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ABSTRACT

The Þlamentary nature of accretion streams found around embedded sources suggest that protostellar
disks experience heterogenous infall from the star-forming environment, consistent with the accretion
behavior onto star-forming cores in top-down star-cluster formation simulations. This may produce
disk substructures in the form of rings, gaps, and spirals continuing to be identiÞed by high-resolution
imaging surveys in both embedded Class 0/I and later Class II sources. We present a parameter study
of anisotropic infall, informed by the properties of accretion ßows onto protostellar cores in numerical
simulations, and varying the relative speciÞc angular momentum of incoming ßows as well as their ßow
geometry. Our results show that anisotropic infall perturbs the disk and readily launches the Rossby
wave instability (RWI). It forms vortices at the inner and outer edge of the infall zone where material
is deposited. These vortices drive spiral waves and angular momentum transport, with some models
able to drive stressescorresponding to a viscosity parameter on the order of ! ! 10! 2. The resulting
azimuthal shear forms robust pressure bumps that act as barriers to radial drift of dust grains, as
demonstrated by post-processing calculations of drift-dominated dust evolution. We discuss how a
self-consistent model of anisotropic infall can account for the formation of millimeter rings in the outer
disk as well as producing compact dust disks, consistent with observations of embedded sources.

Keywords: hydrodynamics Ñ instabilities Ñ planetary systems: formation Ñ planetary systems:
protoplanetary disks

1. INTRODUCTION

High-resolution imaging studies of protoplanetary
disks (canonically Class II sources) in the continuum
have found that many of the brightest sources are not
well described by a smooth emission proÞle. For in-
stance, the objects mapped in the Disk Substructures
at High Angular Resolution Project (DSHARP) survey
are rife with substructure in the form of rings, gaps,
and spirals (Andrews et al. 2018). Several studies have
linked the location of ringed structures with that of po-
tential protoplanets and the indirect kinematic e↵ects of
such planets (e.g.Teague et al.2018; Pinte et al. 2019),
motivating the search for an assumed population of em-
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bedded planets (Bae et al. 2018; Disk Dynamics Col-
laboration et al. 2020). While direct detection of pro-
toplanet candidates is still in its infancy, cases like the
discovery and characterization of embedded protoplanet
candidates in PDS 70 (Keppler et al. 2018; Benisty et al.
2021), lend credence to a causal relationship between
planets and disk substructure.

Studies of planet-disk interaction have initially as-
sumed that gaps were predominantly opened by rela-
tively high (Jupiter) mass planets (Malik et al. 2015),
but recent work has shown that planets of even lower
(Super-Earth) masses can not only e�ciently dynami-
cally perturb disks to create rings and gaps, but that
a single planet can create the appearance of multiple
concentric rings within the disk (Dong et al. 2017; Bae
et al. 2017). However, dust evolution models have shown
that ringed structures observed in the millimeter contin-
uum can be produced by any mechanism that results in
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2! 圧⼒バンプで円盤にリングができて惑星形成。
! 内部構造のある原始星円盤にガスフロー" 不均⼀落下が早期の内部構造を作る可能性。
! 確率的な⾓運動量降着などを考慮し、円盤内輸送とダストトラップを調べる。

! FARGO3D, γ=1の冪exp tail Σ, 温度q=‒0.5、静⽔圧平衡、M! =0.07 M"#$ , α粘性、R%$‒ R&にUCMエ
ンベロープ（R<R&なので上下から）, R&-R%$=ΔR, f' =ΔR/R&。

! インフォールはt() =1.5e4 yr続き、さらに2e4 yrまで計算。
! !" %$=1e-6 M"#$ /yr、M! は~20%増加、初期R! に対してR&<R! なら内円盤で、R&>R! なら外円盤でイン

フォール。
! 圧⼒勾配η=(u* ‒v+() )/v+() , ストークス数Stでドリフト。Anistropic Infall Disk Structures 5

As deÞned, for a typical unperturbed disk pressure gra-
dient, ! is negative,so the gas in the disk orbits at a sub-
Keplerian speed, supported by outward gas pressure.

Dust particles, however, do not have internal pressure,
and their motions are dictated by how well-coupled they
are to the gas ßow. The dust-gas coupling can be de-
scribed by the Stokes number St, the dimensionless ra-
tio of the drag stopping time to the local orbital time.
Particles with St ! 1 move with the gas, while those
with St " 1 orbit closer to Keplerian speeds. For phys-
ical conditions within a typical protoplanetary disk in
vertical hydrostatic equilibrium, the Stokes number of
particles in the midplane as a function of the local gas
surface density, ! g, and the grain size a is (Birnstiel
et al. 2016)

St =
a" s

! g

#
2

, (14)

where " s is the solid material density of the grains. Fol-
lowing Weidenschilling (1977), the radial drift velocity
of dust particles in an accretion disk depends primarily
on ! and St as

ud =
! vk

St + 1 / St
. (15)

For simplicity, we adopt an advection dominated
model of dust transport, such that the local change in
the dust surface density,! d , driven by the drift velocity
and gradients in the surface density and drift velocity,
is
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= #
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In this paper, we calculate the dust transport during
the post-infall period due to radial drift for

particle sizes in sixteen logarithmically spaced bins
in the range [µm, cm], at a solid density of " s =

1.2 g cm! 3.
For the disk setup used here, all particle sizes have

St < 1 across the disk. We assume an initial ISM dust-
to-gas ratio %= ! d/ ! g = 0 .01 at t = tep, using the az-
imuthal average of simulation outputs as the input, and
numerically integrate the radial dust transport equation
(16) with a Þrst order 1D conservative upwind scheme,
calculating ud at each timestep from the corresponding
simulation output. These calculations are presented in
¤3.4 as a conservative estimate on the relative range and
distribution of dust substructures possible as a result of
this infall model. Dedicated studies of dust evolution
for cases of interest will be done in future work.
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Figure 2. Growth of the maximum non-axisymmetric sur-
face density perturbations ! ! /! scaled with the orbital
timescale at the inner radius " in shows the most unstable
modes launch the RWI and how they proceed through the
linear phase and onto non-linear growth. The color scale of
the lines matches the parameters in Figure 1, scaling with
Rc/Rd . Similar " R/Rc have similar launch times with re-
spect to the orbital timescale at Rin , but a variety of growth
rates acrossRc/Rd .

3. INFALL-INDUCED EFFECTS

3.1. Infall and the Rossby Wave Instability

The modeled streams add mass and angular momen-
tum within the prescribed infall zone [Rin , Rc], with a
radial dependence described by Equations (6) and (8).
While the magnitude and extent of the e" ect on the
disk across the infall zone will vary based on the param-
eters of the infall, at both Rin and Rc, where there is a
transition between the unperturbed disk proÞle and the
altered region of the infall zone, the disk will develop
local bumps in the surface density and pressure gradi-
ents. These perturbations create prime conditions for
the development of the RWI.

ロスビー波不安定

インフォール領域（点線）の内と外の端に渦

streamはα<~0.01相当の輸送

Anistropic Infall Disk Structures 5

As deÞned, for a typical unperturbed disk pressure gra-
dient, ! is negative,so the gas in the disk orbits at a sub-
Keplerian speed, supported by outward gas pressure.

Dust particles, however, do not have internal pressure,
and their motions are dictated by how well-coupled they
are to the gas ßow. The dust-gas coupling can be de-
scribed by the Stokes number St, the dimensionless ra-
tio of the drag stopping time to the local orbital time.
Particles with St ! 1 move with the gas, while those
with St " 1 orbit closer to Keplerian speeds. For phys-
ical conditions within a typical protoplanetary disk in
vertical hydrostatic equilibrium, the Stokes number of
particles in the midplane as a function of the local gas
surface density, ! g, and the grain size a is (Birnstiel
et al. 2016)

St =
a" s

! g

#
2

, (14)

where " s is the solid material density of the grains. Fol-
lowing Weidenschilling (1977), the radial drift velocity
of dust particles in an accretion disk depends primarily
on ! and St as

ud =
! vk

St + 1 / St
. (15)

For simplicity, we adopt an advection dominated
model of dust transport, such that the local change in
the dust surface density,! d , driven by the drift velocity
and gradients in the surface density and drift velocity,
is

$! d

$t
= #

1
R

$
$R

(R! dud)

= # ! d
ud

R
# ! d

$ud

$R
#

$! d

$R
ud.

(16)

In this paper, we calculate the dust transport during
the post-infall period due to radial drift for

particle sizes in sixteen logarithmically spaced bins
in the range [µm, cm], at a solid density of " s =

1.2 g cm! 3.
For the disk setup used here, all particle sizes have

St < 1 across the disk. We assume an initial ISM dust-
to-gas ratio %= ! d/ ! g = 0 .01 at t = tep, using the az-
imuthal average of simulation outputs as the input, and
numerically integrate the radial dust transport equation
(16) with a Þrst order 1D conservative upwind scheme,
calculating ud at each timestep from the corresponding
simulation output. These calculations are presented in
¤3.4 as a conservative estimate on the relative range and
distribution of dust substructures possible as a result of
this infall model. Dedicated studies of dust evolution
for cases of interest will be done in future work.

��Ȅ�

��Ȅ�

��Ȅ�

��Ȅ�

���

(δ
Σ/
Σ)

1
!?

stream

��Ȅ�

��Ȅ�

��Ȅ�

��Ȅ�

���

(δ
Σ/
Σ)

1
!?

sheet

� � �� �� �� �� ��
τ-2

��Ȅ�

��Ȅ�

��Ȅ�

��Ȅ�

���

(δ
Σ/
Σ)

1
!?

cloud

�W�� �W�� � �W�� �W��R$/R&

RWI:	launch	and	saturation

Figure 2. Growth of the maximum non-axisymmetric sur-
face density perturbations ! ! / ! scaled with the orbital
timescale at the inner radius " in shows the most unstable
modes launch the RWI and how they proceed through the
linear phase and onto non-linear growth. The color scale of
the lines matches the parameters in Figure 1, scaling with
Rc/R d . Similar " R/R c have similar launch times with re-
spect to the orbital timescale at Rin , but a variety of growth
rates acrossRc/R d .

3. INFALL-INDUCED EFFECTS

3.1. Infall and the Rossby Wave Instability

The modeled streams add mass and angular momen-
tum within the prescribed infall zone [Rin , Rc], with a
radial dependence described by Equations (6) and (8).
While the magnitude and extent of the e" ect on the
disk across the infall zone will vary based on the param-
eters of the infall, at both Rin and Rc, where there is a
transition between the unperturbed disk proÞle and the
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4 ⇥ 104 yr. This decrease for inner disk infall models
largely occurs at radii R > Rc (Figure 9).

3.4. E↵ects on Dust Evolution

After infall, the dynamical landscape of the disk has
been significantly altered. Following the model in Birn-
stiel et al. (2016), we look at the relevant timescales
for basic dust evolution. The speed of dust transport
by turbulent di↵usion is characterized by the di↵usion
timescale

⌧di↵ = L
2 (1 + St2)

⌫
, (25)

where the characteristic length scale is L and the vis-
cosity ,⌫ is set by the total measured ↵. Transport due
to the inward radial drift of particles, induced by the
pressure gradient (see Equation 12) is described by the
radial drift timescale

⌧drift = L
(St + St�1)

⌘vk
. (26)

We also compare the collisional growth timescale due to
particle sticking

⌧growth =
a⇢s

⇢d�v
, (27)

where we assume relative collisional velocities due to
turbulence

�v = cs

✓
3↵

St + St�1

◆1/2

(28)

from Ormel & Cuzzi (2007) and use the dust volume
density with a vertical distribution set by settling (Birn-
stiel et al. 2016)

⇢d =
⌃g✏

H
p
2⇡

✓
↵

↵+ St

◆1/2

. (29)

In Figure 10, we compare these timescales for dust
evolution at the start of the simulation and at t = tep.
We assume an initial dust-to-gas ratio ✏ = 0.01 equal to
the ISM value for three sizes of dust: 1 µm, 100 µm, and
1 mm. Using L = 0.1R as the operative length scale, we
compare the times over which one might expect changes
in the radial dust distribution of at least 10%.
Comparing to the timescales over which we evolve the

dynamics, on the order of ⇠ 104 yr, micron-sized grains
would initially show limited growth at disk radii above
60 au. However, with infall, the growth timescale is
shortened for small dust out to nearly 120 au for the fidu-
cial run shown here. Larger grains at outer radii have
fairly rapid drift timescales, so inward drift can push
grains into growth dominated regimes. Without a means
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Figure 10. Di↵usion (magenta), radial drift (orange), and
collisional growth (navy) timescales at t = 0 (left) and t = tep

(right) for sheet-like infall with Rc = Rd for 1 µm (top) ,
100 µm (middle) , and 1 mm (bottom) dust. Small particles
initially show long time-scales for drift and di ↵usion, but af-
ter the infall episode, disk perturbations and infall-induced
turbulence shorten ! di ! , shorten ! growth in the outer disk for
micron-sized particles, and lengthen ! drift within the pres-
sure bump region. Dotted lines show (vertical) the locations
of Rin and Rc and (horizontal) the characteristic dynamical
timescale.

to arrest radial drift, this leads to the standard picture of
drift limited growth. In the case of infall, however, rapid
inward drift from the outer disk could lead to pileup
within pressure bumps, potentially leading to acceler-
ated growth there. The di↵usion timescales also become
relatively more important within the inner disk for small
grains, although still on longer timescales than the post-
infall period we simulate here. While Figure 10 shows
approximate timescales, it suggests that the post-infall
disk environment could be more conducive to planet for-
mation than the typical steady-state disk.
Moving beyond estimates using the drift velocity, drift

transport depends on multiple components. In Equa-
tion 16, perturbations to the dust surface density due to

⼩さい粒⼦は
インフォール
で成⻑が加速。

⼤きい粒⼦はイ
ンフォール領域
にたまる。

まとめ
! 均⼀インフォールだとR&∝t, やダスト成⻑への

影響無し。
! インフォール領域の内と外に渦ができ、⼩質量

惑星のように渦状腕。

内側にインフォー
ルだとプロファイ
ルが急になり、実
効的に⼩さい円盤。

! ダストトラップがsegregationを起こすな
ど、⻑期の調査は今後。
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ABSTRACT

The Þlamentary nature of accretion streams found around embedded sources suggest that protostellar
disks experience heterogenous infall from the star-forming environment, consistent with the accretion
behavior onto star-forming cores in top-down star-cluster formation simulations. This may produce
disk substructures in the form of rings, gaps, and spirals continuing to be identiÞed by high-resolution
imaging surveys in both embedded Class 0/I and later Class II sources. We present a parameter study
of anisotropic infall, informed by the properties of accretion ßows onto protostellar cores in numerical
simulations, and varying the relative speciÞc angular momentum of incoming ßows as well as their ßow
geometry. Our results show that anisotropic infall perturbs the disk and readily launches the Rossby
wave instability (RWI). It forms vortices at the inner and outer edge of the infall zone where material
is deposited. These vortices drive spiral waves and angular momentum transport, with some models
able to drive stressescorresponding to a viscosity parameter on the order of ! ! 10! 2. The resulting
azimuthal shear forms robust pressure bumps that act as barriers to radial drift of dust grains, as
demonstrated by post-processing calculations of drift-dominated dust evolution. We discuss how a
self-consistent model of anisotropic infall can account for the formation of millimeter rings in the outer
disk as well as producing compact dust disks, consistent with observations of embedded sources.

Keywords: hydrodynamics Ñ instabilities Ñ planetary systems: formation Ñ planetary systems:
protoplanetary disks

1. INTRODUCTION

High-resolution imaging studies of protoplanetary
disks (canonically Class II sources) in the continuum
have found that many of the brightest sources are not
well described by a smooth emission proÞle. For in-
stance, the objects mapped in the Disk Substructures
at High Angular Resolution Project (DSHARP) survey
are rife with substructure in the form of rings, gaps,
and spirals (Andrews et al. 2018). Several studies have
linked the location of ringed structures with that of po-
tential protoplanets and the indirect kinematic e↵ects of
such planets (e.g.Teague et al.2018; Pinte et al. 2019),
motivating the search for an assumed population of em-
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bedded planets (Bae et al. 2018; Disk Dynamics Col-
laboration et al. 2020). While direct detection of pro-
toplanet candidates is still in its infancy, cases like the
discovery and characterization of embedded protoplanet
candidates in PDS 70 (Keppler et al. 2018; Benisty et al.
2021), lend credence to a causal relationship between
planets and disk substructure.

Studies of planet-disk interaction have initially as-
sumed that gaps were predominantly opened by rela-
tively high (Jupiter) mass planets (Malik et al. 2015),
but recent work has shown that planets of even lower
(Super-Earth) masses can not only e�ciently dynami-
cally perturb disks to create rings and gaps, but that
a single planet can create the appearance of multiple
concentric rings within the disk (Dong et al. 2017; Bae
et al. 2017). However, dust evolution models have shown
that ringed structures observed in the millimeter contin-
uum can be produced by any mechanism that results in
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! ジーンズ解析ではフィラメント幅は柱密度と負の相関が予想されるが、
Herschel観測と⽭盾。

! 広い柱密度にわたって統⼀的に説明できる理論はない。
! 観測バイアスの指摘：⻑さ⽅向の平均、どの半径までフィットするか、特に
空間分解能。

! Arzoumanian+'19との⽐較。
! Herschel Gould Belt Survey, 8分⼦雲、DisPerseでスケルトンを抽出。
! 尾根から同じ距離を集めて強度の中央値を得る。背景と同じになったらr-#. 。
! 背景を引いた後の半値全幅FWHM-/" 、0.75 FWHM-/" 内をガウス＋背景で

フィットしたFWHM。
! deconvolved FWHM!(& = √ (FWHM-/"0

' ‒HPBW' )を使う。HPBW=18.2"。
! Gaiaの３次元距離を使って再規格化。
! 幅が距離とともに増加。右図。
! Orion Bに40%あって、平均を上げている。
! TaurusとOrion BはKS検定でも完全に違う。
! 分散も距離とともに0.026-0.090 pcに渡って増加。

バーは分布の１σ

A&A 657, L13 (2022)
https://doi.org/10.1051/0004-6361/202142281
c� ESO 2022

Astronomy
&Astrophysics

LETTER TO THE EDITOR

The width of Herschel filaments varies with distance
G. V. Panopoulou1,? , S. E. Clark2,3, A. Hacar4, F. Heitsch5, J. Kainulainen6, E. Ntormousi7,

D. Seifried8, and R. J. Smith9

1 California Institute of Technology, Mail Code 350-17, 1200 E. California Blvd, Pasadena, CA 91125, USA
e-mail: panopg@caltech.edu

2 Department of Physics, Stanford University, Stanford, California 94305, USA
3 Kavli Institute for Particle Astrophysics & Cosmology, Stanford University, PO Box 2450, Stanford, CA 94305, USA
4 Department of Astrophysics, University of Vienna, Türkenschanzstrasse 17, 1180 Vienna, Austria
5 Department of Physics & Astronomy, University of North Carolina, Chapel Hill, North Carolina 27599, USA
6 Chalmers University of Technology, Department of Space, Earth and Environment, 412 93 Gothenburg, Sweden
7 Scuola Normale Superiore di Pisa, Piazza dei Cavalieri, 7, 56126 Pisa, Italy
8 University of Cologne, I. Physical Institute, Zülpicher Str. 77, 50937 Cologne, Germany
9 Jodrell Bank Centre for Astrophysics, Department of Physics and Astronomy, University of Manchester, Oxford Road,

Manchester M13 9PL, UK

Received 22 September 2021 / Accepted 15 November 2021

ABSTRACT

Context. Filamentary structures in nearby molecular clouds have been found to exhibit a characteristic width of 0.1 pc, as observed
in dust emission. Understanding the origin of this universal width has become a topic of central importance in the study of molecular
cloud structure and the early stages of star formation.
Aims. We investigate how the recovered widths of filaments depend on the distance from the observer by using previously published
results from the Herschel Gould Belt Survey.
Methods. We obtained updated estimates on the distances to nearby molecular clouds observed with Herschel by using recent results
based on 3D dust extinction mapping and Gaia. We examined the widths of filaments from individual clouds separately, as opposed
to treating them as a single population. We used these per-cloud filament widths to search for signs of variation amongst the clouds
of the previously published study.
Results. We find a significant dependence of the mean per-cloud filament width with distance. The distribution of mean filament
widths for nearby clouds is incompatible with that of farther away clouds. The mean per-cloud widths scale with distance approxi-
mately as 4�5 times the beam size. We examine the e↵ects of resolution by performing a convergence study of a filament profile in
the Herschel image of the Taurus Molecular Cloud. We find that resolution can severely a↵ect the shapes of radial profiles over the
observed range of distances.
Conclusions. We conclude that the data are inconsistent with 0.1 pc being the universal characteristic width of filaments.

Key words. ISM: clouds – ISM: structure – stars: formation – local insterstellar matter

1. Introduction

The formation of stars appears to occur preferentially within
filamentary structures (André et al. 2014; Könyves et al. 2015).
Special attention has been given to one morphological property
of these structures: their width. In models of idealized hydro-
static cylinders, the radius is related to the stability of the struc-
ture (Ostriker 1964). In particular, the radius of the column
density profile is expected to scale inversely with the column
density following the thermal Jeans length. Arzoumanian et al.
(2011) analyze a large sample of filaments in Herschel dust
continuum images and show that the observed widths of fila-
ments are almost independent of the column density and are
uncorrelated with the Jeans length – contrary to theoretical
expectations.

Despite the wide range of filament column densities, filament
widths are found to follow a narrow distribution, which peaks at

? Hubble fellow.

⇠0.1 pc with a spread of only a factor of 2 (Arzoumanian et al.
2011). This surprising finding has led to the proposition that
filaments show a characteristic width – one that is univer-
sal among clouds with drastically di↵erent properties (e.g.,
star formation rate, mean column density, Arzoumanian et al.
2011; André et al. 2014). Recently, Arzoumanian et al. (2019)
extended the analysis of filament widths to a much larger sam-
ple of filaments in the Herschel Gould Belt Survey (HGBS),
finding results in agreement with their earlier study. Multiple
theoretical models have been proposed to explain the observed
distribution of widths and the apparent independence with the
column density (Fischera & Martin 2012a,b; Hennebelle 2013;
Hennebelle & André 2013; Federrath 2016; Auddy et al. 2016;
Federrath et al. 2021; Priestley & Whitworth 2021). To date, no
model has been able to reproduce the properties of the distri-
bution over the wide range of filament column densities in the
sample of Arzoumanian et al. (2019).

The presence of a characteristic width has been called into
question from several investigations. Panopoulou et al. (2017)

Article published by EDP Sciences L13, page 1 of 11



! Taurusを遠くに持っていって分解能の効果を検証。
! 距離260 pc (分解能0.023pc), 423 pc (0.037 pc), 762 pc 

(0.067pc)。
! FWHM-/" は実際の観測より急に距離とともに増加。右図。
! 他の分⼦雲のフィラメント幅はTaurusとは異なる。
! 幅の距離に対する増加を⼀部説明。
! 距離に依らずFWHM-/" ~4 beamはフィラメントが分解されてい

ないことを⽰唆（数ビームの構造が得られやすい）。

! フィラメントは輝線で内部構造を⽰す。
! Herschelより分解能が良い⼲渉計観測では細く⾒える。
! 幅⽅向の分布は⼀つのフィラメントでも2-10倍違う。
! ガウシアンは必ずしもFWHMを復元しない。
! ウェーブレット分解など新しい道具に期待。
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Fig. 2. Comparison between the observed dependence of FWHMobs on
the distance (gray data points, symbols as in Fig. 1) and that of a radial
profile of a filament in Taurus, after reducing the angular resolution of
the Herschel map to correspond to the physical resolution of a 18.200
beam at the observed cloud distances (red diamonds). Dotted lines mark
1, 2, 4, and 5 times the beam size.

Taurus to achieve resolutions equivalent to 0.023 pc, 0.037 pc,
and 0.067 pc (corresponding to a beam size of 18.200 at distances
of 260 pc, 423 pc, and 762 pc). Using the same filament skele-
ton for all images, we constructed the filament’s radial profile,
determined rout, and measured FWHMobs. We refer the reader to
Appendix B for more details.

In Fig. 2 we compare the FWHMobs obtained for this reso-
lution study with the per-cloud mean FWHMobs, as a function
of cloud distance. The e! ect of resolution dramatically changes
the FWHMobs of the Taurus filament profile (red diamonds),
with values increasing by a factor of 10 from the original image
(140 pc) to the largest distance of 762 pc. While the per-cloud
mean FWHMobs do rise with distance, this rise is shallower than
that of the single profile of the resolution study. We note that
the reduction of angular resolution is not necessarily equivalent
to placing the same cloud at di! erent distances. However, this
convergence study allows us to examine whether all filaments
observed with the same resolution in physical units have the
same width of 0.1 pc. This does not seem to be the case: if the
Taurus filament had been observed with a physical resolution of
0.067 pc (as filaments in IC 5146) instead of 0.012 pc, it would
appear to have a width of 0.99 pc compared to the mean width of
0.24 pc of filaments in IC 5146.

We have thus shown that resolution can produce an increase
in the FWHMobs of a single filament by a factor of ⇠10, which is
much larger than the increase in the per-cloud mean FWHMobs
(factor of 4). The observed rise in the per-cloud mean FWHMobs
with distance could, at least partially, be explained by resolution.
The remarkably linear dependence of FWHMobs on the distance
of ⇠4 ⇥ beam at large distances would suggest that indeed fila-
ments are not resolved. Resolution and beam confusion can lead
to the detection of structures of a few times the beam size; for
example, cloud diameters were found to be 3 times the beam
size in Verschuur (1993) as a result of the hierarchical nature
of the medium. Further work is needed to reliably disentangle
possible e! ects of resolution from a possible intrinsic variation

of filament widths. The mean width of the entire cloud sample
of 0.1 pc may not be robust to changes in resolution. Verifying
or disproving this, however, is beyond the scope of the present
work.

5. Conclusions

We have revisited the observational results of Arzoumanian et al.
(2019) on filament widths in the HGBS. By examining the data
of di! erent clouds separately, we have unveiled a trend that
has been hidden in the data: a dependence of the per-cloud
mean filament widths on the distance from the observer. While
the ensemble average widths over all clouds is 0.1 pc, this is
not a representative statistic. The distribution of mean filament
widths for nearby clouds is incompatible with that of farther
away clouds. In addition, the spread of per-cloud filament widths
depends on distance. The data thus contradict a universal width
of 0.1 pc with a spread of ⇠2 for all clouds, as originally inferred
by Arzoumanian et al. (2011).

The scaling of FWHM with distance is reminiscent of
that found in other Herschel surveys (Schisano et al. 2014;
Rivera-Ingraham et al. 2016), recognised as the e! ect of reso-
lution. Even though the observed filament widths are multiple
times the beam size, we have demonstrated that the e! ect of
resolution on the shape of an observed filament profile is not
negligible. We considered the case of the profile of a filament
in the Taurus molecular cloud. We performed a resolution study
by convolving the column density image of Taurus with varying
beam sizes. The resolution has a dramatic e! ect on the recovered
filament width: the width increases with distance more steeply
than the per-cloud mean widths. In combination with the almost
linear scaling of mean filament widths with distance (4�5 times
the beam size), our results strongly suggest that resolution biases
the measurement of filament widths.

Our results are in agreement with a growing body of evi-
dence showing that filament radial profiles exhibit more com-
plexity than can be captured by the picture of a “characteristic”
width. Filaments show substructure when observed with spectral
line tracers (Hacar et al. 2013) and can appear significantly nar-
rower when observed at a higher resolution than Herschel (e.g.,
with interferometers targeting spectral lines of dense gas tracers,
Fernández-López et al. 2014; Hacar et al. 2018; Monsch et al.
2018). Filament radial profiles can vary by factors of 2�10
from one end of the structure to the other (Juvela et al. 2012b;
Suri et al. 2019), and averaging is shown to bias the shape of the
resulting profile (Whitworth et al. 2021).

By understanding the inherent biases in characterizing fila-
ment profiles, we can correct for them. Assuming a Gaussian
deconvolution (Eq. (1)) does not accurately recover the intrin-
sic FWHM (Appendix B). Beam e! ects should be mitigated by
forward modeling (e.g., Juvela et al. 2012a; Smith et al. 2014;
Federrath 2016; Seifried et al. 2017) or analytical functions that
explicitly take these into account (Fischera & Martin 2012a).
Tools that go beyond the 1D description of a filament pro-
file (e.g., wavelet decomposition Robitaille et al. 2014, 2019;
Ossenkopf-Okada & Stepanov 2019) can allow for a deeper,
more nuanced understanding of the nature of interstellar fila-
ments and their environment (e.g., as a hierarchical medium that
is only limited by the beam size, Robitaille et al. 2020).
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ABSTRACT

Context. Filamentary structures in nearby molecular clouds have been found to exhibit a characteristic width of 0.1 pc, as observed
in dust emission. Understanding the origin of this universal width has become a topic of central importance in the study of molecular
cloud structure and the early stages of star formation.
Aims. We investigate how the recovered widths of filaments depend on the distance from the observer by using previously published
results from the Herschel Gould Belt Survey.
Methods. We obtained updated estimates on the distances to nearby molecular clouds observed with Herschel by using recent results
based on 3D dust extinction mapping and Gaia. We examined the widths of filaments from individual clouds separately, as opposed
to treating them as a single population. We used these per-cloud filament widths to search for signs of variation amongst the clouds
of the previously published study.
Results. We find a significant dependence of the mean per-cloud filament width with distance. The distribution of mean filament
widths for nearby clouds is incompatible with that of farther away clouds. The mean per-cloud widths scale with distance approxi-
mately as 4�5 times the beam size. We examine the e↵ects of resolution by performing a convergence study of a filament profile in
the Herschel image of the Taurus Molecular Cloud. We find that resolution can severely a↵ect the shapes of radial profiles over the
observed range of distances.
Conclusions. We conclude that the data are inconsistent with 0.1 pc being the universal characteristic width of filaments.

Key words. ISM: clouds – ISM: structure – stars: formation – local insterstellar matter

1. Introduction

The formation of stars appears to occur preferentially within
filamentary structures (André et al. 2014; Könyves et al. 2015).
Special attention has been given to one morphological property
of these structures: their width. In models of idealized hydro-
static cylinders, the radius is related to the stability of the struc-
ture (Ostriker 1964). In particular, the radius of the column
density profile is expected to scale inversely with the column
density following the thermal Jeans length. Arzoumanian et al.
(2011) analyze a large sample of filaments in Herschel dust
continuum images and show that the observed widths of fila-
ments are almost independent of the column density and are
uncorrelated with the Jeans length – contrary to theoretical
expectations.

Despite the wide range of filament column densities, filament
widths are found to follow a narrow distribution, which peaks at

? Hubble fellow.

⇠0.1 pc with a spread of only a factor of 2 (Arzoumanian et al.
2011). This surprising finding has led to the proposition that
filaments show a characteristic width – one that is univer-
sal among clouds with drastically di↵erent properties (e.g.,
star formation rate, mean column density, Arzoumanian et al.
2011; André et al. 2014). Recently, Arzoumanian et al. (2019)
extended the analysis of filament widths to a much larger sam-
ple of filaments in the Herschel Gould Belt Survey (HGBS),
finding results in agreement with their earlier study. Multiple
theoretical models have been proposed to explain the observed
distribution of widths and the apparent independence with the
column density (Fischera & Martin 2012a,b; Hennebelle 2013;
Hennebelle & André 2013; Federrath 2016; Auddy et al. 2016;
Federrath et al. 2021; Priestley & Whitworth 2021). To date, no
model has been able to reproduce the properties of the distri-
bution over the wide range of filament column densities in the
sample of Arzoumanian et al. (2019).

The presence of a characteristic width has been called into
question from several investigations. Panopoulou et al. (2017)
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In following sections, when we reference our sample of YSOs,
we refer to this merged catalog, which is included in Table 3.

4.7.1. Evolutionary Classification

YSOs are typically classified into a number of evolutionary
stages, ranging from embedded protostars to pre-main-
sequence YSOs (McKee & Ostriker 2007). We classified the
YSOs in our sample following the classification scheme
developed by Andre et al. (2000).

We calculated the slope of the SED over the wavelength range
of 2–20 ! m defined as B w

M
Md F

dIR
log
log

(Lada 1987). This included
photometry in the K band from 2MASS or MMIRS, in bands
3.6, 4.5, 5.4, and 8.0 ! m from IRAC, and in bands 12 and 22 ! m
from WISE. We fit a line to the log-scaled SEDs using the mean
squared error minimization algorithm implemented in NumPy’s
poly ! t . To account for potential contamination in the lower
resolution WISE photometry, we identified sources whose " IR
changed signs when including WISE 12 and 22 ! m photometry.
We fit " IR on these 115 sources using only K-band and IRAC
photometry. We used MMIRS photometry in place of 2MASS
photometry for the K band when available.

We used the " IR cutoffs given in Andre et al. (2000) to
classify the YSOs: Class 0 and I objects (protostellar) have a
rising slope, " IR ! 0.3, Class II sources have decreasing slopes
between ! 1.6 < " IR " ! 0.3, and Class III have " IR " ! 1.6. We
classify sources with ! 0.3 < " IR < 0.3 as flat spectrum sources.

We classified 67 of our YSOs as Class I, 103 as flat spectrum
sources, 569 as Class II, and 82 as Class III. A histogram of
these results is shown in Figure 8.

5. YSO Distribution

5.1. Clustering

5.1.1. DBSCAN

We expected the identified YSOs to be clustered together (in
the area of Be 59 for example) or in molecular pillars toward
the edges of the H II region and not dispersed randomly over

the field. To analyze this clustering, we used a method called
“Density-based spatial clustering of applications with noise”
(DBSCAN; Xu et al. 1997). This method identifies clusters by
grouping points with many neighbors and flagging points with
few neighbors as outliers. We used the DBSCAN implementa-
tion in Python’s SKLEARN package.
The DBSCAN algorithm requires two input parameters: ˜

and MnPts. The scaling size parameter ˜ controls the bandwidth
used to classify close neighbors. MnPts defines the smallest
number of samples in a neighborhood required for a point to be
considered as a core point. To determine the optimal values of
these parameters, we followed the approach of Winston et al.
(2019, 2020) based on the analysis of the Taurus region done
by Joncour et al. (2018).
We chose ˜ as the turnoff value in the one-point correlation

function (OPCF). The OPCF is calculated as the ratio of the
cumulative distribution of nearest neighbors of the true
distribution and a randomly generated distribution of the same
number of sources spread over the same area. For a given
separation ˜, the cumulative distribution of nearest neighbors
counts the number of sources with a neighbor within a radius of
˜. When the OPCF is greater than 1, there are significantly more
nearest neighbor pairings than there are in the randomly
generated sample. When the OPCF is less than or equal to 1,
the number of nearest neighbors in the true distribution is
comparable to that of the random distribution. Therefore, we
choose the value of ˜ = 0¡.045 at the turnoff point in the OPCF
as seen in Figure 9 to minimize detections of random clustering.
The value of MnPts was determined by choosing the

smallest number of points that results in a value of 0.001 for the
cumulative distribution of nearest neighbors evaluated at
˜ = 0¡.045. This represents a probability of 0.001 of randomly
finding a cluster of size MnPts for a scale factor of ˜. We chose
MnPts = 9 as shown in Figure 9.

Figure 7. A Venn diagram showing the breakdown of YSO classification
methods (excluding the selections based on IRAC bands 3 and 4 described in
Section 4.5, MIPS 24 ! m described in Section 4.6, and MMIRS described in
Section 4.4, which are all restricted by limited spatial coverage). The vast
majority of the YSOs were identified using 2MASS+ IRAC photometry only.

Figure 8.A histogram of the SED slopes " IR of the YSOs. The black dashed
lines at " IR = ! 1.6, ! 0.3, and 0.3 show the cutoffs used in the evolutionary
classification. Class 0 and I objects have " IR ! 0.3, flat spectrum sources
have ! 0.3 < " IR < 0.3, Class II sources have ! 1.6 < " IR " ! 0.3, and Class
III have " IR " ! 1.6.
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α: Class III, ‒1.6, Class II, 
‒0.3, Flat, 0.3, Class 0/I

Infrared Science Archive. We queried the same region described
in Section2.3 from the 2MASS All-Sky Point Source Catalog.
We obtained a 2MASS data set of 310,956 sources, with
144,065 within the region covered by the IRAC mosaics.

2.5. MMIRS Near-infrared Imaging

Near-infrared images were obtained atJ, H, andK with the
MMT and Magellan Infrared Spectrograph(MMIRS; McLeod
et al.2012) at the MMT on Mt. Hopkins, AZ on several nights
in 2019 DecemberÐ2020 January(program SAO-8-19c) and
2020 DecemberÐ2021 January(program SAO-12-21a). The
instrument! eld of view(FOV) is ! 6 9 ! 6 9 in size, with 02
pixels. The typical seeing-limited point source FWHM sizes
were in the range 05Ð0 7. A large area was mapped by
performing several dithered frames at each position and then
offsetting by the FOV size to a new position for another set of
dithered frames. The data were! rst processed using the
MMIRS pipeline (Chilingarian et al.2015) to perform the
sample-up-the-ramp and linearization corrections. The images
were then background-subtracted and mosaicked by a custom
reduction program that uses tools in theastropy package
(Astropy Collaboration et al.2013, 2018) to align and average
the frames with outlier-rejection. The combined spatial cover-
age in each band is shown in Figure2.

2.6. PanSTARRS Photometry

We used optical photometry from the PanSTARRS data
release 2(Flewelling et al.2020) available on the Mikulski

Archive for Space Telescopes.3 The PanSTARRS archive was
searched for objects within 1! of the positions of the YSOs
identi! ed in Section4. A total of 33 objects were found to
match the positions of the YSO candidates identi! ed from the
IRAC data. Ther- and i-band optical photometry of these
sources was used in the SED! tting described in Section6.

3. Data Reduction

3.1. IRAC Photometry

We performed photometry on the IRAC mosaics using
Source Extractor (SExtractor; Bertin & Arnouts1996).
The details of the source extraction and photometry are
provided in AppendixA.1. We then matched sources in the
short and long frame catalogs for each IRAC band. We used
the difference in long and short frame magnitude to determine
an appropriate magnitude cutoff to account for saturation in the
long frame exposures. We obtained magnitude cutoffs of 10.8,
10.3, 9.5, and 9.2 for bands 1, 2, 3, and 4, respectively, by
identifying the brightest magnitude above which there was
signi! cant disagreement between the short and long frame
magnitudes. For sources brighter than the cutoff, we replaced
the magnitudes from the long frame mosaics with the values
obtained from the short frame mosaic. In the case that one
source had a magnitude below the cutoff and the other above
(for example if the long frame magnitude was brighter than the
cutoff and the short frame magnitude fainter than the cutoff),

Figure 1.A color image of the Cep OB4! eld using the WISE 3.4, 12, and 22! m images(blue: 3.4! m, green: 12! m, red: 22! m). Berkeley 59Ñ the cluster of early-
type starsÑ can be seen in the southern central region of the image. The shell of the molecular cloud surrounds most of the bright stars in the image. Pillars around the
edges of the shell point in toward the OB association.

3 https:// archive.stsci.edu/ panstarrs/
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22, 12, 3.4 µm
Be 59から広がるバブル

! OB型星は⼩質量星形成を誘発、⾦属を作る、周囲の環境を変えるなど重要だが、埋もれて少な
く遠く、観測が難しいので、⼩質量星形成への影響を調べる。

! 星⾵やイオン化フラックスが物質をHII領域の端まで押し、⼩質量星ができるというシナリオ。
! イオン化フロントが⾼密度分⼦領域に当たるところ（ピラー）でできるというシナリオ。
! Cepheus OB4は1.1 kpcで、銀河の⾚道⾯から外れていて、イオン化バブルもあり、半径140 pc

と⼤きい。早期型星クラスタBerkeley 59を含む。
! IRAC 3.6, 4.5 µmの新しいモザイクと2MASS, WISE

からカタログを作る。
! DBSCAN: 隣⼈が多い
ものをクラスタとする。

! 同じ数同じ⾯積のラン
ダムとの⽐が最⼤とな
る範囲で隣⼈を探す。

! ５クラスタ、63%が含
まれる、メンバーは
445! から6個。

! 最⼤クラスタはBe 59
領域の中⼼で、原始星
が少ない。
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Abstract

OB associations are home to newly formed massive stars, whose turbulent winds and ionizing! ux create HII regions
rich with star formation. Studying the distribution and abundance of young stellar objects(YSOs) in these ionized
bubbles can provide essential insight into the physical processes that shape their formation, allowing us to test
competing models of star formation. In this work, we examined one such OB association, Cepheus OB4(Cep OB4)
Ñ a well-suited region for studying YSOs due to its Galactic location, proximity, and geometry. We created a
photometric catalog from Spitzer/ Infrared Array Camera(IRAC) mosaics in bands 1(3.6! m) and 2(4.5! m). We
supplemented the catalog with photometry from the Wide-" eld Infrared Survey Explorer, the Two Micron All Sky
Survey, IRAC bands 3(5.8! m) and 4(8.0! m), MIPS 24! m, and MMIRS near-infrared data. We used colorÐcolor
selections to identify 821 YSOs, which we classi" ed using the IR slope of the YSOsÕspectral energy distributions,
" nding 67 Class I, 103! at spectrum, 569 Class II, and 82 Class III YSOs. We conducted a clustering analysis of the
Cep OB4 YSOs and" t their spectral energy distributions. We found many young Class I objects distributed in the
surrounding shell and pillars as well as a relative age gradient of unclustered sourcesin the bubble surrounding the OB
association, with YSOs generally decreasing in age with distance from the central cluster. Both of these results
indicate that the expansion of the HII region may have triggered star formation in CepOB4.

Uni! ed Astronomy Thesaurus concepts:Young stellar objects(1834); Star formation(1569); Star forming regions
(1565); Infrared excess(788); Protoplanetary disks(1300)

Supporting material:" gure set, machine-readable tables

1. Introduction

Many stars in our Galaxy formed in OB associations, loose
unbound systems of massive O and B stars(Lada1999; Brice–o
et al. 2007). The environments of OB associations, typically
embedded in giant molecular clouds(GMCs), are strongly
affected by massive stars(> 8 Me ) whose turbulent and fast-
paced lives dramatically shape their surroundings(Zinnecker &
Yorke 2007). Such OB associations also host less massive star
formation and therefore young, less massive stars. Massive stars
are an integral part of galactic evolution, providing heavy metals,
massive out! ows, and turbulent winds that greatly in! uence their
environments(Zinnecker & Yorke2007). Despite their important
role in shaping astrophysical conditions, the processes that lead to
their formation are still not entirely understood. Directly observing
O and B stars in the midst of formation is dif" cult due to dust
extinction, their relatively low numbers and greater distances, and
their relative brevityof the formation period.

Observing their effects on less massive starsÕpresence and
development in OB associationsis more feasible, in part due to
the creation of ionized HII regions and the longer life cycle of less
massive stars. The stellar winds and ionizing! ux from massive
stars form HII regions within GMCs, pushing material from
inside the OB association to the outskirts of the HII regions.
These ionized bubbles have borders of dense material, or nebulous
features and" laments, all of which can be sites of lower-mass star
formation. Many star-forming HII regions with bubble morphol-
ogies have been studied previously, including Sh2-236(Ortega
et al.2020), Sh2-48(Ortega et al.2013), and Vela OB2(Cantat-
Gaudin et al.2019), among others(Xu et al.2014).

The presence, distribution, and location of young stellar objects
(YSOs) provides information about recent star formation in the OB
associations and can help determine what physical processes are at

play. The collect and collapse model posits that winds and
supernovae caused by massive stars can compress material
suf" ciently to trigger star formation by spurring gravitational
collapse(Elmegreen & Lada1977). This process would lead to the
presence of YSOs around the outskirts of the HII regions,
decreasing in age with increasing distance from the OB
associationÕs center. A second model, radiation-driven implosion,
suggests that star formation mayresult from the ionization frontÕs
interaction with dense molecularregions, triggering increased
density and collapse(Reipurth 1983). This model would yield
clusters of YSOs in molecular structures like pillars that the HII
region has expanded to include. A third proposed mechanism
involves molecular cloud collisions(Loren1976). YSOs would be
formed in the dense regions created by the colliding material and
would therefore be found in the areas of collision.

The OB association Cepheus OB4(Cep OB4) is a potentially
useful testing ground for star formation models due to its
Galactic location, proximity, and geometry. Cep OB4 was" rst
identi" ed in 1959 along with an interior cluster of early-type
stars, Berkeley 59(Be 59; Blanco & Williams1959; Kun et al.
2008), which has been recently studied by Rosvick & Majaess
(2013) and is estimated to be! 2 Myr old (Panwar et al.2018).
Several OB stars in the region have been cataloged, including
some in the central Be 59 area(Skiff 2014). These massive stars
are likely the source of the shock wave that evacuated the
molecular material and created the bubbleÕs shape and structure.
Cep OB4!s Galactic latitude of about+ 5¡ places it off of the
densest area of the Galactic plane, which results in lower
foreground and background contamination. At! 1.1 kpc(Kuhn
et al.2019) it is relatively close for an OB association, allowing
for better resolution of individual sources and detection of lower-
mass YSOsÑ down to a few tenths of a solar mass(Hora et al.
2018). With an estimated radius of 140 pc(Olano et al.2006,
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objects are heavily clustered around Be 59 and in the region
inside of the bubble. There are many Class I and! at spectrum
sources distributed around the edges of the bubble, and many at
the tips of dense pillars as seen in Figure12. The exception to
this general pattern is the number of Class I and! at spectrum
sources near Be 59. However, many of these appear to be
associated with the dense re! ection nebula to the west of the
cluster core and the pillars near Be 59 that the stellar winds and
expanding ionized shell has not yet dispersed. Because of the
variations in the density of the ISM, and the location relative to
the ionizing sources, the relative ages and distribution of young
YSOs in Cep OB4 might be more complicated than a simple
relation between age and distance from the Be 59 cluster.

To further assess the distribution and evolutionary stages of
YSOs beyond the edges of the HII region, we preliminarily ran
the WISE YSO selections described in Section4.2 and

AppendixC on the entire WISE catalog queried as described in
Section2.3. We identi" ed 169 additional YSOs not found in
the selection described in Section4. All of these YSOs were
located around the border or beyond the area covered by the

Figure 14.Three example" ts of YSO SEDs(the complete set of plots of the YSO SED" ts are available in the" gure set). The leftmost SED is a Class I YSO, the
center SED is a! at spectrum YSO, and the rightmost SED is a Class II YSO. The black points represent the photometric data and uncertainty. The black line indicates
the best-" t model SED and the gray lines show all model" ts with D D� � 32

best
2! ! .

(The complete" gure set(821 images) is available.)

Figure 15.The initial mass functions as generated by the SED" tting for all of
the YSOs, the YSOs in Cluster# 0, and the YSOs in the clusters near Be 59.
We only include SED results with! 2 < 15. The histograms are overlapping
and unnormalized. We see the same general trend in each of the samples, a
trend that generally agrees with results from previous studies as discussed in
Section6.

Figure 16. The distribution of unclustered YSOs. The top panel shows the
Class I/ Class II (CI/ CII) ratio of YSOs in annular bins as a function of
projected distance from the center of the Be 59 cluster found in Section5.1.
The red horizontal line indicates the CI/ CII ratio of sources in the three central
clusters. The value in the rightmost binÑ marked by a red squareÑ is unde" ned
as there were no Class II sources in the" nal bin, and it is set to the same value
as the previous bin. The bottom panel shows the density of the unclustered
YSOs, normalized by the area in each annulus covered by the IRAC 3.6" m
mosaic. Both of these distributions provide evidence that many of the
unclustered YSOs in the regionÕs center may have formed in the central
clusters, and there is an age gradient with a higher fraction of younger YSOs at
greater distances from Be 59, as described in Section5.2.
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! クラスタでない
ものの分布。

! Be59中⼼から遠
いほど若い。
" 衝撃波の拡⼤。

corresponding to what we describe as Class I,! at spectrum,
and Class II, andÒno diskÓcorresponding to Class III. There is
good agreement between our catalogs for theÒdiskÓsourcesÑ
we were able to match 92% of theÒdiskÓsources to our YSO
catalog. The small differences in our catalogs can be attributed
to slight differences in photometry and selection criteria. We do
not compare theÒno diskÓor Òpossible member of clusterÓ
sources as they were identi" ed by Getman et al.(2017) using
X-ray photometry.

We combined our YSO catalog with the additional Getman
et al. sources and repeated the clustering analysis described in

Sections5.1and5.1.3. The addition of the extra sources did not
signi" cantly affect the YSO distribution or the clustering
results. The one notable exception was the detection of an
additional cluster in the northern region near our Cluster# 0,
where the additional sources added to an existing small group
southeast of the cluster(see middle panel of Figure11).

Panwar et al.(2018) also studied the Be 59 region, using
optical photometry to identify pre-main-sequence stars. We
matched the Panwar PMS sources with our YSO catalog using
a matching radius of 1! and found 109 of their 420 sources.
There was a signi" cant amount of disagreement between the

Figure 12. Four examples of identi" ed YSOs located in molecular pillars. The YSOs are colored by evolutionary classi" cation and plotted over a color image of
2MASSH band 1.65! m (blue), IRAC 3.6! m (green), and IRAC 4.5! m (red). The legends in the panels on the left also apply to the panels on the right in the same
row. Pillars such as the ones visible in these images form when the ionizing winds from Be 59!s massive stars evacuate gas and dust around the cluster, leaving only
the dense structures behind. Class I and! at spectrum sources are often seen at the tips of the pillars.
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! 衝撃波がガス、ダスト
を吐き出したピラーに
原始星。

! ピラーから求めた拡⼤
時間1.6 MyrはBe 59の
年齢2 Myrに合う。

Figure 18.Near-infrared(left) and optical(right) colorÐmagnitude diagrams of our YSOs. PMS isochrones of various ages from Siess et al.(2000) are plotted in both
! gures. In the NIR CMD, we show the positions of stars of various masses on the 2 Myr PMS isochroneÑ shown as white stars outlined in red. In the optical CMD,
we show the starsÕfull evolutionary tracksÑ shown as solid red curves. A main-sequence isochrone of 2 Gyr from Girardi et al.(2002) is shown in the optical CMD.
The YSOs have been dereddened using the NICER extinction maps from Lombardi & Alves(2001). All of the isochrones and evolutionary tracks have been shifted
using the assumed distance to Cep OB4 of 1.1 kpc.

Figure 19. The spatial distribution of YSOs in Cep OB4 plotted over the IRAC 3.6! m image. Here, we show the YSOs identi! ed in Section4 as well as those
identi! ed using the larger region queried from the WISE catalog as described in Section7.2. The YSOs are colored by their spectral type. We see numerous young
Class I and" at spectrum YSOs toward the outskirts of the cluster and fewer inside the dense border of the HII region, indicating that there may have been likely
continuing star formation before the creation of the ionized bubble.
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! Be 59付近の
Class I, Flatもイ
オン化シェルが
残る反射星雲に
ある。

IRAC images. The distribution of the YSO from the catalog
compiled in Section4 and the 169 additional WISE YSOs is
shown in Figure19.

From a cursory visual analysis of the distribution, we see that
there are numerous young Class I and! at spectrum YSOs just
outside of the border and beyond the HII region. The presence
of young YSOsÑ and therefore ongoing or recent star
formationÑ outside of the HII region and beyond the in! uence
of the ionizing shock waveÑ indicates that there was likely
continuing star formation before the creation of the ionized
bubble. These objects could also be foreground or background
star-forming regions not associated with Be 59 and the
Cep OB4 cloud. We would have to know the 3D space
location of the YSOs within and outside of the bubble to have a
full picture of the star formation sequence in the region.
However, the distances to the YSOs are dif" cult to obtain.
They are in general optically faint and undetected by Gaia or
other parallax observations, and their distance also adds to the
dif" culty of these measurements.

8. Conclusions

We have conducted a study of YSOs in the Cep OB4 OB
association, using new Spitzer IRAC and MMIRS images,

publicly available MIPS images, and photometry from 2MASS
and WISE.

1. We extracted 752,615 total unique sources from the
IRAC 3.6 and 4.5! m mosaics. From the limited area
mapped by IRAC 5.8! m and 8.0! m, and MIPS 24! m,
we extracted 2151, 1641, and 485 sources, respectively,
with corresponding photometry in IRAC 3.6 or 4.5! m.
We also extracted 113,424H-band, 114118J-band, and
18,369 K-band sources from the MMIRS mosaics that
had photometry in IRAC 3.6 or 4.5! m.

2. We cross matched our catalog with photometry from
WISE and 2MASS, " nding 140,594 sources with
2MASS photometry and 126,835 sources with WISE
photometry.

3. We identi" ed 821 YSOs with excess IR emission using a
variety of colorÐcolor cuts.

4. We classi" ed the YSOs based on their IR SED slope" IR
and found 67 Class I, 103! at spectrum sources, 569
Class II, and 82 Class III objects.

5. We identi" ed " ve YSO clusters, three located in the Be 59
region and one in the region around IRAS00013+ 6817. The
median cluster size was 11 YSOs and the mean was 103.

6. We identi" ed many YSOs located in dense molecular
pillars around the edges of the HII region.

Figure 17.The location and direction of some of the pillars in Cep OB4 plotted over the WISE 12! m image. The dotted red lines begin at the base of the pillars(as
indicated by the perpendicular line segment) and follow the pillar orientation to the center of region. The YSOs(including the WISE-only YSOs discussed in
Section7.2) are plotted with shapes and colors corresponding to their evolutionary classi" cation as in Figure12. The O stars in the region are plotted as blue xÕs
outlined in white. It appears that most of the pillars were exposed by a shock wave originating from Be 59Ñ likely from one or all of the O stars in that region.
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Abstract

OB associations are home to newly formed massive stars, whose turbulent winds and ionizing! ux create HII regions
rich with star formation. Studying the distribution and abundance of young stellar objects(YSOs) in these ionized
bubbles can provide essential insight into the physical processes that shape their formation, allowing us to test
competing models of star formation. In this work, we examined one such OB association, Cepheus OB4(Cep OB4)
Ñ a well-suited region for studying YSOs due to its Galactic location, proximity, and geometry. We created a
photometric catalog from Spitzer/ Infrared Array Camera(IRAC) mosaics in bands 1(3.6! m) and 2(4.5! m). We
supplemented the catalog with photometry from the Wide-" eld Infrared Survey Explorer, the Two Micron All Sky
Survey, IRAC bands 3(5.8! m) and 4(8.0! m), MIPS 24! m, and MMIRS near-infrared data. We used colorÐcolor
selections to identify 821 YSOs, which we classi" ed using the IR slope of the YSOsÕspectral energy distributions,
" nding 67 Class I, 103! at spectrum, 569 Class II, and 82 Class III YSOs. We conducted a clustering analysis of the
Cep OB4 YSOs and" t their spectral energy distributions. We found many young Class I objects distributed in the
surrounding shell and pillars as well as a relative age gradient of unclustered sourcesin the bubble surrounding the OB
association, with YSOs generally decreasing in age with distance from the central cluster. Both of these results
indicate that the expansion of the HII region may have triggered star formation in CepOB4.

Uni! ed Astronomy Thesaurus concepts:Young stellar objects(1834); Star formation(1569); Star forming regions
(1565); Infrared excess(788); Protoplanetary disks(1300)

Supporting material:" gure set, machine-readable tables

1. Introduction

Many stars in our Galaxy formed in OB associations, loose
unbound systems of massive O and B stars(Lada1999; Brice–o
et al. 2007). The environments of OB associations, typically
embedded in giant molecular clouds(GMCs), are strongly
affected by massive stars(> 8 Me ) whose turbulent and fast-
paced lives dramatically shape their surroundings(Zinnecker &
Yorke 2007). Such OB associations also host less massive star
formation and therefore young, less massive stars. Massive stars
are an integral part of galactic evolution, providing heavy metals,
massive out! ows, and turbulent winds that greatly in! uence their
environments(Zinnecker & Yorke2007). Despite their important
role in shaping astrophysical conditions, the processes that lead to
their formation are still not entirely understood. Directly observing
O and B stars in the midst of formation is dif" cult due to dust
extinction, their relatively low numbers and greater distances, and
their relative brevityof the formation period.

Observing their effects on less massive starsÕpresence and
development in OB associationsis more feasible, in part due to
the creation of ionized HII regions and the longer life cycle of less
massive stars. The stellar winds and ionizing! ux from massive
stars form HII regions within GMCs, pushing material from
inside the OB association to the outskirts of the HII regions.
These ionized bubbles have borders of dense material, or nebulous
features and" laments, all of which can be sites of lower-mass star
formation. Many star-forming HII regions with bubble morphol-
ogies have been studied previously, including Sh2-236(Ortega
et al.2020), Sh2-48(Ortega et al.2013), and Vela OB2(Cantat-
Gaudin et al.2019), among others(Xu et al.2014).

The presence, distribution, and location of young stellar objects
(YSOs) provides information about recent star formation in the OB
associations and can help determine what physical processes are at

play. The collect and collapse model posits that winds and
supernovae caused by massive stars can compress material
suf" ciently to trigger star formation by spurring gravitational
collapse(Elmegreen & Lada1977). This process would lead to the
presence of YSOs around the outskirts of the HII regions,
decreasing in age with increasing distance from the OB
associationÕs center. A second model, radiation-driven implosion,
suggests that star formation mayresult from the ionization frontÕs
interaction with dense molecularregions, triggering increased
density and collapse(Reipurth 1983). This model would yield
clusters of YSOs in molecular structures like pillars that the HII
region has expanded to include. A third proposed mechanism
involves molecular cloud collisions(Loren1976). YSOs would be
formed in the dense regions created by the colliding material and
would therefore be found in the areas of collision.

The OB association Cepheus OB4(Cep OB4) is a potentially
useful testing ground for star formation models due to its
Galactic location, proximity, and geometry. Cep OB4 was" rst
identi" ed in 1959 along with an interior cluster of early-type
stars, Berkeley 59(Be 59; Blanco & Williams1959; Kun et al.
2008), which has been recently studied by Rosvick & Majaess
(2013) and is estimated to be! 2 Myr old (Panwar et al.2018).
Several OB stars in the region have been cataloged, including
some in the central Be 59 area(Skiff 2014). These massive stars
are likely the source of the shock wave that evacuated the
molecular material and created the bubbleÕs shape and structure.
Cep OB4!s Galactic latitude of about+ 5¡ places it off of the
densest area of the Galactic plane, which results in lower
foreground and background contamination. At! 1.1 kpc(Kuhn
et al.2019) it is relatively close for an OB association, allowing
for better resolution of individual sources and detection of lower-
mass YSOsÑ down to a few tenths of a solar mass(Hora et al.
2018). With an estimated radius of 140 pc(Olano et al.2006,
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Abstract We present a large-scale simultaneous survey of the CO isotopologues (12CO,
13CO, and C18O) J = 1 � 0 line emission toward the Galactic plane region of l = 106.65!

to 109.50! and b = �1.85! to 0.95! using the Purple Mountain Observatory 13.7 m
millimeter-wavelength telescope. Except for the molecular gas in the solar neighborhood,
the emission from the molecular gas in this region is concentrated in the velocity range of
[�60, �35] km s" 1. The gas in the region can be divided into four clouds, with mass in
the range of ⇠103 to 104 M�. We have identified 25 filaments based on the 13CO data.
The median excitation temperature, length, line mass, line width, and virial parameter of
the filaments are 10.89 K, 8.49 pc, 146.11 M # pc" 1, 1.01 km s" 1, and 3.14, respec-
tively. Among these filaments, eight have virial parameters of less than 2, suggesting that
they are gravitationally bound and can lead to star formation. Nineteen H II regions or
candidates have previously been found in the region and we investigate the relationships
between these H II regions/candidates and surrounding molecular clouds in detail. Using
morphology similarity and radial velocity consistency between H II regions/candidates
and molecular clouds as evidence for association, and raised temperature and velocity
broadening as signatures of interaction, we propose that 12 H II regions/candidates are
associated with their surrounding molecular clouds. In the case of the H II region of S142,
the energy of the H II region is sufficient to maintain the turbulence in the surrounding
molecular gas.

Key words: ISM: molecules — ISM: clouds — ISM: structure — ISM: H II regions

1 INTRODUCTION

Dense molecular clouds are the cradle of star formation (Larson 1981; Williams & McKee 1997;
Heyer & Dame 2015). Giant molecular clouds (GMCs) have masses in the range from 104 to 107 M#
and sizes in the range from ⇠10 to ⇠150 pc (Burton et al. 2013). The mass function of molecular clouds

! Supported by the National Natural Science Foundation of China.
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Purple Mountain Observatory 13.7 m
CO同位体J=1-0銀河⾯サーベイl=107-110#。
４つの分⼦雲。２５個のフィラメント。
８個のフィラメントが束縛。
１９個のHII領域。
形と速度から分⼦雲とHII領域の関連を調べ、
温度上昇と速度幅上昇から相互作⽤を調べ、
１２個のHII領域は分⼦雲に付随。
S142というHII領域はそれを囲む分⼦雲の乱
流を維持できるエネルギーを持つ。
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Abstract

This paper investigates the impact of radiative and mechanical feedback from O-type stars on their parent
molecular clouds and the triggering of formation of a future generation of stars. We study the infrared bubble S111
created by the embedded massive stellar cluster G316.80Ð0.05. A signi! cant fraction of gas in shells created due to
the compression of the ambient medium by expanding bubbles is photodissociated by the stellar radiation. The
kinematics of the shells are thus best studied using spectroscopic observations of singly ionized carbon, the most
dominant species. We have used velocity-resolved maps of the2P3/ 2 ! 2P1/ 2 transition of[C II] at 158! m, the
J= 2Ð1 transition of13CO and C18O, and theJ= 1Ð0 transition of HCO+ to study the rim of the bubble S111 that
partly coincides with the southern part of the infrared dark ridge G316.75. The[C II] spectra conclusively show
evidence of a shell expanding with a moderate velocity of! 7 km s" 1, which amounts to a kinetic energy that is
! 0.5Ð40 times the thermal energy of the HII region. The pressure causing the expansion of the HII region arises
mainly from hydrogen ionization and dust-processed radiation. Among the far-infrared sources located in
compressed shells, we! nd the core G316.7799Ð0.0942 to show broad spectral features consistent with out" ow
activity and conclude that it is a site of active star formation. Based on the age of the HII region we conclude that
this expanding HII region is responsible for triggering the current star formation activity in the region.

Uni! ed Astronomy Thesaurus concepts:Interstellar medium(847); Stellar-interstellar interactions(1576)

1. Introduction

Massive stars play a dominant role in the injection of UV
radiation into the interstellar medium(ISM) and of mechanical
energy through stellar winds and! nally through supernova
explosions. The photoionization, radiation pressure, and stellar
winds from young O-type stars pump both energy and
momentum into the ambient material and disrupt the parent
molecular cloud by creating HII regions and parsec-size
bubbles enclosed by shells of denser swept-up material
(Churchwell et al.2006, and references therein). It is envisaged
that such radiative and mechanical feedback from the massive
stars regulate the star-forming environment locally as well as
in" uence the evolution of the ISM in the galaxies as a whole
(Krumholz et al.2018). Inventories of such bubbles have been
primarily derived from large-scale mid-infrared continuum
images observed using the Spitzer and AKARI telescopes
(Deharveng et al.2010; Hanaoka et al.2020).

The triple bubble system consisting of S109, S110, and
S111(Churchwell et al.2006) is created by the bipolar ionized
nebula G316.80-00.05 oriented approximately northeast to
southwest as well an older out" ow extending to the east
(Dalgleish et al.2018). The parent molecular cloud in this region
is primarily in the form of a ridge that hosts the embedded
massive stellar cluster associated with the HII region. The ridge
is seen in absorption in the visible, near-infrared, and at Spitzer-
GLIMPSE wavelengths(Figure B.1a in Samal et al.2018), and
is clearly detected in emission at the Herschel-SPIRE wave-
lengths and in the 870! m ATLASGAL images. In this system
the S110 bubble is the northern lobe, which extends perpend-
icular to the! lament, while S109 and S111 form the southern
lobe (Figure 1). The complex morphology of the region is

attributed to the inhomogeneous density distribution that causes
the ionization front to be distorted and enables leakage of
ionizing photons to large distances from the embedded cluster as
evidenced by the presence of diffuse emission from the ionized
gas in S110 and S111(Samal et al.2018). The dust temperature
distribution derived from the Herschel Hi-GAL(Molinari et al.
2010) continuum observations suggests that while the parental
! lament is cold(! 17 K), going down to 14 K, the photon-
dominated regions(PDRs) register temperatures well above
20 K (Samal et al.2018). The column density at the position of
peak temperature is! 1023cm" 2, which corresponds to a visual
extinction of! 100 mag, which explains why the stellar cluster
ionizing the region is not detected in the visible and near-IR.

In this paper, we refer to the ridge as G316.75 and the HII
region as G316.80-00.05. The G316.75 ridge located at a
distance of 2.69± 0.45 kpc(Watkins et al.2019) extends over
13.6 pc. The southern part of the ridge, which is associated with
an infrared dark cloud(SDC316.786-0.044, Peretto & Fuller
2009), is more active than the northern part(Watkins et al.
2019). Shaver et al.(1981) were the! rst to con! rm the near
kinematic distance of G316.75 and determined the source of the
H II region to be an O6-type star. Using radiative transfer
modeling of near- to far-infrared dust continuum emission, Vig
et al. (2007) had estimated that two O-type stars of masses 45
and 25Me are responsible for most of the infrared luminosity of
G316.75. This is also corroborated by high-angular-resolution
radio continuum and hydrogen recombination line observations
(Longmore et al.2009), which detected two 24 GHz continuum
sources at resolutions better than 10! . Watkins et al.(2019) have
subsequently concluded that two high-mass stars with spectral
types of O8.5ÐO7 V and O6.5ÐO6 V can explain the observed
emission from the ionized gas from the region. Dalgleish et al.
(2018) have studied the kinematics of the ionized gas using radio
recombination line(RRL) emission, and concluded that the
strong velocity gradient they observe could be a relic of the
cloudÕs initial angular momentum. Study of the southern part of
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1

O型星が周囲の分⼦雲での星形成を誘発を調べるためにG316.80-0.05が作った⾚外バブル
S111を研究。シェルがG316.80-0.05からの輻射で光解離。CII 158 µmなどでバブルのリム
の⼒学を⾒ると、7 km/sで膨張。HII領域の熱エネルギーの0.5-40倍のエネルギーが、⽔素
のイオン化とdust-processed輻射から来ている。シェルにある⾚外線源G316.7799-0.0942
は分⼦流的な広い線幅で星形成を⽰唆。HII領域の年齢を考えると、現在の星形成の原因は
そのHII領域。


