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particle hydrodynamic gas/dust simulations of discs hosting a migrating and accreting planet. Combining the dust
density maps of small and large grains with three dimensional radiative transfer calculations, we produce synthetic
ALMA observations of a variety of disc models in order to reproduce the gap- and ring-like features observed in Elias
24. We find that the dust emission across the disc is consistent with the presence of an embedded planet with a mass
of ∼0.7 MJ at an orbital radius of ∼60 au. Our model suggests that the two inflection points in the radial intensity
profile are due to the inward radial motion of large dust grains from the outer disc. The surface brightness map of
our disc model provides a reasonable match to the gap- and ring-like structures observed in Elias 24, with an average
discrepancy of ∼5% of the observed fluxes around the gap region.
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The structure and spectrum of the accretion shock have been self-consistently simulated for a wide range of parameters
typical for Classical T Tauri Stars (CTTS). Radiative cooling of the shocked gas was calculated, taking into account
the self-absorption and non-equilibrium (time-dependent) effects in the level populations. These effects modify the
standard cooling curve for an optically thin plasma in coronal equilibrium, however the shape of high-temperature
(T > 3 × 105K) part of the curve remains unchanged. The applied methods allow us to smoothly describe the
transition from the cooling flow to the hydrostatic stellar atmosphere. Thanks to this approach, it has been found
that the narrow component of He II lines is formed predominantly in the irradiated stationary atmosphere (hotspot),
i.e. at velocities of the settling gas < 2 kms−1. The structure of the pre-shock region is calculated simultaneously with
the heated atmosphere. The simulation shows that the pre-shock gas produces a noticeable emission component in
He II lines and practically does not manifest itself in He I lines (λλ 5876, 10830 Å). The UV spectrum of the hotspot is
distorted by the pre-shock gas, namely numerous red-shifted emission and absorption lines overlap each other forming
a pseudo-continuum. The spectrum of the accretion region at high pre-shock densities ∼ 1014 cm−3 is fully formed
in the in-falling gas and can be qualitatively described as a spectrum of a star with an effective temperature derived
from the Stefan-Boltzmann law via the full energy flux.
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The LkHα 101 cluster takes its name from its more massive member, the LkHα 101star, which is an ∼15 M⊙ star
whose true nature is still unknown. The distance to the LkHα 101 cluster has been controversial for the last few
decades, with estimated values ranging from 160 to 800 pc. We have observed members and candidate members of
the LkHα 101 cluster with signs of magnetic activity, using the Very Long Baseline Array, in order to measure their
trigonometric parallax and, thus, obtain a direct measurement of their distances. A young star member, LkHα 101
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Instituto de Astronomı́a, Universidad Nacional Autnoma de México, Apartado Postal 70-264, CdMx C.P. 04510,
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VLA J043001.15+351724.6, was detected at four epochs as a single radio source. The best fit to its displacement on
the plane of the sky yields a distance of 535±29 pc. We argue that this is the distance to the LkHα 101 cluster.
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Star formation in the solar neighborhood is mainly traced by young stars in open clusters, associations, and in the
field, which can be identified, for example, by their X-ray emission. The determination of stellar parameters for
the optical counterparts of X-ray sources is crucial for a full characterization of these stars. This work extends the
spectroscopic study of the RasTyc sample, obtained by the cross-correlation of the TYCHO and ROSAT All-Sky
Survey catalogs, to stars fainter than V = 9.5mag and aims to identify sparse populations of young stars in the solar
neighborhood. We acquired 625 high-resolution spectra for 443 presumably young stars with four different instruments
in the northern hemisphere. The radial and rotational velocity (v sin i) of our targets were measured by means of the
cross-correlation technique, which is also helpful to discover single-lined (SB1), double-lined spectroscopic binaries
(SB2), and multiple systems. We used the code ROTFIT to perform an MK spectral classification and to determine
the atmospheric parameters (Teff , log g, [Fe/H]) and v sin i of the single stars and SB1 systems. For these objects, we
used the spectral subtraction of slowly rotating templates to measure the equivalent widths of the Hα and Lii 6708 Å
lines, which enabled us to derive their chromospheric activity level and lithium abundance. We made use of Gaia
DR1 parallaxes and proper motions to locate the targets in the Hertzsprung-Russell (HR) diagram and to compute
the space velocity components of the youngest objects. We find a remarkable percentage (at least 35%) of binaries
and multiple systems. On the basis of the lithium abundance, the sample of single stars and SB1 systems appears to
be mostly (∼ 60%) composed of stars younger than the members of the UMa cluster. The remaining sources are in
the age range between the UMa and Hyades clusters (∼ 20%) or older (∼ 20%). In total, we identify 42 very young
(PMS-like) stars, which lie above or very close to the Pleiades upper envelope of the lithium abundance. A significant
percentage (∼ 12%) of evolved stars (giants and subgiants) is also present in our sample. Some of these stars (∼ 36%)
are also lithium rich (A(Li)> 1.4).
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We construct a semi-analytic model to study the effect of far-ultraviolet (FUV) radiation on gas chemistry from
embedded protostars. We use the Protostellar Luminosity Function (PLF) formalism of Offner & McKee (2011) to
calculate the total, FUV, and ionizing cluster luminosity for various protostellar accretion histories and cluster sizes.
We compare the model predictions with surveys of Gould Belt star-forming regions and find the Tapered Turbulent
Core model matches best the mean luminosities and the spread in the data. We combine the cluster model with the
photo-dissociation region astrochemistry code, 3d-pdr, to compute the impact of the FUV luminosity from embedded
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protostars on the CO to H2 conversion factor, XCO, as a function of cluster size, gas mass and star formation efficiency.
We find that XCO has a weak dependence on the FUV radiation from embedded sources for large clusters due to high
cloud optical depths. In smaller and more efficient clusters the embedded FUV increases XCO to levels consistent with
the average Milky Way values. The internal physical and chemical structure of the cloud are significantly altered, and
XCO depends strongly on the protostellar cluster mass for small efficient clouds.
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BANYAN Σ is a new Bayesian algorithm to identify members of young stellar associations within 150 pc of the Sun.
It includes 27 young associations with ages in the range ∼1–800 Myr, modelled with multivariate Gaussians in 6-
dimensional XYZUVW space. It is the first such multi-association classification tool to include the nearest sub-groups
of the Sco-Cen OB star-forming region, the IC 2602, IC 2391, Pleiades and Platais 8 clusters, and the ρ Ophiuchi,
Corona Australis, and Taurus star-formation regions. A model of field stars is built from a mixture of multivariate
Gaussians based on the Besançon Galactic model. The algorithm can derive membership probabilities for objects
with only sky coordinates and proper motion, but can also include parallax and radial velocity measurements, as well
as spectrophotometric distance constraints from sequences in color-magnitude or spectral type-magnitude diagrams.
BANYAN Σ benefits from an analytical solution to the Bayesian marginalization integrals that makes it more accurate
and significantly faster than its predecessor BANYAN II. A contamination versus hit rate analysis is presented and
demonstrates that BANYAN Σ achieves a better classification performance than other moving group classification
tools, especially in terms of cross-contamination between young associations. An updated list of bona fide members
in the 27 young associations, augmented by the Gaia-DR1 release, are presented. This new tool will make it possible
to analyze large data sets such as the upcoming Gaia-DR2 to identify new young stars. IDL and Python versions of
BANYAN Σ are made available with this publication.

Accepted by ApJS

http://arxiv.org/pdf/1801.09051

Distributed star formation throughout the Galactic Center cloud Sgr B2

Adam Ginsburg1,2, John Bally3, Ashley Barnes4, Nate Bastian4, Cara Battersby5,6, Henrik Beuther7,
Crystal Brogan8, Yanett Contreras9, Joanna Corby8,10, Jeremy Darling3, Chris De Pree11, Roberto
Galván-Madrid12, Guido Garay13, Jonathan Henshaw7, Todd Hunter8, J.M. Diederik Kruijssen14,
Steven Longmore4, Xing Lu15, Fanyi Meng16, Elisabeth A.C. Mills17,18, Juergen Ott19, Jaime E.
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We report ALMA observations with resolution ∼0.′′5 at 3 mm of the extended Sgr B2 cloud in the Central Molecular
Zone (CMZ). We detect 271 compact sources, most of which are smaller than 5000 AU. By ruling out alternative
possibilities, we conclude that these sources consist of a mix of hypercompact HII regions and young stellar objects
(YSOs). Most of the newly-detected sources are YSOs with gas envelopes which, based on their luminosities, must
contain objects with stellar massesM∗

>
∼8M⊙. Their spatial distribution spread over a ∼ 12×3 pc region demonstrates

that Sgr B2 is experiencing an extended star formation event, not just an isolated ‘starburst’ within the protocluster
regions. Using this new sample, we examine star formation thresholds and surface density relations in Sgr B2. While
all of the YSOs reside in regions of high column density (N(H2) >∼ 2 × 1023 cm−2), not all regions of high column
density contain YSOs. The observed column density threshold for star formation is substantially higher than that
in solar vicinity clouds, implying either that high-mass star formation requires a higher column density or that any
star formation threshold in the CMZ must be higher than in nearby clouds. The relation between the surface density
of gas and stars is incompatible with extrapolations from local clouds, and instead stellar densities in Sgr B2 follow
a linear Σ∗–Σgas relation, shallower than that observed in local clouds. Together, these points suggest that a higher
volume density threshold is required to explain star formation in CMZ clouds.
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Are all filaments bundles of fibers? To address this question, we have investigated the gas organization within the
paradigmatic Integral Shape Filament (ISF). We combined two new ALMA Cycle 3 mosaics with previous IRAM 30m
observations to produce a high-dynamic range N2H+(1–0) emission map of the ISF tracing its high-density material
and velocity structure down to scales of 0.009 pc. From the analysis of the gas kinematics, we identify a total of 55
dense fibers in the central region of the ISF. Independently of their location, these fibers are characterized by transonic
internal motions, lengths of ∼0.15 pc, and masses per-unit-length close to those expected in hydrostatic equilibrium.
The ISF fibers are spatially organized forming a dense bundle with multiple hub-like associations likely shaped by the
local gravitational potential. Within this complex network, the ISF fibers show a compact radial emission profile with
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a median FWHM of 0.035 pc systematically narrower than the previously proposed universal 0.1 pc filament width.
Our ALMA observations reveal complex bundles of fibers in the ISF, suggesting strong similarities between the internal
substructure of this massive filament and previously studied lower-mass objects. The fibers show identical dynamic
properties in both low- and high-mass regions, and their widespread detection suggests a preferred organizational
mechanism of gas in which the physical fiber dimensions (width and length) are self-regulated depending on their
intrinsic gas density. Combined with previous works, we identify a systematic increase of the surface density of fibers
as a function of the total mass per-unit-length in filamentary clouds. Based on this empirical correlation, we propose
a unified star-formation scenario where the observed differences between low- and high-mass clouds emerge naturally
from the initial concentration of fibers.
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Supermassive stars born from pristine gas in atomically-cooled haloes are thought to be the progenitors of supermassive
black holes at high redshifts. However, the way they accrete their mass is still an unsolved problem. In particular,
for accretion to proceed, a large amount of angular momentum has to be extracted from the collapsing gas. Here,
we investigate the constraints stellar evolution imposes on this angular momentum problem. We present an evolution
model of a supermassive Population III star including simultaneously accretion and rotation. We find that, for
supermassive stars to form by accretion, the accreted angular momentum has to be about 1% of the Keplerian angular
momentum. This tight constraint comes from the ΩΓ-limit, at which the combination of radiation pressure and
centrifugal force cancels gravity. It implies that supermassive stars are slow rotators, with a surface velocity less than
10 – 20% of their first critical velocity, at which the centrifugal force alone cancels gravity. At such low velocities, the
deformation of the star due to rotation is negligible.
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We address the turbulent fragmentation scenario for the origin of the stellar initial mass function (IMF), using a large
set of numerical simulations of randomly driven supersonic MHD turbulence. The turbulent fragmentation model
successfully predicts the main features of the observed stellar IMF assuming an isothermal equation of state without
any stellar feedback. As a test of the model, we focus on the case of a magnetized isothermal gas, neglecting stellar
feedback, while pursuing a large dynamic range in both space and timescales covering the full spectrum of stellar
masses from brown dwarfs to massive stars. Our simulations represent a generic 4 pc region within a typical Galactic
molecular cloud, with a mass of 3000 Msun and an rms velocity 10 times the isothermal sound speed and 5 times the
average Alfven velocity, in agreement with observations. We achieve a maximum resolution of 50 au and a maximum
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VLA J043001.15+351724.6, was detected at four epochs as a single radio source. The best fit to its displacement on
the plane of the sky yields a distance of 535±29 pc. We argue that this is the distance to the LkHα 101 cluster.
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A spectroscopic survey of the youngest field stars in the solar neighborhood. II. The
optically faint sample
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Star formation in the solar neighborhood is mainly traced by young stars in open clusters, associations, and in the
field, which can be identified, for example, by their X-ray emission. The determination of stellar parameters for
the optical counterparts of X-ray sources is crucial for a full characterization of these stars. This work extends the
spectroscopic study of the RasTyc sample, obtained by the cross-correlation of the TYCHO and ROSAT All-Sky
Survey catalogs, to stars fainter than V = 9.5mag and aims to identify sparse populations of young stars in the solar
neighborhood. We acquired 625 high-resolution spectra for 443 presumably young stars with four different instruments
in the northern hemisphere. The radial and rotational velocity (v sin i) of our targets were measured by means of the
cross-correlation technique, which is also helpful to discover single-lined (SB1), double-lined spectroscopic binaries
(SB2), and multiple systems. We used the code ROTFIT to perform an MK spectral classification and to determine
the atmospheric parameters (Teff , log g, [Fe/H]) and v sin i of the single stars and SB1 systems. For these objects, we
used the spectral subtraction of slowly rotating templates to measure the equivalent widths of the Hα and Lii 6708 Å
lines, which enabled us to derive their chromospheric activity level and lithium abundance. We made use of Gaia
DR1 parallaxes and proper motions to locate the targets in the Hertzsprung-Russell (HR) diagram and to compute
the space velocity components of the youngest objects. We find a remarkable percentage (at least 35%) of binaries
and multiple systems. On the basis of the lithium abundance, the sample of single stars and SB1 systems appears to
be mostly (∼ 60%) composed of stars younger than the members of the UMa cluster. The remaining sources are in
the age range between the UMa and Hyades clusters (∼ 20%) or older (∼ 20%). In total, we identify 42 very young
(PMS-like) stars, which lie above or very close to the Pleiades upper envelope of the lithium abundance. A significant
percentage (∼ 12%) of evolved stars (giants and subgiants) is also present in our sample. Some of these stars (∼ 36%)
are also lithium rich (A(Li)> 1.4).

Accepted by A & A

https://arxiv.org/pdf/1801.00671

A Model for Protostellar Cluster Luminosities and the Impact on the CO-H2 Conversion
Factor
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We construct a semi-analytic model to study the effect of far-ultraviolet (FUV) radiation on gas chemistry from
embedded protostars. We use the Protostellar Luminosity Function (PLF) formalism of Offner & McKee (2011) to
calculate the total, FUV, and ionizing cluster luminosity for various protostellar accretion histories and cluster sizes.
We compare the model predictions with surveys of Gould Belt star-forming regions and find the Tapered Turbulent
Core model matches best the mean luminosities and the spread in the data. We combine the cluster model with the
photo-dissociation region astrochemistry code, 3d-pdr, to compute the impact of the FUV luminosity from embedded
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Cluster の光度のモデル構築、 
XCOのcluster のパラメータに対する依存性を調べた
モデル：星への降着で3種類
Inside out (Shu 1977)
Turbulent Core (McKee & Tan 2003)
Tapered TC (Offner & McKee 2011) 9

Figure 4. Total cluster luminosity as a function of the number of protostars for three di↵erent accretion histories. The black
solid lines indicate the mean of the luminosity distributions, hLi. The dark and light colored bands indicate the 1 and 2 � spread
of the distribution, respectively. The magenta dotted line is the best fit for the TTC model (Equation 27). The black data
points indicate the sum of the bolometric luminosities for each cluster in Dunham et al. (2013). The pink circles show clusters
from the Kryukova et al. (2012) catalog and the pink square is Cygnus X from Kryukova et al. (2014). The arrows indicate that
each of the points are likely lower limits to the actual number due to incompleteness at low luminosities.

Figure 5. Cluster FUV luminosity versus the number of stars for three di↵erent accretion histories. The black solid lines
indicate the mean of the cluster distributions. The dark and light colored bands indicate the 1 and 2 � spread in the cluster
luminosity. The magenta dotted line is the best fit for the TTC model (Equation 28)

embedded sources, the CO abundance asymptotically
approaches a value around 10�4 at high AV . However,
the model predicts that CO is e↵ectively dissociated by
AV � 7 for all clusters. Increasing the cluster size from
N⇤ ⇠ 100� 106 causes 2 orders of magnitude di↵erence
in the CO abundance at AV = 4.
Figure 8 shows the temperature structure of the cloud.

3d-pdr determines the temperature by balancing the
heating and cooling as described above. Without em-
bedded sources, the cloud cools to a temperature of 10
K when AV � 1. The model results show that the em-
bedded sources have a strong impact, heating the high
AV gas to hundreds of Kelvin. Comparing this tem-
perature structure to the abundance profiles in Figure

星形成が終了に近づくと降着率低下
Mstar 大ほど降着率大
降着率は温度のみに依存

観測とモデルを比較 
TTCが観測をもっとも良く再現 
TCだとN~10-100で過大評価
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ABSTRACT

We construct a semi-analytic model to study the e↵ect of far-ultraviolet (FUV) radiation on gas
chemistry from embedded protostars. We use the Protostellar Luminosity Function (PLF) formalism
of O↵ner & McKee (2011) to calculate the total, FUV, and ionizing cluster luminosity for various
protostellar accretion histories and cluster sizes. We compare the model predictions with surveys of
Gould Belt star-forming regions and find the Tapered Turbulent Core model matches best the mean
luminosities and the spread in the data. We combine the cluster model with the photo-dissociation
region astrochemistry code, 3d-pdr, to compute the impact of the FUV luminosity from embedded
protostars on the CO to H2 conversion factor, XCO, as a function of cluster size, gas mass and star
formation e�ciency. We find that XCO has a weak dependence on the FUV radiation from embedded
sources for large clusters due to high cloud optical depths. In smaller and more e�cient clusters the
embedded FUV increases XCO to levels consistent with the average Milky Way values. The internal
physical and chemical structure of the cloud are significantly altered, and XCO depends strongly on
the protostellar cluster mass for small e�cient clouds.

1. INTRODUCTION

In the local universe, star formation occurs exclu-
sively within molecular clouds (McKee & Ostriker 2007).
These clouds exhibit complex structure regulated by a
combination of turbulence, gravity and magnetic fields
(Heyer & Dame 2015). The relative balance between
these forces determines the amount of dense gas where
the star formation occurs. Studying the dynamics and
structure of molecular gas is paramount to understand-
ing the star formation process. Star formation acts as
a clock within molecular clouds, when internal feedback
mechanisms turn on and start to impact the evolution
of their natal host cloud. During star formation, know-
ing the dynamics is necessitated by understanding the
feedback mechanisms.
Molecular clouds are composed primarily of molecular

hydrogen, H2. However, H2 has no permanent dipole,

bgaches@astro.umass.edu

so↵ner@astro.umass.edu

and thus is not visible at the cold temperatures of molec-
ular clouds. Instead, most studies rely on the emission
from carbon monoxide (CO) as a proxy for total molec-
ular gas mass. CO has the second highest molecular
abundance after H2, a permanent dipole and is readily
excited at the temperatures and densities of molecular
clouds. In addition to CO, astronomers also use a wide
array of other molecules that span a range of physical
and chemical conditions, including tracers of denser gas
like HCN and N2H+ (Goodman et al. 1998; Rosolowsky
et al. 2011, 2008; Vasyunina et al. 2014).
Because H2 is not directly observable, molecular gas

mass must be determined indirectly by assuming a fixed
dust-to-gas ratio or some simple relationship between
H2 and another molecular species. The most common
conversion is XCO, which is defined as

XCO =
NH2

WCO
, (1)

where NH2
is the column density of molecular hydrogen

in units of cm�2 and WCO is the integrated intensity
in K km s�1. The typical Milky Way value is XCO =
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XCO：大きなClusterではMstar大で微減
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Figure 9. XCO normalized by 1020 as a function of the num-
ber of stars, N⇤, for model CM 1000D 1kms 1⇠.

Figure 10. Contour plot of XCO as a function of the fi-
nal star cluster mass, M⇤, and the e�ciency, "g, for model
CE 1000D V 1⇠. The color scale indicates the logarithm of
XCO normalized by 1020. The white solid contour is the typ-
ical Milky Way XCO and the white dotted contours are the
30% error bars (Bolatto et al. 2013). The horizontal white
band marks the star formation e�ciency estimated for local
Gould Belt clouds (Dunham et al. 2013).

vey of Gould Belt clouds. Within the band, a significant
amount of the parameter space is consistent with the
local Milky Way average XCO (in white contours). Fur-
thermore, XCO is nearly constant for moderate cluster
sizes, so our model predicts the Milky Way average is
representative of local molecular clouds. The model also
predicts XCO decreases by a factor of 5-10 in the largest
clusters due to the increase in turbulent linewidth.

3.3.4. Mean Gas Density

Molecular clouds have a range of mean densities. In
this section, we explore the impact of the mean gas den-
sity on XCO. Model CE 500D V 1⇠ is the same model
as the fiducial expect with nH = 500 cm�3. Figure 11
shows the same parameter space as the fiducial model
shown in Figure 10. The lower density causes XCO to
increase over much of the parameter space. Lowering
the density also reduces the column density (and thus
the dust extinction) making photochemistry more im-
portant. However, changes in the amount of molecular
hydrogen and the CO (1-0) emission compete and par-
tially cancel. If there is a reduction in both, XCO may
increase but not by a large factor. In Figure 11 the over-
all trend remains the same as the fiducial model but is
amplified for moderate and smaller clusters. There is no
change for the largest clusters since they have su�cient
mass such that changes in the interior abundances occur
after the line has become opaque.
XCO for small clusters is greatly amplified due to the

lower dust extinction within the cloud. These clouds
have significantly less CO emission compared to their H2

column density, i.e., they have a larger fraction of “CO-
dark” gas (i.e. Wolfire et al. 2010). Typically, CO-dark
clouds are assumed to have faint CO emission due to
their low densities, but the gas here is CO deficient due
to dissociation caused by the embedded sources. Conse-
quently, the MW average values occupy only a narrow
band across the parameter space. Within the range of
typical star formation e�ciencies, XCO is only consistent
for clusters with masses between 103 - 104 M�.
Prior work has also found that XCO is sensitive to

the gas density (Bell et al. 2006; Shetty et al. 2011).
Densities higher than 103 cm�3 make dust extinction
more e�cient, while lower densities enhance the e↵ect
of embedded clusters since more of the cloud is influ-
enced by photochemistry. Our models predict XCO is
most sensitive to density for clouds forming small clus-
ters with high star formation e�ciencies. However, this
trend may not be evident in observations since di↵use
clouds are less likely to form stars with high e�ciencies.

3.3.5. Turbulent Velocity Dispersion

The turbulent velocity dispersion is an important fac-
tor in the calculated CO emission due to its influence
on the line width and, hence, the optical depth. The
line optical depth for a given line of sight is inversely
proportional to the velocity dispersion. There is am-
ple evidence that higher mass clouds have greater ve-
locity dispersions and that many clouds are close to
virial equilibrium (Heyer & Dame 2015). Although a
constant linewidth model is unphysical, it is useful to
examine the importance of velocity information. In this
section, we study the e↵ects of the turbulent velocity dis-
persion by comparing model CE 1000D V 1⇠ to model
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Figure 14. Same as Figure 10 except the internal FUV flux
is not included in the chemistry modeling.

MW value is no longer represented in the parameter
space. The model values of XCO within the local star
formation e�ciency band are only consistent with the
lowest measured values.
The inclusion of internal FUV radiation increases XCO

for clusters within the sizes indicated in Figure 4 towards
MW average values. Large clusters are relatively unaf-
fected because the turbulent linewidth dominates over
chemical e↵ects. Embedded photochemistry only a↵ects
the smaller clusters since CO emission is dominated by
flux emitted closer to the surface.
Figure 15 shows the linear ratio of XCO with embed-

ded sources and without them. For most the parameter
space, the embedded sources increase XCO by 30-50%.
For small e�cient clusters, the change is up to a fac-
tor of 8, increasing rapidly towards clouds with smaller
gas mass. For these clouds, XCO would likely be time-
dependent, evolving with the protostellar population.

4. DISCUSSION

4.1. Implications for Unresolved Star-Formation in
Extragalactic Sources

Measuring molecular gas mass in extragalactic sources
relies on two dominant methods: dust observations in
the infrared and sub-millimeter and CO emission. In
the later case, the common procedure is to use some ap-
proximate conversion factor to calculate the total molec-
ular gas mass within a galaxy. Molecular gas measure-
ments for local galaxies have resolutions of tens to hun-
dreds of parsecs (e.g. Kamenetzky et al. 2017; Corbelli
et al. 2017). Furthermore, many of the galaxies tar-
geted are actively star-forming. Since the measured CO
integrated flux is an average over the spatially larger
star-forming regions, our results suggest embedded star

Figure 15. Ratio of XCO calculated with the embedded pro-
tostellar FUV (model CE 1000D V 1⇠) to XCO calculated
without (model CE 1000D V 1⇠ NS).

formation must be taken into account.
Our model results show that for the largest clusters,

there is little impact from the embedded FUV radiation
and the conversion factor is instead dominated by the
turbulent line width. However, for smaller clusters in
the range of hundreds to thousands of stars, the em-
bedded radiation has a clear e↵ect. These smaller clus-
ters have XCO values factors of 3-10 larger than oth-
erwise assumed without the embedded clusters. Fur-
thermore, excluding embedded FUV sources will bias
chemical models towards either lower densities, higher
external radiation or higher cosmic ray fluxes. Our XCO

factors presented here are lower limits since our models
are one-dimensional constant density slabs. Real clouds
have significant structure and porosity, and the embed-
ded protostars are not tightly grouped into a central
cluster but distributed throughout the cloud. Both of
these e↵ects would serve to increase the embedded FUV
throughout the cloud, amplifying these trends.
Carbon monoxide has been measured in galaxies out

to high redshifts using large single-dish integrated line
measurements (e.g., Yun et al. 2015). At these red-
shifts, the star formation rate densities are typically
much greater than present-day values (Madau & Dick-
inson 2014). These measurements are dominated by the
brightest CO regions, which we predict inherently cor-
respond to lower values of XCO.

4.2. Implications for Dense Gas Tracers of Star
Formation

Many molecular gas surveys use dense gas tracers to
more directly measure the molecular gas undergoing star
formation. Tracers such as HCN and HCO+ are the
most common alternatives to CO due to their relatively

白線：典型的なXco, 点線が30%error
白帯が典型的な星形成効率

上がCluster 内からのFUVを考慮、下では無視

典型的な値までXcoを上げるには中からのFUVの寄与が必要

Mstar大でFUV大　 
COのdissociation と温度の上昇がcancel してXcoの変化は小さい

efficiency 一定、Mstar大ならビリアル速度大 
→線幅が広がりCOの積分強度が増加、Xcoが減少

星からの寄与が最大で10倍程度Xcoを増加させる

星質量、星形成効率に対するXcoの依存性
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We report ALMA observations with resolution ∼0.′′5 at 3 mm of the extended Sgr B2 cloud in the Central Molecular
Zone (CMZ). We detect 271 compact sources, most of which are smaller than 5000 AU. By ruling out alternative
possibilities, we conclude that these sources consist of a mix of hypercompact HII regions and young stellar objects
(YSOs). Most of the newly-detected sources are YSOs with gas envelopes which, based on their luminosities, must
contain objects with stellar massesM∗

>
∼8M⊙. Their spatial distribution spread over a ∼ 12×3 pc region demonstrates

that Sgr B2 is experiencing an extended star formation event, not just an isolated ‘starburst’ within the protocluster
regions. Using this new sample, we examine star formation thresholds and surface density relations in Sgr B2. While
all of the YSOs reside in regions of high column density (N(H2) >∼ 2 × 1023 cm−2), not all regions of high column
density contain YSOs. The observed column density threshold for star formation is substantially higher than that
in solar vicinity clouds, implying either that high-mass star formation requires a higher column density or that any
star formation threshold in the CMZ must be higher than in nearby clouds. The relation between the surface density
of gas and stars is incompatible with extrapolations from local clouds, and instead stellar densities in Sgr B2 follow
a linear Σ∗–Σgas relation, shallower than that observed in local clouds. Together, these points suggest that a higher
volume density threshold is required to explain star formation in CMZ clouds.
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Are all filaments bundles of fibers? To address this question, we have investigated the gas organization within the
paradigmatic Integral Shape Filament (ISF). We combined two new ALMA Cycle 3 mosaics with previous IRAM 30m
observations to produce a high-dynamic range N2H+(1–0) emission map of the ISF tracing its high-density material
and velocity structure down to scales of 0.009 pc. From the analysis of the gas kinematics, we identify a total of 55
dense fibers in the central region of the ISF. Independently of their location, these fibers are characterized by transonic
internal motions, lengths of ∼0.15 pc, and masses per-unit-length close to those expected in hydrostatic equilibrium.
The ISF fibers are spatially organized forming a dense bundle with multiple hub-like associations likely shaped by the
local gravitational potential. Within this complex network, the ISF fibers show a compact radial emission profile with
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A. Hacar et al.: An ALMA study of the Orion Integral Filament: I. Evidence for narrow fibers in a massive cloud

Fig. 4. Main axis of the 55 fibers identified by our HiFIVE analysis along the ISF (red segments). (Left) SCUBA-850 µm continuum emission
(Johnstone & Bally 1999). (Right) Total N2H+ integrated emission. The position of both protostars (blue triangles) and continuum sources (blue
crosses) are indicated similar to Fig. 2. For reference, the positions of the Trapezium and NU Ori stars (white stars) plus the Orion BN source
(yellow stars), are highlighted in both panels. The corresponding beamsizes are indicated in the lower left corner in comparison with a characteristic
0.3 pc scale (black bar). The position of the zoom-in regions presented in Fig. 3 are enclosed by dashed boxes in the SCUBA map. We notice the
good correspondence between the position of fibers and the location of the intensity enhancements in the continuum. A green cross indicates the
positions with the most blue-shifted velocity detected in our N2H+ maps (see also Appendix B.2), adopted as the approximate centre of collapse
of the OMC-1 region (Hacar et al. 2017a).

molecules (see Hacar et al. 2017b), these NH3-derived temper-
atures provide good estimates for the thermal state of the dense
gas detected in N2H+. In Table 1 we list the average TK estimates
and their corresponding sound speed cs(TK) values in our maps.

We summarize the statistical properties of the derived �NT
measurements obtained using Eq. 1 for the all the N2H+ com-
ponents detected with S/N � 3 in Table 1. This table also in-
cludes the fraction of components in di↵erent turbulent regimes
in the ISF. Overall, the internal gas motions within this fila-
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Fig. 5. Statistical properties of the ISF fibers (orange shaded area): (Left) Total fiber length; (Centre) average line-of-sight, non-thermal velocity
dispersion �NT as a function of the local sound-speed cs(TK); and (Right) total mass-per-unit length. The individual fiber properties in OMC-1
and OMC-2 are highlighted by blue and red dashed lines, respectively.

Table 1. Dense gas properties

ISF OMC-1 OMC-2
N2H+ fits (S/N � 3) 25078 13305 11773

TK (K)(a) 24.8±10.3 29.0±12.5 20.1±2.2
hcs(TK)i (km s�1) 0.294 0.318 0.267
�V (km s�1) 0.607 0.722 0.477
h�NT i (km s�1) 0.240 0.288 0.185
h�NT /cs(TK)i 0.81 0.91 0.69
�NT /cs(TK)  1 76.4% 68.4% 85.5%

1 < �NT /cs(TK)  2 20.0% 25.7% 13.6%
�NT /cs(TK) > 2 3.6% 5.9% 0.9%

Notes.

(a) Ammonia-derived gas kinetic temperatures obtained from the
GAS survey (Friesen et al. 2017).

ment are described by an average non-thermal velocity disper-
sion of h�NT /cs(TK)i = 0.81. Remarkably, > 75% of the posi-
tions detected in N2H+ show subsonic velocity dispersions (i.e.,
�NT /cs(TK)  1). Conversely, less than 4% of the N2H+ com-
ponents exhibit supersonic motions (i.e., �NT /cs(TK) > 2). Our
analysis therefore indicates that most of the dense gas within the
massive ISF is relatively quiescent, typically showing subsonic
(> 75%) or subsonic+transonic (> 95%) non-thermal motions.

In Fig. 5 (centre), we show the histogram for the mean �NT
values (in units of the corresponding local cs(TK); orange filled
histogram) for all the fibers extracted by HiFIVE. The ISF fibers
exhibit non-thermal velocity dispersions between 0.4 and 1.5
times their local sound speed. Low, sonic-like internal motions
have been reported as an intrinsic characteristic of fibers in pre-
vious studies (Hacar & Tafalla 2011; Hacar et al. 2013, 2017b).
This unique property is also shared by the ISF fibers, where all
the fibers detected in this massive filament are dominated by
(tran-)sonic internal motions.

The small velocity dispersions measured in the ISF fibers ap-
pear to be in contradiction with the large linewidths reported in
active regions like OMC-1 (e.g., Friesen et al. 2017). Our ob-
servations suggest that most of these broad emission lines de-
tected in tracers like N2H+ (Tatematsu et al. 2008) and NH3
(Friesen et al. 2017) are the result of a combination of multi-

ple gas components and local velocity gradients typically un-
resolved within a single-dish beam. We illustrate this e↵ect in
Fig. 6 by comparing the emission in a single position recovered
using di↵erent e↵ective beam sizes. At the native ALMA reso-
lution (red spectrum; upper panel), the observed N2H+ emission
shows three independent narrow lines, clearly separated in the
hyperfine isolated component (grey dashed segments). Due to
the complex gas kinematics within this region, the above line
substructure is progressively smeared out when convolved with
neighbouring positions to the resolution of previous single-dish
studies (e.g., blue spectrum; central panel). Dilution and blend-
ing e↵ects give the appearance of a single broad component at
even larger beam sizes (black spectrum; lower panel). The above
comparisons highlight the importance of both spectral and spa-
tial resolution in the kinematic analysis of massive clouds.

3.3. Linear masses and stability

Characterizing the stability of the ISF fibers requires the study of
their internal mass distribution. In the absence of additional line
information, we have calibrated our N2H+ emission with previ-
ous Herschel surveys along the ISF region. Introduced in similar
studies using N2H+ as line tracer (Tafalla & Hacar 2015; Hacar
et al. 2017b), this method obtains an empirical conversion factor
between the observed integrated N2H+ intensities and the equiv-
alent gas plus dust column density. Detailed comparisons with
radiative transfer Monte-Carlo simulations prove the validity of
this technique in the case of optically thin emission (see also
Tafalla & Hacar 2015).

Figure 7 illustrates a point-to-point comparison of the total
N(H2) column density derived in previous Herschel-Planck stud-
ies (✓FWHM = 36”; Lombardi et al. 2014) with similar single-
dish N2H+ integrated intensity maps (✓FWHM = 30”; Hacar et
al. 2017b), normalized by the corresponding gas kinetic temper-
ature from the GAS-NH3 survey (✓FWHM = 32”; Friesen et al.
2017) (red filled circles)3. With the exception of several noisy
positions in OMC-1 (see blue circles), the normalized N2H+ in-
tensities exhibit a roughly linear correlation with the observed
3 We have excluded those positions within R(Trapezium) < 0.3 pc in
Fig. 7 due to saturation e↵ects in the Herschel-Planck maps (see Lom-
bardi et al. 2014).
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Fig. 8. (Upper) Mass-per-unit-length (Mlin) of the OMC-1 (blue dots)
and OMC-2 (red dots) fibers as function of their internal non-thermal
velocity dispersion normalized by the local sound speed (�NT /cs(TK)).
This plot includes the expected critical masses (mcrit) for an infinite fil-
ament in hydrostatic equilibrium at temperatures of 10 K (thick dashed
line), 20 K (dashed-dotted line), and 30 K (thick dotted line), respec-
tively (see Eq. 3). (Lower) Individual critical mass ratio (Mlin/mcrit) for
all the fibers in OMC-1 (blue) and OMC-2 (red). For every single fiber
the critical mass ratio is calculated relative to its local mcrit(TK ,�NT ).
The error bars indicate the factor of two uncertainties associated to our
Mlin estimates.

certainties cannot be ruled out, particularly in the OMC-1 fibers.
Additional ALMA observations, including multiple transitions
and tracers, are needed to better constrain these mass estimates.

As shown in Fig. 5 (right), the derived Mlin values for the
ISF fibers typically range between 10 and 60 M� pc�1 with a
median value of ⇠ 19 M� pc�1. Three exceptions are found
showing Mlin > 60 M� pc�1, namely, fibers # 21 (OMC-1 ridge;
Mlin = 95 M� pc�1), # 37 (OMC-2 FIR-6; Mlin = 96 M� pc�1),
and # 42 (OMC-2 FIR-4; Mlin = 68 M� pc�1). As discussed in
Appendix A, these three regions present clear signs of a complex
substructure not recovered by our HiFIVE algorithm. Their un-
usually large mass per-unit-length should be then taken as upper
limits of their actual mass properties.

In Figure 8 (upper panel), we represent the dynamical state
of the ISF fibers in comparison to their expected masses in equi-
librium. For each individual fiber, we display the observed Mlin
as a function of the normalized non-thermal velocity dispersion
�NT /cs(TK) (see Sect. 3.2). We also represent the expected criti-
cal mass (mcrit) for an infinite filament in hydrostatic equilibrium
(Stodólkiewicz 1963; Ostriker 1964):

mcrit(TK,�NT ) =
2 �2

e f f

G
=

2 cs(TK)2

G

0
BBBBB@1 +

 
�NT

cs(TK)

!21CCCCCA , (3)

where �2
e f f = cs(TK)2 + �2

NT is defined as the e↵ective (thermal
+ non-thermal) velocity dispersion. Typically, mcrit is assumed
to correspond with the expected value for a thermally supported
filament at TK = 10 K, mcrit(�e f f = cs(10 K)) = 16.6 M� pc�1.
However, this simplified analysis neglects the additional sup-
port provided by non-thermal motions and systematically higher
temperatures found in active star-forming regions like Orion. To
properly evaluate these e↵ects, in Fig. 8 (upper panel) we super-
pose the evolution of the expected critical masses for filaments
at temperatures of 10 K (dotted line), 20 K (dot-dashed line),
and 30 K (dashed line) including the additional �NT contribu-
tions in Eq. 3. As denoted in this plot, the vast majority of the
ISF fibers have subcritical masses (i.e., Mlin . mcrit(TK,�NT );
shaded areas) for temperatures between 20 and 30 K, similar to
those reported in OMC-1 and OMC-2 (see Table 1).

To facilitate their comparison, in Figure 8 (lower panel) we
display the individual ratios of the observed Mlin values respect
to their local critical mass mcrit(TK ,�NT ) in all the ISF fibers.
Each measurement includes a factor of two variation on the Mlin
estimates (error bars; see above). In ⇠ 50% of the cases, the
ISF fibers show (within the errors) critical mass ratios between
0.5  Mlin/mcrit  1.5. Our results suggest that these fibers are
gravitationally bound and largely supported by a combination
of thermal and (sonic) turbulent motions presenting a configura-
tion consistent with (or close to) equilibrium. This quasi-stable
radial configuration in fibers would provide the necessary con-
ditions for their subsequent fragmentation into cores (Inutsuka
& Miyama 1997; Heigl et al. 2016). Possible exceptions to this
average behaviour are found in the most massive fibers # 21, 37,
and 42, showing masses potentially exceeding Mlin/mcrit & 1.5.
While still unresolved in our observations, these high mass ra-
tios suggest that they are gravitationally unstable. In contrast,
up to ⇠ 50% of fibers show Mlin/mcrit  0.5 and are, therefore,
gravitationally unbound (e.g., see some of the OMC-1 fibers).
In the absence of additional confinement (i.e. thermal pressure,
accretion, and/or tidal forces) these latter fibers may be transient
objects.

3.4. Fiber widths: typical 0.03 pc values

The high-dynamic range of our N2H+ ALMA mosaics reveals
a unique characteristic of the ISF fibers. As clearly seen in the
zoom-in maps of Fig. 3, most fibers exhibit a compact radial
profile showing a sharp emission contrast compared to their lo-
cal background. Several examples of this behaviour can be found
in the OMC-1 Ridge, the OMC-1 South, and the OMC-2 FIR-6
regions. Remarkably, all fibers show extremely narrow widths at
scales⌧ 0.1 pc with a sharp emission drop of equivalent column
densities > 50 AV on scales comparable to our beamsize (i.e.,
0.009 pc; see some of the molecular fingers along the OMC-
1 Ridge). We remind the reader here that the combination of
ALMA plus (zero-spacing) single-dish data minimizes potential
biases produced by spatial filtering e↵ects (Sect. 2). In combi-
nation with the optically thin emission properties of N2H+ (Ap-
pendix B.3), the above results describe the intrinsically compact
mass distribution within fibers.

In Figure 9, we illustrate the ISF fiber widths from the de-
tailed study of several of these objects in both OMC-2 South (up-
per panel) and OMC-1 Ridge (lower panel) subregions. These
fibers were selected for their favourable geometry and orienta-
tion, with a clean and well-defined axis. In each case, we have
extracted two horizontal cuts roughly perpendicular to the main
fiber axis (cyan boxes in left panels). For the selected cuts 1-4,
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Fig. 10. Observed fiber FWHM along the ISF. (Left) Median (red solid line) and minimum-maximum (red shaded area) FWHM values obtained
in each fiber. (Right) Total FWHM values (576 data points; red histogram) measured along the ISF fibers. The total median value of 0.035 pc
(blue dashed line) in comparison with the ALMA 0.009 pc beamsize (grey dotted line) are indicated in both panels.

highly idealized, it is instructive to compare the expected varia-
tions of the scale height of a filament in hydrostatic equilibrium
(H0) as function of the gas temperature (TK), non-thermal mo-
tions (�NT ), and density (n(H2)) (Ostriker 1964):

H0(TK, n(H2)) =

s
2�2

e f f

⇡ G n(H2)
/

s
cs(TK)2 + �2

NT

n(H2)
. (4)

Following this equilibrium solution, denser filaments are thus
expected to show narrower radial configurations. For the ISF
fibers, and consistent with our line opacity measurements (see
Appendix B.3), we find typical gas densities of n(H2) ⇠ 107 �
108 cm�3 assuming a cylindrical symmetry and the previously
derived Mlin and FWHM values (see Table 2). These estimates
are (at least) 2 orders of magnitude higher than the densities mea-
sured for typical low-mass filaments in clouds like IC5146, Po-
laris, or Taurus. According to Eq. 4, the observed radii in both the
ISF fibers (TK ⇠ 25 K; �NT = cs(25K); n(H2) = 108 cm�3) and
Herschel filaments (e.g., Herschel: TK =10 K; �NT = cs(10K);
n(H2) = 5 ⇥ 105 cm�3) are expected to show a size dependency
such that H0(Herschel)

H0(ISF) ⇠ 9. Although deviating from these sim-
plified predictions, the observed width ratio FWHM(Herschel)

FWHM(ISF) =
0.1
⇠0.03 ⇠ 3 � 4 indicates that fibers might present a wide range
of intrinsic widths depending on the initial gas densities.

3.5. Environmental effects: OMC-1 vs. OMC-2

So far, we have considered the entire ISF as a single star-forming
region based on its continuity at large scales (e.g., Bally et al.
1987). In addition to this global analysis, the wide-field coverage
of our ALMA mosaics allows us to investigate the potential im-
pact of distinct feedback and dynamical e↵ects on the ISF fibers.
Indeed, both thermal and kinematic gas properties in the OMC-1
cloud are directly influenced by the ONC activity and its global
gravitational collapse (Hacar et al. 2017b) compared to the more
pristine conditions expected for the OMC-2 region. In this sec-
tion, we explore these environmental e↵ects by studying the fiber
properties in each OMC-1 and OMC-2 clouds independently.

In Figure 5, we display the distribution of the fiber lengths
(left), average l.o.s. velocity dispersions (centre), and mass per-

unit-lengths (right) in both OMC-1 (blue) and OMC-2 regions
(red). We also list the mean and 1-� dispersion values in Table 2
(see col. 2 and 3). Overall, we find no systematic di↵erences be-
tween these properties along the ISF. On average, both OMC-1
and OMC-2 regions have fibers with statistically similar length,
velocity dispersion, and mass per-unit-length. Minor variations
are, however, apparent in Figures 5 (left) and 5 (centre). The
OMC-1 fibers appear to show larger velocity dispersions and
gradients than those in OMC-2 (see additional parameters in Ta-
ble 2). While appealing, these di↵erences are found within the
1-� dispersion estimates and can only be considered as tenta-
tive. Despite these local variations, the observed ISF fibers are
found to present roughly uniform properties regardless of their
local environment.

Morphologically speaking, the ISF fibers are distributed in
multiple hub-like associations (Myers 2009) in both OMC-1 and
OMC-2 regions. As seen in Fig. 4, most OMC-1 fibers are ori-
ented radially converging towards the OMC-1 South region (see
Rodriguez-Franco et al. 1992; Wiseman & Ho 1998). Although
partially recovered in our fiber analysis, similar fan-like arrange-
ments of fibers can also be recognized at smaller scales towards
the centres of OMC-2 FIR 4, OMC-2 FIR 6, and OMC-1 Ridge
(Fig. 3). These local properties are highlighted in comparison
with the sparse distribution of fibers outside these regions (e.g.,
along OMC-2 FIR 1). The above fiber arrangements seem to be
created by gravitational focusing e↵ects and to respond the lo-
cal variations of the cloud potential (Hartmann & Burkert 2007;
Vázquez-Semadeni et al. 2017; Kuznetsova et al. 2017). We note
that all of the above fiber hubs coincide with the positions of dif-
ferent (stars+gas) mass concentrations along the ISF. Moreover,
we find an apparent correspondence between the depth of the
potential and the number of objects in these fiber arrangements,
with more massive hubs fed by an increasing number of fibers
(e.g., see OMC-1 in comparison with OMC-2 FIR 4). In sev-
eral cases, we also observe an increase of the gas motions along
the fibers in the proximity of these hubs as expected in a grav-
itationally dominated gas velocity field. In the most prominent
example, our high resolution observations confirm the correla-
tion between the orientation and global velocity gradients of the
OMC-1 fibers induced by their global infall towards the current
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Fig. 12. Empirical correlation between the total filament mass-per-unit-
length (Mlin(total)) and the obtained surface density of fertile fibers
(⌃(fertile)) in Musca (green), B213-L1495 (black), NGC1333 (orange),
and ISF (red). The dashed line indicates the least-square fit of the above
four clouds for which ⌃(fertile) ⇠ 0.1⇥Mlin(total). The shaded blue area
shows the expected variations of a factor of 2 respect to this linear cor-
relation. Blue and grey arrows indicate the proposed tendency of these
fiber networks to form either isolated (bottom) or clustered (top) stellar
populations and both low- (left) and high-mass (right) stars.

Clarke et al. 2017), the formation of these transonic fibers ap-
pears to be an inherent property of the ISM turbulence and an
essential ingredient of the star formation process in both low-
and high-mass regions.

Hacar et al. (2017b) have proposed a correlation between
the surface density of cores and protostars with the surface
density of fertile fibers (⌃(fertile)). Under this hypothesis, a
distributed population of stars would originate in clouds with
an intrinsic low density of fertile fibers. On the other hand,
more compact stellar systems would arise in densely popu-
lated fiber environments. Our observations extend these results
towards massive clusters like the ONC. Originally postulated
connecting low-mass regions like Taurus and Perseus, where
⌃(fertile,Per)
⌃(fertile,Tau) ⇠ 30 (see Hacar et al. 2017b), we find increasing val-
ues of ⌃(fertile,Ori)

⌃(fertile,Tau) ⇠ 50�80 in comparison with Orion (see in Ta-
ble 2). As shown in Fig. 12, these reported ratios consistently in-
crease with the typical mass-per-unit-length of these filamentary
clouds (Mlin(total)) showing a surprising linear trend approxi-
mately described by a least-square fit ⌃(fertile) ⇠ 0.1⇥Mlin(total)
(grey dashed line)5. The lack of a complete census of protostars
and cores in OMC-1 hampers a direct comparison between these
fiber densities and the current young stellar population of this
cloud (see Hacar et al. 2017b, for a discussion). Nevertheless,
the systematic increase of the fiber densities across two orders
of magnitude suggests that the di↵erent star formation activity
in these regions may be directly related to the intrinsic complex-
ity of their fiber substructure.

The above variations of the fiber surface density could po-
tentially unify our description of the star-formation process in
isolated and clustered regions. In particular, Fig. 12 indicates a

5 Local variations of a factor of ⇠ 2 in both Mlin(total) and ⌃(fertile)
values are apparent in all Taurus, Perseus, and Orion regions (e.g., see
values for OMC-1 and OMC-2 in Table 2) introducing similar uncer-
tainties in this linear fit (see blue shaded area in Fig. 12).

continuity between the di↵erent star-formation scenarios classi-
cally distinguished in the literature (see arrows in this figure).
Rather than a distinct physical process (i.e., qualitative change),
the origin of clusters in clouds like Orion would be then ex-
plained as a scaled-up version (i.e., quantitative change) of those
low-mass, Taurus-like regions forming stars in isolation. More-
over, the detection of the above fiber networks introduces an
observational link between low- and high-mass star-formation
mechanisms. Individually fragmenting and forming low-mass
cores, these fibers would likely collide and merge in compact
networks promoting the formation of localized high-mass, super-
Jeans overdensities (see also Hacar et al. 2017b). Interestingly,
this emergent behaviour would be naturally favoured by the mu-
tual gravitational attraction between fibers in densely populated
environments explaining the formation of massive objects at the
centre of hub-like associations (Sect. 3.5).

The above unified fiber scenario provides a direct prediction
for future observations. According to Fig. 12, high-mass star-
forming filaments with Mlin(total) � 500 M� pc�1 are expected
to be resolved into dense bundles of fibers in which ⌃(fertile) &
50 pc�2. Following our results in Orion (see 3.4), these compact
configurations would be possible if fibers continue reducing their
physical dimensions in higher density regimes. Current observa-
tional evidence indicates increasing levels of substructure at sub-
parsec scales in massive IRDCs (e.g., Peretto et al. 2014; Beuther
et al. 2015; Henshaw et al. 2016). Additional high-resolution
studies are needed to confirm these results in di↵erent galac-
tic environments in young proto-clusters of increasing mass and
complexity.

5. Conclusions

In this Paper I, we have investigated the dense gas substructure
of the massive Integral Shape Filament (ISF) in Orion using
a new set of ALMA Cycle-3 observations. We have created a
high-dynamic range map of the N2H+ (1-0) emission in the ISF
combining two 148-pointing mosaics with previous large-scale
IRAM 30m single-dish observations. From the detailed analysis
of the gas kinematics, we have systematically characterized the
internal organization and physical properties of the dense gas
(n(H2) > 105 cm�3) within both OMC-1 and OMC-2 regions
down to resolutions of 0.009 pc (or ⇠ 2000 AU). The results of
this work are summarized as follows:

1. We conservatively identify a total of 55 velocity-coherent
fibers along both OMC-1 and OMC-2 clouds. Forming a
braided network, these fibers explain the complex substruc-
ture of the massive ISF as well as its current distribution
of cores and protostars (Sect. 3). Systematically observed in
regions like Musca, Taurus, Perseus, and Orion, our results
highlight the importance of fibers as the fundamental dense
components of both low- and high-mass filaments.

2. Independently of the environment, the ISF fibers present
transonic non-thermal velocity dispersions with respect to
their local temperature (Sect. 3.2). Most of these fibers are
largely supported by a combination of thermal and sonic-
like turbulent motions showing a (sub-)critical mass distri-
bution (Sect. 3.3). This quiescent dynamical state promotes
the initial conditions for subsequent gravitational fragmenta-
tion. With analogous properties to those of low-mass regions,
the detection of transonic fibers seems to reflect the preferred
gas organization prior to the formation of stars.

3. The ISF fibers present a narrow radial distribution show-
ing typical FWHM widths with a median value of 0.035 pc
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a median FWHM of 0.035 pc systematically narrower than the previously proposed universal 0.1 pc filament width.
Our ALMA observations reveal complex bundles of fibers in the ISF, suggesting strong similarities between the internal
substructure of this massive filament and previously studied lower-mass objects. The fibers show identical dynamic
properties in both low- and high-mass regions, and their widespread detection suggests a preferred organizational
mechanism of gas in which the physical fiber dimensions (width and length) are self-regulated depending on their
intrinsic gas density. Combined with previous works, we identify a systematic increase of the surface density of fibers
as a function of the total mass per-unit-length in filamentary clouds. Based on this empirical correlation, we propose
a unified star-formation scenario where the observed differences between low- and high-mass clouds emerge naturally
from the initial concentration of fibers.
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Supermassive stars born from pristine gas in atomically-cooled haloes are thought to be the progenitors of supermassive
black holes at high redshifts. However, the way they accrete their mass is still an unsolved problem. In particular,
for accretion to proceed, a large amount of angular momentum has to be extracted from the collapsing gas. Here,
we investigate the constraints stellar evolution imposes on this angular momentum problem. We present an evolution
model of a supermassive Population III star including simultaneously accretion and rotation. We find that, for
supermassive stars to form by accretion, the accreted angular momentum has to be about 1% of the Keplerian angular
momentum. This tight constraint comes from the ΩΓ-limit, at which the combination of radiation pressure and
centrifugal force cancels gravity. It implies that supermassive stars are slow rotators, with a surface velocity less than
10 – 20% of their first critical velocity, at which the centrifugal force alone cancels gravity. At such low velocities, the
deformation of the star due to rotation is negligible.
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de Barcelona, IEEC-UB, Mart́ı i Franquès 1, E08028 Barcelona, Spain and ICREA, Pg. Lluis Companys 23, 08010
Barcelona, Spain

E-mail contact: haugboel at nbi.ku.dk

We address the turbulent fragmentation scenario for the origin of the stellar initial mass function (IMF), using a large
set of numerical simulations of randomly driven supersonic MHD turbulence. The turbulent fragmentation model
successfully predicts the main features of the observed stellar IMF assuming an isothermal equation of state without
any stellar feedback. As a test of the model, we focus on the case of a magnetized isothermal gas, neglecting stellar
feedback, while pursuing a large dynamic range in both space and timescales covering the full spectrum of stellar
masses from brown dwarfs to massive stars. Our simulations represent a generic 4 pc region within a typical Galactic
molecular cloud, with a mass of 3000 Msun and an rms velocity 10 times the isothermal sound speed and 5 times the
average Alfven velocity, in agreement with observations. We achieve a maximum resolution of 50 au and a maximum
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大質量初代星形成での自転の進化を調べた 
輻射＋遠心力＜重力が必要(ΩΓ-limit)、大質量星は輻射力大→回転が小さい必要がある。
回転を考慮した星の進化計算 
convective region では剛体回転、radiative region ではシアと子午面環流による角運動量輸送を考慮
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Figure 1. Internal structure, Eddington factor, accreted
angular momentum and surface velocity of the model with
Ṁ = 1M� yr�1 and j

accr

' 0.01j
K

, as a function of the cur-
rent stellar mass. On the top panel, the upper envelope is
the photospheric radius, the coloured regions are convective
zones, the grey regions are radiative, and the black lines indi-
cate the contracting Lagrangian layers of log(Mr/M�) = 1,
2, 3 and 4. The Eddington factor shown on the second panel
is the corrected Eddington factor in the case with rotation
(Eq. 4). On the third panel, the theoretical j

accr

for f = 1%
and 0.33% is indicated by the grey lines, while the coloured
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particle hydrodynamic gas/dust simulations of discs hosting a migrating and accreting planet. Combining the dust
density maps of small and large grains with three dimensional radiative transfer calculations, we produce synthetic
ALMA observations of a variety of disc models in order to reproduce the gap- and ring-like features observed in Elias
24. We find that the dust emission across the disc is consistent with the presence of an embedded planet with a mass
of ∼0.7 MJ at an orbital radius of ∼60 au. Our model suggests that the two inflection points in the radial intensity
profile are due to the inward radial motion of large dust grains from the outer disc. The surface brightness map of
our disc model provides a reasonable match to the gap- and ring-like structures observed in Elias 24, with an average
discrepancy of ∼5% of the observed fluxes around the gap region.
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The structure and spectrum of the accretion shock have been self-consistently simulated for a wide range of parameters
typical for Classical T Tauri Stars (CTTS). Radiative cooling of the shocked gas was calculated, taking into account
the self-absorption and non-equilibrium (time-dependent) effects in the level populations. These effects modify the
standard cooling curve for an optically thin plasma in coronal equilibrium, however the shape of high-temperature
(T > 3 × 105K) part of the curve remains unchanged. The applied methods allow us to smoothly describe the
transition from the cooling flow to the hydrostatic stellar atmosphere. Thanks to this approach, it has been found
that the narrow component of He II lines is formed predominantly in the irradiated stationary atmosphere (hotspot),
i.e. at velocities of the settling gas < 2 kms−1. The structure of the pre-shock region is calculated simultaneously with
the heated atmosphere. The simulation shows that the pre-shock gas produces a noticeable emission component in
He II lines and practically does not manifest itself in He I lines (λλ 5876, 10830 Å). The UV spectrum of the hotspot is
distorted by the pre-shock gas, namely numerous red-shifted emission and absorption lines overlap each other forming
a pseudo-continuum. The spectrum of the accretion region at high pre-shock densities ∼ 1014 cm−3 is fully formed
in the in-falling gas and can be qualitatively described as a spectrum of a star with an effective temperature derived
from the Stefan-Boltzmann law via the full energy flux.

Accepted by MNRAS

https://arxiv.org/pdf/1801.02404

VLBA Determination of the Distance to Nearby Star-forming Regions. VIII. The LkHα
101 cluster

S.A. Dzib1, G.N. Ortiz-León1,2, Laurent Loinard3,4, A.J. Mioduszewski5, L.F. Rodŕıguez3, S.-N.X.
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The LkHα 101 cluster takes its name from its more massive member, the LkHα 101star, which is an ∼15 M⊙ star
whose true nature is still unknown. The distance to the LkHα 101 cluster has been controversial for the last few
decades, with estimated values ranging from 160 to 800 pc. We have observed members and candidate members of
the LkHα 101 cluster with signs of magnetic activity, using the Very Long Baseline Array, in order to measure their
trigonometric parallax and, thus, obtain a direct measurement of their distances. A young star member, LkHα 101
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VLA J043001.15+351724.6, was detected at four epochs as a single radio source. The best fit to its displacement on
the plane of the sky yields a distance of 535±29 pc. We argue that this is the distance to the LkHα 101 cluster.
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Star formation in the solar neighborhood is mainly traced by young stars in open clusters, associations, and in the
field, which can be identified, for example, by their X-ray emission. The determination of stellar parameters for
the optical counterparts of X-ray sources is crucial for a full characterization of these stars. This work extends the
spectroscopic study of the RasTyc sample, obtained by the cross-correlation of the TYCHO and ROSAT All-Sky
Survey catalogs, to stars fainter than V = 9.5mag and aims to identify sparse populations of young stars in the solar
neighborhood. We acquired 625 high-resolution spectra for 443 presumably young stars with four different instruments
in the northern hemisphere. The radial and rotational velocity (v sin i) of our targets were measured by means of the
cross-correlation technique, which is also helpful to discover single-lined (SB1), double-lined spectroscopic binaries
(SB2), and multiple systems. We used the code ROTFIT to perform an MK spectral classification and to determine
the atmospheric parameters (Teff , log g, [Fe/H]) and v sin i of the single stars and SB1 systems. For these objects, we
used the spectral subtraction of slowly rotating templates to measure the equivalent widths of the Hα and Lii 6708 Å
lines, which enabled us to derive their chromospheric activity level and lithium abundance. We made use of Gaia
DR1 parallaxes and proper motions to locate the targets in the Hertzsprung-Russell (HR) diagram and to compute
the space velocity components of the youngest objects. We find a remarkable percentage (at least 35%) of binaries
and multiple systems. On the basis of the lithium abundance, the sample of single stars and SB1 systems appears to
be mostly (∼ 60%) composed of stars younger than the members of the UMa cluster. The remaining sources are in
the age range between the UMa and Hyades clusters (∼ 20%) or older (∼ 20%). In total, we identify 42 very young
(PMS-like) stars, which lie above or very close to the Pleiades upper envelope of the lithium abundance. A significant
percentage (∼ 12%) of evolved stars (giants and subgiants) is also present in our sample. Some of these stars (∼ 36%)
are also lithium rich (A(Li)> 1.4).
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We construct a semi-analytic model to study the effect of far-ultraviolet (FUV) radiation on gas chemistry from
embedded protostars. We use the Protostellar Luminosity Function (PLF) formalism of Offner & McKee (2011) to
calculate the total, FUV, and ionizing cluster luminosity for various protostellar accretion histories and cluster sizes.
We compare the model predictions with surveys of Gould Belt star-forming regions and find the Tapered Turbulent
Core model matches best the mean luminosities and the spread in the data. We combine the cluster model with the
photo-dissociation region astrochemistry code, 3d-pdr, to compute the impact of the FUV luminosity from embedded
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DR1 parallaxes and proper motions to locate the targets in the Hertzsprung-Russell (HR) diagram and to compute
the space velocity components of the youngest objects. We find a remarkable percentage (at least 35%) of binaries
and multiple systems. On the basis of the lithium abundance, the sample of single stars and SB1 systems appears to
be mostly (∼ 60%) composed of stars younger than the members of the UMa cluster. The remaining sources are in
the age range between the UMa and Hyades clusters (∼ 20%) or older (∼ 20%). In total, we identify 42 very young
(PMS-like) stars, which lie above or very close to the Pleiades upper envelope of the lithium abundance. A significant
percentage (∼ 12%) of evolved stars (giants and subgiants) is also present in our sample. Some of these stars (∼ 36%)
are also lithium rich (A(Li)> 1.4).
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We construct a semi-analytic model to study the effect of far-ultraviolet (FUV) radiation on gas chemistry from
embedded protostars. We use the Protostellar Luminosity Function (PLF) formalism of Offner & McKee (2011) to
calculate the total, FUV, and ionizing cluster luminosity for various protostellar accretion histories and cluster sizes.
We compare the model predictions with surveys of Gould Belt star-forming regions and find the Tapered Turbulent
Core model matches best the mean luminosities and the spread in the data. We combine the cluster model with the
photo-dissociation region astrochemistry code, 3d-pdr, to compute the impact of the FUV luminosity from embedded
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protostars on the CO to H2 conversion factor, XCO, as a function of cluster size, gas mass and star formation efficiency.
We find that XCO has a weak dependence on the FUV radiation from embedded sources for large clusters due to high
cloud optical depths. In smaller and more efficient clusters the embedded FUV increases XCO to levels consistent with
the average Milky Way values. The internal physical and chemical structure of the cloud are significantly altered, and
XCO depends strongly on the protostellar cluster mass for small efficient clouds.

Accepted by ApJ

http://arxiv.org/pdf/1801.08555

BANYAN. XI. The BANYAN Σ multivariate Bayesian algorithm to identify members
of young associations within 150 pc
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BANYAN Σ is a new Bayesian algorithm to identify members of young stellar associations within 150 pc of the Sun.
It includes 27 young associations with ages in the range ∼1–800 Myr, modelled with multivariate Gaussians in 6-
dimensional XYZUVW space. It is the first such multi-association classification tool to include the nearest sub-groups
of the Sco-Cen OB star-forming region, the IC 2602, IC 2391, Pleiades and Platais 8 clusters, and the ρ Ophiuchi,
Corona Australis, and Taurus star-formation regions. A model of field stars is built from a mixture of multivariate
Gaussians based on the Besançon Galactic model. The algorithm can derive membership probabilities for objects
with only sky coordinates and proper motion, but can also include parallax and radial velocity measurements, as well
as spectrophotometric distance constraints from sequences in color-magnitude or spectral type-magnitude diagrams.
BANYAN Σ benefits from an analytical solution to the Bayesian marginalization integrals that makes it more accurate
and significantly faster than its predecessor BANYAN II. A contamination versus hit rate analysis is presented and
demonstrates that BANYAN Σ achieves a better classification performance than other moving group classification
tools, especially in terms of cross-contamination between young associations. An updated list of bona fide members
in the 27 young associations, augmented by the Gaia-DR1 release, are presented. This new tool will make it possible
to analyze large data sets such as the upcoming Gaia-DR2 to identify new young stars. IDL and Python versions of
BANYAN Σ are made available with this publication.
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protostars on the CO to H2 conversion factor, XCO, as a function of cluster size, gas mass and star formation efficiency.
We find that XCO has a weak dependence on the FUV radiation from embedded sources for large clusters due to high
cloud optical depths. In smaller and more efficient clusters the embedded FUV increases XCO to levels consistent with
the average Milky Way values. The internal physical and chemical structure of the cloud are significantly altered, and
XCO depends strongly on the protostellar cluster mass for small efficient clouds.

Accepted by ApJ

http://arxiv.org/pdf/1801.08555

BANYAN. XI. The BANYAN Σ multivariate Bayesian algorithm to identify members
of young associations within 150 pc
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We report ALMA observations with resolution ∼0.′′5 at 3 mm of the extended Sgr B2 cloud in the Central Molecular
Zone (CMZ). We detect 271 compact sources, most of which are smaller than 5000 AU. By ruling out alternative
possibilities, we conclude that these sources consist of a mix of hypercompact HII regions and young stellar objects
(YSOs). Most of the newly-detected sources are YSOs with gas envelopes which, based on their luminosities, must
contain objects with stellar massesM∗

>
∼8M⊙. Their spatial distribution spread over a ∼ 12×3 pc region demonstrates

that Sgr B2 is experiencing an extended star formation event, not just an isolated ‘starburst’ within the protocluster
regions. Using this new sample, we examine star formation thresholds and surface density relations in Sgr B2. While
all of the YSOs reside in regions of high column density (N(H2) >∼ 2 × 1023 cm−2), not all regions of high column
density contain YSOs. The observed column density threshold for star formation is substantially higher than that
in solar vicinity clouds, implying either that high-mass star formation requires a higher column density or that any
star formation threshold in the CMZ must be higher than in nearby clouds. The relation between the surface density
of gas and stars is incompatible with extrapolations from local clouds, and instead stellar densities in Sgr B2 follow
a linear Σ∗–Σgas relation, shallower than that observed in local clouds. Together, these points suggest that a higher
volume density threshold is required to explain star formation in CMZ clouds.
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Are all filaments bundles of fibers? To address this question, we have investigated the gas organization within the
paradigmatic Integral Shape Filament (ISF). We combined two new ALMA Cycle 3 mosaics with previous IRAM 30m
observations to produce a high-dynamic range N2H+(1–0) emission map of the ISF tracing its high-density material
and velocity structure down to scales of 0.009 pc. From the analysis of the gas kinematics, we identify a total of 55
dense fibers in the central region of the ISF. Independently of their location, these fibers are characterized by transonic
internal motions, lengths of ∼0.15 pc, and masses per-unit-length close to those expected in hydrostatic equilibrium.
The ISF fibers are spatially organized forming a dense bundle with multiple hub-like associations likely shaped by the
local gravitational potential. Within this complex network, the ISF fibers show a compact radial emission profile with
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