are gravitationally IMportant role in the formation of dense cores and stars.
supercritical, and the kinematic properties ¢dments and Seo et al(2019 investigated the kinematics and chemistry of
dense cores imply that the mechanisms formilagnents and ~ Star-forming regions in the Taurus molecular cloud, and proposed
dense cores can differ depending on the environment of eacf{Iré€ star formation types, i.dast, slow, and isolated modes,
lament. We have found 21 dense cores with the'N1-0) depending on the lamentary structuseinvolved in the star
line in the Streamer, and investigating the relative evolutionaryformation. The fast mode may apply for star formation at the hub
stages of the cores may help in understanding the possibldvhere the column density is high. The convergirgv from
formation history of the Streamer. laments to the hub and ram pressure may promote mass
Observations toward the starless cores found that dynamicafccretion and the formation of tberes and stars. The slow mode
and chemical properties such as line width, inward motion, andwould work for the formation of stars at a gravitationally
depletion of C-bearing molecules, yet enhancement ofsupercritical Iament as well as _the formation of.pressure-ued .
deuterated species in the dense cores, can be used as indicat6@es at a gravitationally subcriticdament. The isolated mode is
of the evolution of cores. In particular, Crapsi et (&005 the classical mode of star formation where cores and stars form in
examined dynamical and chemical properties of several tens ofsolated clumps by gravitational contraction.
starless cores, and found that the most evolved cores have We note that the cores with YSOs and starless cores in
higher NH*, N,D*, and H, column densities, a higher ratio of 1€ 5146 can be explained well by these modes. The formation
N(N,D™) to N(NLH™), higher CO depletion fact¢fo(CO), the of dense cores and YSOs in C3, C11, C15, and C17 in hubs of
ratio of the canonical CO abundance to the observed COIC 5146 seems consistent with the suggested fast mode. On the
abundandg larger NH* line width with infall signature, and  other hand, the starless core C6 seems to be controlled by a
more compact density distribution than the others. slow mode because it is located in a single-shagachent
Adopting the indicators provided by Crapsi et (@005, we (F2). C18, the dense core linked with a clump, but not with a
investigated the relative evolutamy status of eight starless cores lament, seems to be a case of the isolated mode.
in IC5146. Table5 shows the available quantities ofHN Meanwhile, sub-laments not located in hubs of F4 harbor
column density, BH* (1-0) line width, CO depletion factor, and  both cores with YSOs and cores without. The starless cores C2,
H, column density at the peak position ofHN (1-0) emission for C5, C8, C10, C12, C13, and C16 are embedded between or
the eight starless cores. We used the canonical CO abundandeext to the dense cores with YSOs. This seems to be because
([COI [Hz]) of 9.1x 10°° from Pineda et a(2010, and derived when a chain of cores forms in dament, a core having a
the observed CO abundance from the CO column density and Hdeeper gravitational potential well growsst, and then the
column density obtained in Sectidr2 We included one more  adjacent less massive core gains mass slowly.
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7. Summary and Conclusion

We carried out mapping observations of the clouds and dense
cores in IC 5146 in molecular lines with the TRAO 14 m antenna
to investigate how stars form in relation tamentary structures
in IC 5146. The main results of bobservations are as follows.

1. From C®0 (1-0) data, 14 laments(size> 6 x Orwiwm)

and 30 clumpgsize< 4x Ogywym and aspect ratigc3)

are identied by performing a Gaussian decomposition
for the observed spectra and a friends-of-friends algo-
rithm for the decomposed Gaussian components. The
basic physical quantities of thdaments such as H
column density, length, width, mass, mass per unit
length, and mean velocity gradient are estimated.

. From NH* (1-0) data, 22 dense core@l in the
Streamer and 1 in the Cocoon Nebw@ee found. Among

the 22 dense cores, 14 are found to have YSOs while the
other cores that are idengid for the rst time in this
study are starless. Their positions, sizes, peak velocities,
line widths, masses, and virial £Parameters are derived.

. We compared the idengd C°O laments with the
Herschel continuum laments found in the dust con-
tinuum emission(Arzoumanian et al2011). In some
cases, laments seen as a single entity in the continuum
observations are found to consist of multipleaments of
different systemic velocities in our# (1-0) map. This

Chung et al.

are found in the subcriticalaments. Only one dense core is
found to be in a virialized small clump.

. Every lament shows a contiously coherent velocityeld,

and its velocity gradient is on averagé km $°* pc>*. F4,
the largest lament with most of the dense cores in IC 5146,
shows the _largest velocity gradient, up to about
2-3kmstpc®l. We estimate accretion rates of
15-35M, MyrSl from laments onto the cores in the
laments where the velocity gradients were measured. The
timescales to gain current core masses via the accretion
are 0.2-0.8 Myr, which is consistent with the timescales
of the YSOs formed in IC5146. This suggests that the
accretion ows along the laments may have played a
signi cant role in the formation of stars in IC 5146.

. The formation processes of dense cores and stars found in

the laments of IC 5146 appear to be well explained based
on the three modes suggested by Seo é@19—the fast,
slow, and isolated modes. The cores with YSOs tend to be
located in the turbulent hubs, and hence might have been
formed in the fast mode, while starless cores located on the
transonic single-shapethments might be currently forming

in a slow mode. One dense core embedded in the clump
CL22 is likely to have formed by the isolated mode.
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nearly the same, and the other where the nonthermal
velocity dispersions of the dense cores are smaller than
those of the laments. Among the dense cores in the latter
group, three located in hubs show a different systemic

Appendix

We present the moment O maps and posiietocity

what the collision model of turbulenbws predicts in the

column density from €0 emission and pH* core mass

formation of the laments and the dense cores. Hence, we (SectionsA.1 and A.2, respectivel; the integrated intensity
propose that the hubs and dense cores in them may havenaps of NH*, SO, and %0 and the averaged spectra of SO,

been formed through the collision of turbuleiows.

CS, HCO, and NH™ isolated component of eachi core

. Most of the laments in IC 5146 have a larger mass per unit (Figures16-20), C%0 spectra and the Gaussian decomposition

length (Mjine) than the criticaM,e Within the uncertainty,
and hence they are gravitatidly supercritical. Most of the
dense cores are found on the supercritizahents, but four

21

results around C1l{Figure21), the systemic velocity map of
lament F4(Figure 22), and the physical properties of%O
clumps(Table6).



The Astrophysical Journal, 919:3(32pp, 2021 September 20 Chung et al.

13CO moment 0 image : C'80 moment 0 image :

Dec (J2000)
Dec (j2000)

+47°10" f b J - +47°10'

RA (J2000) RA (j2000)

Vraa (KMV/S)
Vrag (kM)

3000 2000 0 -1000 -2000 -3000 -2000 -3000

OFFSET (arcsec) OFFSET (arcsec)
Figure 15. The integrated intensity may®p) and the positioavelocity cuts along the white solid line in the integrated intensity niapson) of *3CO and
C*0 (1-0) emissions, respectively. Tev diagrams are averaged within the regions of white dotted lines in the integrated intensity maps. The yellow dashed lines
indicate R.A(J2000 of 21"50™31.5, which separates the Cocoon Nebula and the Streamer as in Eiginewhite arrow in the ¥O p—v diagram indicates the F2
emission, which has quite a different velocity fronid=delocity.
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Figure 16.Images: integrated intensity contour maps gfiN(1-0) (left), SO(3-2;) (second columy and C®0 (1-0) (third column) on the Herschel 250m
image toward the dense cores C1 to C4. The contour levelsarer3n = 1, 2, 3,K ). The red cross and ellipse indicate the peak position and the size giHfie N
dense core. The black crosses represent the positions of YSO cangiidatey et al2008 Poglitsch et al2010. The FWHM beam sizes at theM", SO, and
HCO" frequencies are shown with white circles in the upper right corner. Spectra: the averdge€280CS (25 1), HCO" (1-0), and NH" isolated component
(10.0; ) spectra of each dense core are presented in magenta, green, navy, and red, respgdtivebedita are presented with hypee tting resultgmaroon
lines. The spectrum drawn with the sky-blue line is representative of the blue asymmetric $p&@rum at the offset position from the core cefitethe
parenthesjs
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