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A B S T R A C T 
The onset of star formation is set by the collapse of filaments in the interstellar medium. From a theoretical point of view, 
an isolated cylindrical filament forms cores via the edge effect. Due to the self-gravity of a filament, the strong increase in 
acceleration at both ends leads to a pile-up of matter which collapses into cores. Ho we ver, this ef fect is rarely observed. Most 
theoretical models consider a sharp density cut-off at the edge of the filament, whereas a smoother transition is more realistic 
and would also decrease the acceleration at the ends of the filament. We show that the edge effect can be significantly slowed 
down by a density gradient, although not completely a v oided. Ho we ver, this allo ws perturbations inside the filament to gro w 
faster than the edge. We determine the critical density gradient for which the time-scales are equal and find it to be of the order of 
several times the filament radius. Hence, the density gradient at the ends of a filament is an essential parameter for fragmentation 
and the low rate of observed cases of the edge effect could be naturally explained by shallow gradients. 
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1  I N T RO D U C T I O N  
Observ ations sho w that the molecular interstellar medium is per- 
vaded by filaments (Schneider & Elmegreen 1979 ; Andr ́e et al. 
2010 ; Arzoumanian et al. 2013 ; Andr ́e et al. 2014 ). They are key in 
understanding the formation of stars since pre-stellar cores are mainly 
found within these cold, dense, filamentary structures (Arzoumanian 
et al. 2011 ; K ̈on yv es et al. 2015 ). The y span sev eral orders of 
magnitude (Hacar et al. 2022 ) from hundreds of parsecs in length 
down to the sub-parsec regime (Andr ́e et al. 2010 ; Molinari et al. 
2010 ; Hacar et al. 2013 ; Goodman et al. 2014 ; Mattern et al. 2018 ; 
Schmiedeke et al. 2021 ). Besides their obvious connection to star 
formation, there still remain many open questions on the formation, 
evolution, and collapse of filaments. 

Particularly the formation of cores and their consequent collapse is 
interesting since this is the stage of early star formation. For isolated 
filaments, fragmentation is supposed to happen via two competing 
processes: the edge effect (Bastien 1983 ; Burkert & Hartmann 2004 ; 
Pon et al. 2012 ) and the growth of perturbations (Stod ́olkiewicz 1963 ; 
Nagasawa 1987 ; Fischera & Martin 2012 ). The edge effect consists 
of creating cores at the ends of the filament during the o v erall filament 
collapse. Since there is no density distribution for which the filament 
is in hydrostatic equilibrium along its main axis, it will collapse 
longitudinally due to self-gra vity. This gra vitational acceleration 
has a sharp increase in the end regions of the filament, and thus 
matter is swept up at the ends which forms a core and collapses after 
accumulating enough mass (Burkert & Hartmann 2004 ; Hartmann & 
Burkert 2007 ; Li et al. 2016 ). Contrary to this theoretical expectation, 
⋆ E-mail: hoemann@usm.lmu.de 

such pronounced ends are rarely observed (Zernick el, Schilk e & 
Smith 2013 ; Kainulainen et al. 2016 ; Dewangan et al. 2019 ; Bhadari 
et al. 2020 ; Yuan et al. 2020 ; Cheng et al. 2021 ), which leads to the 
question of why we do not observe end-dominated filaments more 
often. 

For magnetized, disc-like clouds the formation of an outer ring 
is the pendant to the edge effect. Li ( 2001 ) already found that 
the creation of a ring is correlated to the profile of the disc and 
the sound speed. Ho we ver, for filaments Seifried & Walch ( 2015 ) 
showed that an initial density peak in the centre leads to a centrally 
dominated collapse instead of an end-dominated one. In case of 
short filaments with aspect ratios of 3:1 the longitudinal collapse was 
also investigated by Keto & Burkert ( 2014 ). They showed that for 
low line-masses the filament collapses longitudinally into a central 
core that begins to go through a complex pattern of oscillations. 
Although such a longitudinal collapse has not yet been confirmed 
by observations (Roy et al. 2015 ) the predicted oscillations of the 
resulting cores are (Redman, Keto & Rawlings 2006 ; Aguti et al. 
2007 ). In addition, Heigl, Hoemann & Burkert ( 2022 ) showed that a 
filament created by a constant inflow region can suppress the edge 
ef fect. The constant inflo w region rebuilds the filament during the 
o v erall filament collapse leading to a density gradient in the end 
region. This gradient leads to a decrease in the acceleration at the 
end of the filament which slo ws do wn the creation of the edge 
effect. Although not all filaments are expected to have such high 
and constant accretion, a smooth transition from the filament end 
into the surrounding medium is expected. This raises the question of 
whether a gradient at the end of the filament can stop the edge effect 
and if so, under which condition. 

In general, cores are much more often detected inside filaments. 
These can form due to the growth of density perturbations. Although 
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the expected spacing of the cores due to perturbation theory (Larson 
1985 ; Nagasawa 1987 ; Inutsuka & Miyama 1992 ; Gehman et al. 
1996 ; Hosseinirad et al. 2017 ) is mostly not observ ed, sev eral 
filaments with regularly spaced cores were detected (Tafalla & Hacar 
2015 ; Zhang, Guo-Yin et al. 2020 ). 

In this paper, we show that the edge effect itself cannot be stopped 
by any density profile at the end region of the filament. Ho we ver, 
the collapse can be slowed down by a density gradient, such that 
perturbations can grow faster inside the filament. This is a natural 
explanation why filaments rarely show an edge effect. We present 
an analytic model for the conditions under which the edge should be 
dominant and under which conditions perturbations can grow faster 
and confirm it by numerical simulations. 

The paper is organized as follows: First, the basic principle of 
hydrostatic filaments, the edge effect, and perturbations are discussed 
in Section 2 . Then we argue why the edge effect can never be 
a v oided completely in Section 3 . The deri v ation of the critical density 
gradient for which perturbations within the filament grow faster than 
at the edge is presented in Section 4 , followed by the validation 
by simulations in Section 5 . Finally, the results are discussed and 
conclusions are drawn in Sections 6 and 7 . 
2  BASIC  PR INCIPLES  
2.1 Hydrostatic filaments 
Considering filaments as isothermal cylinders, a hydrostatic solution 
for the radial profile was already found by Stod ́olkiewicz ( 1963 ) and 
Ostriker ( 1964 ): 
ρ( r) = ρc [1 + ( r 

H 
)2 ]−2 

, (1) 
with H the scale height: 
H 2 = 2 c 2 s 

πGρc , (2) 
and c s being the sound speed (0.19 km s −1 for a mean molecular 
weight of 2.36 and a temperature of 10 K), G the gravitational 
constant, and ρc the central density of the filament. The filament 
is radially constrained by the pressure equilibrium between the 
boundary pressure and the external pressure P ext = P b . Its line-mass 
is given by its overall mass divided by its length: 
µ = M 

l . (3) 
Integrating the density distribution radially until infinity results in the 
maximum line-mass for which a hydrostatic solution e xists, giv en by 
µcrit = 2 c 2 s 

G ≈ 16 . 4 M ⊙ pc −1 , (4) 
abo v e which all filaments would start to collapse radially. The value 
is calculated for 10 K. The criticality f is then the ratio of the actual 
line-mass divided by the critical line-mass 
f = µ

µcrit . (5) 
The radial boundary density of the filament can be calculated by 
ρb = ρc (1 − f ) 2 , (6) 
and the radius of this boundary is given by 
R = H ( f 

1 − f 
)1 / 2 

. (7) 

2.2 Edge effect 
Since there is no hydrostatic solution for the density distribution 
along the main axis of a filament, the filament is expected to collapse 
longitudinally. The acceleration along a filament due to its self- 
gravity was already investigated by Burkert & Hartmann ( 2004 ): 
a = −2 πG ̄ρ

⎡ 
⎣ 2 z −

√ (
l 
2 + z )2 

+ R 2 + 
√ (

l 
2 − z )2 

+ R 2 
⎤ 
⎦ , 

(8) 
with ρ̄ the mean density and z the position along the filament. The 
steep increase of a at the end leads to a large velocity inwards along 
the main axis and as a result to a pileup of matter in these regions. 
The resulting clumps will begin to collapse onto themselves when 
they reach the critical line mass. At the same time, the end clumps 
still mo v e inw ards tow ards the centre of the filament, destro ying the 
filament (Bastien 1983 ; Toal ́a, V ́azquez-Semadeni & G ́omez 2011 ; 
Pon et al. 2012 ; Clarke & Whitworth 2015 ). This is the so-called edge 
effect (Burkert & Hartmann 2004 ). In an earlier paper (Hoemann, 
Heigl & Burkert 2021 ) we investigated on which time-scale the ends 
of a filament are formed: 
t edge = 

√ (
1 
f − 1 ) 2 κR 

| a cm | 
= 

√ 
1 . 69 × 10 −20 g cm −3 

f ρc Myr , (9) 
with κ = 1.66 and a cm being the acceleration of the centre of mass of 
the filaments end region a cm = a ( l /2 − κR /2). In the beginning, the 
two cores mo v e in free fall and then are slowed down by ram pressure 
(Hoemann, Heigl & Burkert 2023 ). With this two-phase approach, 
the longitudinal collapse time-scale of a filament can be determined 
(Clarke & Whitworth 2015 ; Hoemann et al. 2023 ) 
t col = 0 . 42 + 0 . 28 A √ 

G ̄ρ (10) 
= 0 . 42 + 0 . 28 A √ ̄

ρ/ 1 . 50 ×10 −20 g cm −3 Myr , (11) 
with A = L /2 R being the aspect ratio and ρ̄ the mean density of the 
filament. This is now the o v erall collapse time, the time-scale on 
which the two end cores mo v e to the centre. 

Although the edge effect is predicted by theory, it is only rarely 
observed (Zernickel et al. 2013 ; Kainulainen et al. 2016 ; Dewangan 
et al. 2019 ; Bhadari et al. 2020 ; Yuan et al. 2020 ; Cheng et al. 2021 ). 
This raises the question of why we do not observe the edge effect 
in most cases. Ho we ver, most of the former theoretical studies were 
done with a sharp density cut-off at the ends of the filament which 
influences the acceleration in the end region. A smoother density 
gradient could influence and weaken the edge effect significantly 
allowing perturbations to grow faster. This is what we will investigate 
in the next sections. 
2.3 Perturbations 
In competition to the edge effect, line-mass perturbations within the 
filament can also grow. Here we characterize a perturbation of the 
line-mass by 
f ( z) = f 0 [1 + ϵ cos ( 2 πz 

λdom 
)]

, (12) 
with f 0 the unperturbed line-mass and z the coordinate along the 
filament. z = 0 corresponds to the centre of the perturbation. ϵ
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the collapse can be slowed down by a density gradient, such that 
perturbations can grow faster inside the filament. This is a natural 
explanation why filaments rarely show an edge effect. We present 
an analytic model for the conditions under which the edge should be 
dominant and under which conditions perturbations can grow faster 
and confirm it by numerical simulations. 

The paper is organized as follows: First, the basic principle of 
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constant, and ρc the central density of the filament. The filament 
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is given by its overall mass divided by its length: 
µ = M 

l . (3) 
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with ρ̄ the mean density and z the position along the filament. The 
steep increase of a at the end leads to a large velocity inwards along 
the main axis and as a result to a pileup of matter in these regions. 
The resulting clumps will begin to collapse onto themselves when 
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the collapse can be slowed down by a density gradient, such that 
perturbations can grow faster inside the filament. This is a natural 
explanation why filaments rarely show an edge effect. We present 
an analytic model for the conditions under which the edge should be 
dominant and under which conditions perturbations can grow faster 
and confirm it by numerical simulations. 

The paper is organized as follows: First, the basic principle of 
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in Section 2 . Then we argue why the edge effect can never be 
a v oided completely in Section 3 . The deri v ation of the critical density 
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2  BASIC  P RIN C I PL ES  
2.1 Hydrostatic filaments 
Considering filaments as isothermal cylinders, a hydrostatic solution 
for the radial profile was already found by Stod ́olkiewicz ( 1963 ) and 
Ostriker ( 1964 ): 
ρ( r) = ρc [1 + ( r 

H 
)2 ]−2 

, (1) 
with H the scale height: 
H 2 = 2 c 2 s 

πGρc , (2) 
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constant, and ρc the central density of the filament. The filament 
is radially constrained by the pressure equilibrium between the 
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2.2 Edge effect 
Since there is no hydrostatic solution for the density distribution 
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with ρ̄ the mean density and z the position along the filament. The 
steep increase of a at the end leads to a large velocity inwards along 
the main axis and as a result to a pileup of matter in these regions. 
The resulting clumps will begin to collapse onto themselves when 
they reach the critical line mass. At the same time, the end clumps 
still mo v e inw ards tow ards the centre of the filament, destro ying the 
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Pon et al. 2012 ; Clarke & Whitworth 2015 ). This is the so-called edge 
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explanation why filaments rarely show an edge effect. We present 
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dominant and under which conditions perturbations can grow faster 
and confirm it by numerical simulations. 
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steep increase of a at the end leads to a large velocity inwards along 
the main axis and as a result to a pileup of matter in these regions. 
The resulting clumps will begin to collapse onto themselves when 
they reach the critical line mass. At the same time, the end clumps 
still mo v e inw ards tow ards the centre of the filament, destro ying the 
filament (Bastien 1983 ; Toal ́a, V ́azquez-Semadeni & G ́omez 2011 ; 
Pon et al. 2012 ; Clarke & Whitworth 2015 ). This is the so-called edge 
effect (Burkert & Hartmann 2004 ). In an earlier paper (Hoemann, 
Heigl & Burkert 2021 ) we investigated on which time-scale the ends 
of a filament are formed: 
t edge = 

√ (
1 
f − 1 ) 2 κR 

| a cm | 
= 

√ 
1 . 69 × 10 −20 g cm −3 

f ρc Myr , (9) 
with κ = 1.66 and a cm being the acceleration of the centre of mass of 
the filaments end region a cm = a ( l /2 − κR /2). In the beginning, the 
two cores mo v e in free fall and then are slowed down by ram pressure 
(Hoemann, Heigl & Burkert 2023 ). With this two-phase approach, 
the longitudinal collapse time-scale of a filament can be determined 
(Clarke & Whitworth 2015 ; Hoemann et al. 2023 ) 
t col = 0 . 42 + 0 . 28 A √ 

G ̄ρ (10) 
= 0 . 42 + 0 . 28 A √ ̄

ρ/ 1 . 50 ×10 −20 g cm −3 Myr , (11) 
with A = L /2 R being the aspect ratio and ρ̄ the mean density of the 
filament. This is now the o v erall collapse time, the time-scale on 
which the two end cores mo v e to the centre. 

Although the edge effect is predicted by theory, it is only rarely 
observed (Zernickel et al. 2013 ; Kainulainen et al. 2016 ; Dewangan 
et al. 2019 ; Bhadari et al. 2020 ; Yuan et al. 2020 ; Cheng et al. 2021 ). 
This raises the question of why we do not observe the edge effect 
in most cases. Ho we ver, most of the former theoretical studies were 
done with a sharp density cut-off at the ends of the filament which 
influences the acceleration in the end region. A smoother density 
gradient could influence and weaken the edge effect significantly 
allowing perturbations to grow faster. This is what we will investigate 
in the next sections. 
2.3 Perturbations 
In competition to the edge effect, line-mass perturbations within the 
filament can also grow. Here we characterize a perturbation of the 
line-mass by 
f ( z) = f 0 [1 + ϵ cos ( 2 πz 

λdom 
)]

, (12) 
with f 0 the unperturbed line-mass and z the coordinate along the 
filament. z = 0 corresponds to the centre of the perturbation. ϵ
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the expected spacing of the cores due to perturbation theory (Larson 
1985 ; Nagasawa 1987 ; Inutsuka & Miyama 1992 ; Gehman et al. 
1996 ; Hosseinirad et al. 2017 ) is mostly not observ ed, sev eral 
filaments with regularly spaced cores were detected (Tafalla & Hacar 
2015 ; Zhang, Guo-Yin et al. 2020 ). 

In this paper, we show that the edge effect itself cannot be stopped 
by any density profile at the end region of the filament. Ho we ver, 
the collapse can be slowed down by a density gradient, such that 
perturbations can grow faster inside the filament. This is a natural 
explanation why filaments rarely show an edge effect. We present 
an analytic model for the conditions under which the edge should be 
dominant and under which conditions perturbations can grow faster 
and confirm it by numerical simulations. 

The paper is organized as follows: First, the basic principle of 
hydrostatic filaments, the edge effect, and perturbations are discussed 
in Section 2 . Then we argue why the edge effect can never be 
a v oided completely in Section 3 . The deri v ation of the critical density 
gradient for which perturbations within the filament grow faster than 
at the edge is presented in Section 4 , followed by the validation 
by simulations in Section 5 . Finally, the results are discussed and 
conclusions are drawn in Sections 6 and 7 . 
2  BASIC  PRINCIPLES  
2.1 Hydrostatic filaments 
Considering filaments as isothermal cylinders, a hydrostatic solution 
for the radial profile was already found by Stod ́olkiewicz ( 1963 ) and 
Ostriker ( 1964 ): 
ρ( r) = ρc [1 + ( r 

H 
)2 ]−2 

, (1) 
with H the scale height: 
H 2 = 2 c 2 s 

πGρc , (2) 
and c s being the sound speed (0.19 km s −1 for a mean molecular 
weight of 2.36 and a temperature of 10 K), G the gravitational 
constant, and ρc the central density of the filament. The filament 
is radially constrained by the pressure equilibrium between the 
boundary pressure and the external pressure P ext = P b . Its line-mass 
is given by its overall mass divided by its length: 
µ = M 

l . (3) 
Integrating the density distribution radially until infinity results in the 
maximum line-mass for which a hydrostatic solution e xists, giv en by 
µcrit = 2 c 2 s 

G ≈ 16 . 4 M ⊙ pc −1 , (4) 
abo v e which all filaments would start to collapse radially. The value 
is calculated for 10 K. The criticality f is then the ratio of the actual 
line-mass divided by the critical line-mass 
f = µ

µcrit . (5) 
The radial boundary density of the filament can be calculated by 
ρb = ρc (1 − f ) 2 , (6) 
and the radius of this boundary is given by 
R = H ( f 

1 − f 
)1 / 2 

. (7) 

2.2 Edge effect 
Since there is no hydrostatic solution for the density distribution 
along the main axis of a filament, the filament is expected to collapse 
longitudinally. The acceleration along a filament due to its self- 
gravity was already investigated by Burkert & Hartmann ( 2004 ): 
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(8) 
with ρ̄ the mean density and z the position along the filament. The 
steep increase of a at the end leads to a large velocity inwards along 
the main axis and as a result to a pileup of matter in these regions. 
The resulting clumps will begin to collapse onto themselves when 
they reach the critical line mass. At the same time, the end clumps 
still mo v e inw ards tow ards the centre of the filament, destro ying the 
filament (Bastien 1983 ; Toal ́a, V ́azquez-Semadeni & G ́omez 2011 ; 
Pon et al. 2012 ; Clarke & Whitworth 2015 ). This is the so-called edge 
effect (Burkert & Hartmann 2004 ). In an earlier paper (Hoemann, 
Heigl & Burkert 2021 ) we investigated on which time-scale the ends 
of a filament are formed: 
t edge = 

√ (
1 
f − 1 ) 2 κR 

| a cm | 
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√ 
1 . 69 × 10 −20 g cm −3 

f ρc Myr , (9) 
with κ = 1.66 and a cm being the acceleration of the centre of mass of 
the filaments end region a cm = a ( l /2 − κR /2). In the beginning, the 
two cores mo v e in free fall and then are slowed down by ram pressure 
(Hoemann, Heigl & Burkert 2023 ). With this two-phase approach, 
the longitudinal collapse time-scale of a filament can be determined 
(Clarke & Whitworth 2015 ; Hoemann et al. 2023 ) 
t col = 0 . 42 + 0 . 28 A √ 

G ̄ρ (10) 
= 0 . 42 + 0 . 28 A √ ̄

ρ/ 1 . 50 ×10 −20 g cm −3 Myr , (11) 
with A = L /2 R being the aspect ratio and ρ̄ the mean density of the 
filament. This is now the o v erall collapse time, the time-scale on 
which the two end cores mo v e to the centre. 

Although the edge effect is predicted by theory, it is only rarely 
observed (Zernickel et al. 2013 ; Kainulainen et al. 2016 ; Dewangan 
et al. 2019 ; Bhadari et al. 2020 ; Yuan et al. 2020 ; Cheng et al. 2021 ). 
This raises the question of why we do not observe the edge effect 
in most cases. Ho we ver, most of the former theoretical studies were 
done with a sharp density cut-off at the ends of the filament which 
influences the acceleration in the end region. A smoother density 
gradient could influence and weaken the edge effect significantly 
allowing perturbations to grow faster. This is what we will investigate 
in the next sections. 
2.3 Perturbations 
In competition to the edge effect, line-mass perturbations within the 
filament can also grow. Here we characterize a perturbation of the 
line-mass by 
f ( z) = f 0 [1 + ϵ cos ( 2 πz 

λdom 
)]

, (12) 
with f 0 the unperturbed line-mass and z the coordinate along the 
filament. z = 0 corresponds to the centre of the perturbation. ϵ
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the expected spacing of the cores due to perturbation theory (Larson 
1985 ; Nagasawa 1987 ; Inutsuka & Miyama 1992 ; Gehman et al. 
1996 ; Hosseinirad et al. 2017 ) is mostly not observ ed, sev eral 
filaments with regularly spaced cores were detected (Tafalla & Hacar 
2015 ; Zhang, Guo-Yin et al. 2020 ). 

In this paper, we show that the edge effect itself cannot be stopped 
by any density profile at the end region of the filament. Ho we ver, 
the collapse can be slowed down by a density gradient, such that 
perturbations can grow faster inside the filament. This is a natural 
explanation why filaments rarely show an edge effect. We present 
an analytic model for the conditions under which the edge should be 
dominant and under which conditions perturbations can grow faster 
and confirm it by numerical simulations. 

The paper is organized as follows: First, the basic principle of 
hydrostatic filaments, the edge effect, and perturbations are discussed 
in Section 2 . Then we argue why the edge effect can never be 
a v oided completely in Section 3 . The deri v ation of the critical density 
gradient for which perturbations within the filament grow faster than 
at the edge is presented in Section 4 , followed by the validation 
by simulations in Section 5 . Finally, the results are discussed and 
conclusions are drawn in Sections 6 and 7 . 
2  BASIC  PRINCIPL E S  
2.1 Hydrostatic filaments 
Considering filaments as isothermal cylinders, a hydrostatic solution 
for the radial profile was already found by Stod ́olkiewicz ( 1963 ) and 
Ostriker ( 1964 ): 
ρ( r) = ρc [1 + ( r 

H 
)2 ]−2 

, (1) 
with H the scale height: 
H 2 = 2 c 2 s 

πGρc , (2) 
and c s being the sound speed (0.19 km s −1 for a mean molecular 
weight of 2.36 and a temperature of 10 K), G the gravitational 
constant, and ρc the central density of the filament. The filament 
is radially constrained by the pressure equilibrium between the 
boundary pressure and the external pressure P ext = P b . Its line-mass 
is given by its overall mass divided by its length: 
µ = M 

l . (3) 
Integrating the density distribution radially until infinity results in the 
maximum line-mass for which a hydrostatic solution e xists, giv en by 
µcrit = 2 c 2 s 

G ≈ 16 . 4 M ⊙ pc −1 , (4) 
abo v e which all filaments would start to collapse radially. The value 
is calculated for 10 K. The criticality f is then the ratio of the actual 
line-mass divided by the critical line-mass 
f = µ

µcrit . (5) 
The radial boundary density of the filament can be calculated by 
ρb = ρc (1 − f ) 2 , (6) 
and the radius of this boundary is given by 
R = H ( f 

1 − f 
)1 / 2 

. (7) 

2.2 Edge effect 
Since there is no hydrostatic solution for the density distribution 
along the main axis of a filament, the filament is expected to collapse 
longitudinally. The acceleration along a filament due to its self- 
gravity was already investigated by Burkert & Hartmann ( 2004 ): 
a = −2 πG ̄ρ

⎡ 
⎣ 2 z −

√ (
l 
2 + z )2 

+ R 2 + 
√ (

l 
2 − z )2 

+ R 2 
⎤ 
⎦ , 

(8) 
with ρ̄ the mean density and z the position along the filament. The 
steep increase of a at the end leads to a large velocity inwards along 
the main axis and as a result to a pileup of matter in these regions. 
The resulting clumps will begin to collapse onto themselves when 
they reach the critical line mass. At the same time, the end clumps 
still mo v e inw ards tow ards the centre of the filament, destro ying the 
filament (Bastien 1983 ; Toal ́a, V ́azquez-Semadeni & G ́omez 2011 ; 
Pon et al. 2012 ; Clarke & Whitworth 2015 ). This is the so-called edge 
effect (Burkert & Hartmann 2004 ). In an earlier paper (Hoemann, 
Heigl & Burkert 2021 ) we investigated on which time-scale the ends 
of a filament are formed: 
t edge = 

√ (
1 
f − 1 ) 2 κR 

| a cm | 
= 

√ 
1 . 69 × 10 −20 g cm −3 

f ρc Myr , (9) 
with κ = 1.66 and a cm being the acceleration of the centre of mass of 
the filaments end region a cm = a ( l /2 − κR /2). In the beginning, the 
two cores mo v e in free fall and then are slowed down by ram pressure 
(Hoemann, Heigl & Burkert 2023 ). With this two-phase approach, 
the longitudinal collapse time-scale of a filament can be determined 
(Clarke & Whitworth 2015 ; Hoemann et al. 2023 ) 
t col = 0 . 42 + 0 . 28 A √ 

G ̄ρ (10) 
= 0 . 42 + 0 . 28 A √ ̄

ρ/ 1 . 50 ×10 −20 g cm −3 Myr , (11) 
with A = L /2 R being the aspect ratio and ρ̄ the mean density of the 
filament. This is now the o v erall collapse time, the time-scale on 
which the two end cores mo v e to the centre. 

Although the edge effect is predicted by theory, it is only rarely 
observed (Zernickel et al. 2013 ; Kainulainen et al. 2016 ; Dewangan 
et al. 2019 ; Bhadari et al. 2020 ; Yuan et al. 2020 ; Cheng et al. 2021 ). 
This raises the question of why we do not observe the edge effect 
in most cases. Ho we ver, most of the former theoretical studies were 
done with a sharp density cut-off at the ends of the filament which 
influences the acceleration in the end region. A smoother density 
gradient could influence and weaken the edge effect significantly 
allowing perturbations to grow faster. This is what we will investigate 
in the next sections. 
2.3 Perturbations 
In competition to the edge effect, line-mass perturbations within the 
filament can also grow. Here we characterize a perturbation of the 
line-mass by 
f ( z) = f 0 [1 + ϵ cos ( 2 πz 

λdom 
)]

, (12) 
with f 0 the unperturbed line-mass and z the coordinate along the 
filament. z = 0 corresponds to the centre of the perturbation. ϵ
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the expected spacing of the cores due to perturbation theory (Larson 
1985 ; Nagasawa 1987 ; Inutsuka & Miyama 1992 ; Gehman et al. 
1996 ; Hosseinirad et al. 2017 ) is mostly not observ ed, sev eral 
filaments with regularly spaced cores were detected (Tafalla & Hacar 
2015 ; Zhang, Guo-Yin et al. 2020 ). 

In this paper, we show that the edge effect itself cannot be stopped 
by any density profile at the end region of the filament. Ho we ver, 
the collapse can be slowed down by a density gradient, such that 
perturbations can grow faster inside the filament. This is a natural 
explanation why filaments rarely show an edge effect. We present 
an analytic model for the conditions under which the edge should be 
dominant and under which conditions perturbations can grow faster 
and confirm it by numerical simulations. 

The paper is organized as follows: First, the basic principle of 
hydrostatic filaments, the edge effect, and perturbations are discussed 
in Section 2 . Then we argue why the edge effect can never be 
a v oided completely in Section 3 . The deri v ation of the critical density 
gradient for which perturbations within the filament grow faster than 
at the edge is presented in Section 4 , followed by the validation 
by simulations in Section 5 . Finally, the results are discussed and 
conclusions are drawn in Sections 6 and 7 . 
2  BASIC  PRINCIPLES  
2.1 Hydrostatic filaments 
Considering filaments as isothermal cylinders, a hydrostatic solution 
for the radial profile was already found by Stod ́olkiewicz ( 1963 ) and 
Ostriker ( 1964 ): 
ρ( r) = ρc [1 + ( r 

H 
)2 ]−2 

, (1) 
with H the scale height: 
H 2 = 2 c 2 s 

πGρc , (2) 
and c s being the sound speed (0.19 km s −1 for a mean molecular 
weight of 2.36 and a temperature of 10 K), G the gravitational 
constant, and ρc the central density of the filament. The filament 
is radially constrained by the pressure equilibrium between the 
boundary pressure and the external pressure P ext = P b . Its line-mass 
is given by its overall mass divided by its length: 
µ = M 

l . (3) 
Integrating the density distribution radially until infinity results in the 
maximum line-mass for which a hydrostatic solution e xists, giv en by 
µcrit = 2 c 2 s 

G ≈ 16 . 4 M ⊙ pc −1 , (4) 
abo v e which all filaments would start to collapse radially. The value 
is calculated for 10 K. The criticality f is then the ratio of the actual 
line-mass divided by the critical line-mass 
f = µ

µcrit . (5) 
The radial boundary density of the filament can be calculated by 
ρb = ρc (1 − f ) 2 , (6) 
and the radius of this boundary is given by 
R = H ( f 

1 − f 
)1 / 2 

. (7) 

2.2 Edge effect 
Since there is no hydrostatic solution for the density distribution 
along the main axis of a filament, the filament is expected to collapse 
longitudinally. The acceleration along a filament due to its self- 
gravity was already investigated by Burkert & Hartmann ( 2004 ): 
a = −2 πG ̄ρ

⎡ 
⎣ 2 z −

√ (
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2 + z )2 

+ R 2 + 
√ (
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2 − z )2 

+ R 2 
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⎦ , 

(8) 
with ρ̄ the mean density and z the position along the filament. The 
steep increase of a at the end leads to a large velocity inwards along 
the main axis and as a result to a pileup of matter in these regions. 
The resulting clumps will begin to collapse onto themselves when 
they reach the critical line mass. At the same time, the end clumps 
still mo v e inw ards tow ards the centre of the filament, destro ying the 
filament (Bastien 1983 ; Toal ́a, V ́azquez-Semadeni & G ́omez 2011 ; 
Pon et al. 2012 ; Clarke & Whitworth 2015 ). This is the so-called edge 
effect (Burkert & Hartmann 2004 ). In an earlier paper (Hoemann, 
Heigl & Burkert 2021 ) we investigated on which time-scale the ends 
of a filament are formed: 
t edge = 

√ (
1 
f − 1 ) 2 κR 

| a cm | 
= 

√ 
1 . 69 × 10 −20 g cm −3 

f ρc Myr , (9) 
with κ = 1.66 and a cm being the acceleration of the centre of mass of 
the filaments end region a cm = a ( l /2 − κR /2). In the beginning, the 
two cores mo v e in free fall and then are slowed down by ram pressure 
(Hoemann, Heigl & Burkert 2023 ). With this two-phase approach, 
the longitudinal collapse time-scale of a filament can be determined 
(Clarke & Whitworth 2015 ; Hoemann et al. 2023 ) 
t col = 0 . 42 + 0 . 28 A √ 

G ̄ρ (10) 
= 0 . 42 + 0 . 28 A √ ̄

ρ/ 1 . 50 ×10 −20 g cm −3 Myr , (11) 
with A = L /2 R being the aspect ratio and ρ̄ the mean density of the 
filament. This is now the o v erall collapse time, the time-scale on 
which the two end cores mo v e to the centre. 

Although the edge effect is predicted by theory, it is only rarely 
observed (Zernickel et al. 2013 ; Kainulainen et al. 2016 ; Dewangan 
et al. 2019 ; Bhadari et al. 2020 ; Yuan et al. 2020 ; Cheng et al. 2021 ). 
This raises the question of why we do not observe the edge effect 
in most cases. Ho we ver, most of the former theoretical studies were 
done with a sharp density cut-off at the ends of the filament which 
influences the acceleration in the end region. A smoother density 
gradient could influence and weaken the edge effect significantly 
allowing perturbations to grow faster. This is what we will investigate 
in the next sections. 
2.3 Perturbations 
In competition to the edge effect, line-mass perturbations within the 
filament can also grow. Here we characterize a perturbation of the 
line-mass by 
f ( z) = f 0 [1 + ϵ cos ( 2 πz 

λdom 
)]

, (12) 
with f 0 the unperturbed line-mass and z the coordinate along the 
filament. z = 0 corresponds to the centre of the perturbation. ϵ
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the expected spacing of the cores due to perturbation theory (Larson 
1985 ; Nagasawa 1987 ; Inutsuka & Miyama 1992 ; Gehman et al. 
1996 ; Hosseinirad et al. 2017 ) is mostly not observ ed, sev eral 
filaments with regularly spaced cores were detected (Tafalla & Hacar 
2015 ; Zhang, Guo-Yin et al. 2020 ). 

In this paper, we show that the edge effect itself cannot be stopped 
by any density profile at the end region of the filament. Ho we ver, 
the collapse can be slowed down by a density gradient, such that 
perturbations can grow faster inside the filament. This is a natural 
explanation why filaments rarely show an edge effect. We present 
an analytic model for the conditions under which the edge should be 
dominant and under which conditions perturbations can grow faster 
and confirm it by numerical simulations. 

The paper is organized as follows: First, the basic principle of 
hydrostatic filaments, the edge effect, and perturbations are discussed 
in Section 2 . Then we argue why the edge effect can never be 
a v oided completely in Section 3 . The deri v ation of the critical density 
gradient for which perturbations within the filament grow faster than 
at the edge is presented in Section 4 , followed by the validation 
by simulations in Section 5 . Finally, the results are discussed and 
conclusions are drawn in Sections 6 and 7 . 
2  BASIC  PRINCIP L E S  
2.1 Hydrostatic filaments 
Considering filaments as isothermal cylinders, a hydrostatic solution 
for the radial profile was already found by Stod ́olkiewicz ( 1963 ) and 
Ostriker ( 1964 ): 
ρ( r) = ρc [1 + ( r 

H 
)2 ]−2 

, (1) 
with H the scale height: 
H 2 = 2 c 2 s 

πGρc , (2) 
and c s being the sound speed (0.19 km s −1 for a mean molecular 
weight of 2.36 and a temperature of 10 K), G the gravitational 
constant, and ρc the central density of the filament. The filament 
is radially constrained by the pressure equilibrium between the 
boundary pressure and the external pressure P ext = P b . Its line-mass 
is given by its overall mass divided by its length: 
µ = M 

l . (3) 
Integrating the density distribution radially until infinity results in the 
maximum line-mass for which a hydrostatic solution e xists, giv en by 
µcrit = 2 c 2 s 

G ≈ 16 . 4 M ⊙ pc −1 , (4) 
abo v e which all filaments would start to collapse radially. The value 
is calculated for 10 K. The criticality f is then the ratio of the actual 
line-mass divided by the critical line-mass 
f = µ

µcrit . (5) 
The radial boundary density of the filament can be calculated by 
ρb = ρc (1 − f ) 2 , (6) 
and the radius of this boundary is given by 
R = H ( f 

1 − f 
)1 / 2 

. (7) 

2.2 Edge effect 
Since there is no hydrostatic solution for the density distribution 
along the main axis of a filament, the filament is expected to collapse 
longitudinally. The acceleration along a filament due to its self- 
gravity was already investigated by Burkert & Hartmann ( 2004 ): 
a = −2 πG ̄ρ
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√ (
l 
2 + z )2 

+ R 2 + 
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(8) 
with ρ̄ the mean density and z the position along the filament. The 
steep increase of a at the end leads to a large velocity inwards along 
the main axis and as a result to a pileup of matter in these regions. 
The resulting clumps will begin to collapse onto themselves when 
they reach the critical line mass. At the same time, the end clumps 
still mo v e inw ards tow ards the centre of the filament, destro ying the 
filament (Bastien 1983 ; Toal ́a, V ́azquez-Semadeni & G ́omez 2011 ; 
Pon et al. 2012 ; Clarke & Whitworth 2015 ). This is the so-called edge 
effect (Burkert & Hartmann 2004 ). In an earlier paper (Hoemann, 
Heigl & Burkert 2021 ) we investigated on which time-scale the ends 
of a filament are formed: 
t edge = 

√ (
1 
f − 1 ) 2 κR 

| a cm | 
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√ 
1 . 69 × 10 −20 g cm −3 

f ρc Myr , (9) 
with κ = 1.66 and a cm being the acceleration of the centre of mass of 
the filaments end region a cm = a ( l /2 − κR /2). In the beginning, the 
two cores mo v e in free fall and then are slowed down by ram pressure 
(Hoemann, Heigl & Burkert 2023 ). With this two-phase approach, 
the longitudinal collapse time-scale of a filament can be determined 
(Clarke & Whitworth 2015 ; Hoemann et al. 2023 ) 
t col = 0 . 42 + 0 . 28 A √ 

G ̄ρ (10) 
= 0 . 42 + 0 . 28 A √ ̄

ρ/ 1 . 50 ×10 −20 g cm −3 Myr , (11) 
with A = L /2 R being the aspect ratio and ρ̄ the mean density of the 
filament. This is now the o v erall collapse time, the time-scale on 
which the two end cores mo v e to the centre. 

Although the edge effect is predicted by theory, it is only rarely 
observed (Zernickel et al. 2013 ; Kainulainen et al. 2016 ; Dewangan 
et al. 2019 ; Bhadari et al. 2020 ; Yuan et al. 2020 ; Cheng et al. 2021 ). 
This raises the question of why we do not observe the edge effect 
in most cases. Ho we ver, most of the former theoretical studies were 
done with a sharp density cut-off at the ends of the filament which 
influences the acceleration in the end region. A smoother density 
gradient could influence and weaken the edge effect significantly 
allowing perturbations to grow faster. This is what we will investigate 
in the next sections. 
2.3 Perturbations 
In competition to the edge effect, line-mass perturbations within the 
filament can also grow. Here we characterize a perturbation of the 
line-mass by 
f ( z) = f 0 [1 + ϵ cos ( 2 πz 
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, (12) 
with f 0 the unperturbed line-mass and z the coordinate along the 
filament. z = 0 corresponds to the centre of the perturbation. ϵ
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is the perturbation strength which is observed to be typically 0.09 
(Roy et al. 2015 ) and λdom is the dominant fragmentation length (see 
Fischera & Martin 2012 , Appendix E) 
λdom = (6 . 25 − 6 . 89 f 2 + 9 . 18 f 3 − 3 . 44 f 4 )FWHM cyl (13) 
using the full-width at half-maximum of the cylindrical filament 
FWHM cyl . Following a perturbation analysis (Nagasawa 1987 ), the 
time-scale can now be determined on which such a perturbation 
would grow into a collapsing core (compare Heigl, Gritschneder & 
Burkert 2020 ; Hoemann et al. 2021 ) 
t pert = τdom log [( 1 

f − 1 ) 1 
ϵ

]
. (14) 

Here τ dom denotes the dominant growth time-scale, which can be 
determined with Fischera & Martin ( 2012 ), Appendix E 
τdom = (4 . 08 − 2 . 99 f 2 + 1 . 46 f 3 + 0 . 40 f 4 )/ √ 

4 πGρc . (15) 
Since most of the cores are found within filaments (Arzoumanian 

et al. 2011 ; K ̈on yv es et al. 2015 ), this is e xpected to be one of the 
most important channels for core formation, theoretically. 
3  T H E  IN EV ITA BL E  E D G E  EFFECT  
In former theoretical studies (e.g. Clarke & Whitworth 2015 ; Hoe- 
mann et al. 2021 ), filaments are often considered to have a sharp 
edge, thus, a hard cut-off at the ends of the filament which makes 
analytic predictions possible (Burkert & Hartmann 2004 ). Ho we ver, 
a more realistic setup would be a smooth transition to the surrounding 
gas. Such a density gradient would lead to a decrease in acceleration 
at the ends of the filament. 

The change in acceleration due to the end profile of the filament 
is depicted in Fig. 1 . The top row shows three simple density 
distributions. The hard cut-off is depicted as a blue dotted line. 
Here the density drops immediately to the external density at the 
end of the filament, which is often used for analytic approaches. 
The green dashed line shows a step edge, where the density halves 
at the filaments end and only drops to the external density at the 
edge of the end region. A linear end is given by the solid orange 
line. In this case, after the end of the filament the density decreases 
linearly to the external density. We consider the external density to be 
negligible and set it to zero, to make analytic predictions comparable. 
The second row depicts the acceleration for each of the profiles and 
the last row shows the gradient of the acceleration, respectively. The 
acceleration of the hard cut-off can also be determined by equation 
( 8 ). The calculation was done numerically, but the lines and markers 
in lighter colours in the last row show the analytical expectation, 
described in more detail in the following, which fits the numerical 
solutions. 

Differentiating equation ( 8 ) leads to the gradient for the hard 
cut-of f, sho wn in light blue in the lower plot in Fig. 1 (deri v ation 
Appendix A1 ): 
∇a cut = 2 πGρ

[ 
l/ 2 + z √ 

( l/ 2 + z) 2 + R 2 + l/ 2 − z √ 
( l/ 2 − z) 2 + R 2 − 2 ] 

. 
(16) 

For the step function, which is depicted in light green, considering 
of outside material leads to: 
∇a step = −2 πGρ

[
− 1 

2 l/ 2 + z √ 
R 2 + ( l/ 2 + z) 2 − 1 

2 l/ 2 −z √ 
R 2 + ( l/ 2 −z) 2 + 2 

− 1 
2 l / 2 + dl + z √ 

R 2 + ( l / 2 + dl + z) 2 − 1 
2 l / 2 + dl −z √ 

R 2 + ( l / 2 + dl −z) 2 
]
. (17) 

Figure 1. The top row shows the density distribution along the z-axes for 
three different profiles: A hard cut-off, where the density goes directly to zero 
after the filament ends, in dotted blue; A step for which the density is cut in 
half after the end and drops to zero at the edge of the end region, shown in 
dashed green; A linear end is depicted in orange, where the density transitions 
more smoothly into the surrounding. In the second row, the corresponding 
numerically determined acceleration is given and in the last row its gradient. 
For the gradient, the lighter colours depict the analytic solution which fits the 
numeric solution well. 
dl donates the length of the additional end re gion, giv en in Fig. 1 . 
The deri v ation can be found in Appendix A2 . For the linear density 
distribution at the end, we calculated the gradient of the acceleration 
only for the filament end since this is the region of interest (deri v ation 
in Appendix A3 ): 
∇a lin = 2 πGρ

[√ 
R 2 + dl 2 

dl − R 
dl + l √ 

R 2 + l 2 − 2 ]. (18) 
We checked the limits for consistency. Case 1: dl → 0 reproduces 
the gradient for the hard cut-off: 
lim 
dl→ 0 ∇a lin = 2 πGρ

[
l √ 

R 2 + l 2 − 2 ] (19) 
and case 2: dl → ∞ has to be zero since it would be an infinite long 
filament, thus also l → ∞ 

lim 
dl ,l →∞ ∇a lin = 0 . (20) 

Altogether, the important parameter for the collapse of a filament is 
the amount of acceleration in the end region, which can be weakened 
by a smooth density transition. Ho we ver, e very density gradient will 
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is the perturbation strength which is observed to be typically 0.09 
(Roy et al. 2015 ) and λdom is the dominant fragmentation length (see 
Fischera & Martin 2012 , Appendix E) 
λdom = (6 . 25 − 6 . 89 f 2 + 9 . 18 f 3 − 3 . 44 f 4 )FWHM cyl (13) 
using the full-width at half-maximum of the cylindrical filament 
FWHM cyl . Following a perturbation analysis (Nagasawa 1987 ), the 
time-scale can now be determined on which such a perturbation 
would grow into a collapsing core (compare Heigl, Gritschneder & 
Burkert 2020 ; Hoemann et al. 2021 ) 
t pert = τdom log [( 1 

f − 1 ) 1 
ϵ

]
. (14) 

Here τ dom denotes the dominant growth time-scale, which can be 
determined with Fischera & Martin ( 2012 ), Appendix E 
τdom = (4 . 08 − 2 . 99 f 2 + 1 . 46 f 3 + 0 . 40 f 4 )/ √ 

4 πGρc . (15) 
Since most of the cores are found within filaments (Arzoumanian 

et al. 2011 ; K ̈on yv es et al. 2015 ), this is e xpected to be one of the 
most important channels for core formation, theoretically. 
3  T H E  IN EV ITABL E  E D G E  EFFECT  
In former theoretical studies (e.g. Clarke & Whitworth 2015 ; Hoe- 
mann et al. 2021 ), filaments are often considered to have a sharp 
edge, thus, a hard cut-off at the ends of the filament which makes 
analytic predictions possible (Burkert & Hartmann 2004 ). Ho we ver, 
a more realistic setup would be a smooth transition to the surrounding 
gas. Such a density gradient would lead to a decrease in acceleration 
at the ends of the filament. 

The change in acceleration due to the end profile of the filament 
is depicted in Fig. 1 . The top row shows three simple density 
distributions. The hard cut-off is depicted as a blue dotted line. 
Here the density drops immediately to the external density at the 
end of the filament, which is often used for analytic approaches. 
The green dashed line shows a step edge, where the density halves 
at the filaments end and only drops to the external density at the 
edge of the end region. A linear end is given by the solid orange 
line. In this case, after the end of the filament the density decreases 
linearly to the external density. We consider the external density to be 
negligible and set it to zero, to make analytic predictions comparable. 
The second row depicts the acceleration for each of the profiles and 
the last row shows the gradient of the acceleration, respectively. The 
acceleration of the hard cut-off can also be determined by equation 
( 8 ). The calculation was done numerically, but the lines and markers 
in lighter colours in the last row show the analytical expectation, 
described in more detail in the following, which fits the numerical 
solutions. 

Differentiating equation ( 8 ) leads to the gradient for the hard 
cut-of f, sho wn in light blue in the lower plot in Fig. 1 (deri v ation 
Appendix A1 ): 
∇a cut = 2 πGρ

[ 
l/ 2 + z √ 

( l/ 2 + z) 2 + R 2 + l/ 2 − z √ 
( l/ 2 − z) 2 + R 2 − 2 ] 

. 
(16) 

For the step function, which is depicted in light green, considering 
of outside material leads to: 
∇a step = −2 πGρ

[
− 1 

2 l/ 2 + z √ 
R 2 + ( l/ 2 + z) 2 − 1 

2 l/ 2 −z √ 
R 2 + ( l/ 2 −z) 2 + 2 

− 1 
2 l / 2 + dl + z √ 

R 2 + ( l / 2 + dl + z) 2 − 1 
2 l / 2 + dl −z √ 

R 2 + ( l / 2 + dl −z) 2 
]
. (17) 

Figure 1. The top row shows the density distribution along the z-axes for 
three different profiles: A hard cut-off, where the density goes directly to zero 
after the filament ends, in dotted blue; A step for which the density is cut in 
half after the end and drops to zero at the edge of the end region, shown in 
dashed green; A linear end is depicted in orange, where the density transitions 
more smoothly into the surrounding. In the second row, the corresponding 
numerically determined acceleration is given and in the last row its gradient. 
For the gradient, the lighter colours depict the analytic solution which fits the 
numeric solution well. 
dl donates the length of the additional end re gion, giv en in Fig. 1 . 
The deri v ation can be found in Appendix A2 . For the linear density 
distribution at the end, we calculated the gradient of the acceleration 
only for the filament end since this is the region of interest (deri v ation 
in Appendix A3 ): 
∇a lin = 2 πGρ

[√ 
R 2 + dl 2 

dl − R 
dl + l √ 

R 2 + l 2 − 2 ]. (18) 
We checked the limits for consistency. Case 1: dl → 0 reproduces 
the gradient for the hard cut-off: 
lim 
dl→ 0 ∇a lin = 2 πGρ

[
l √ 

R 2 + l 2 − 2 ] (19) 
and case 2: dl → ∞ has to be zero since it would be an infinite long 
filament, thus also l → ∞ 

lim 
dl ,l →∞ ∇a lin = 0 . (20) 

Altogether, the important parameter for the collapse of a filament is 
the amount of acceleration in the end region, which can be weakened 
by a smooth density transition. Ho we ver, e very density gradient will 
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is the perturbation strength which is observed to be typically 0.09 
(Roy et al. 2015 ) and λdom is the dominant fragmentation length (see 
Fischera & Martin 2012 , Appendix E) 
λdom = (6 . 25 − 6 . 89 f 2 + 9 . 18 f 3 − 3 . 44 f 4 )FWHM cyl (13) 
using the full-width at half-maximum of the cylindrical filament 
FWHM cyl . Following a perturbation analysis (Nagasawa 1987 ), the 
time-scale can now be determined on which such a perturbation 
would grow into a collapsing core (compare Heigl, Gritschneder & 
Burkert 2020 ; Hoemann et al. 2021 ) 
t pert = τdom log [( 1 

f − 1 ) 1 
ϵ

]
. (14) 

Here τ dom denotes the dominant growth time-scale, which can be 
determined with Fischera & Martin ( 2012 ), Appendix E 
τdom = (4 . 08 − 2 . 99 f 2 + 1 . 46 f 3 + 0 . 40 f 4 )/ √ 

4 πGρc . (15) 
Since most of the cores are found within filaments (Arzoumanian 

et al. 2011 ; K ̈on yv es et al. 2015 ), this is e xpected to be one of the 
most important channels for core formation, theoretically. 
3  T H E  INE VITABLE  E D G E  EFFECT  
In former theoretical studies (e.g. Clarke & Whitworth 2015 ; Hoe- 
mann et al. 2021 ), filaments are often considered to have a sharp 
edge, thus, a hard cut-off at the ends of the filament which makes 
analytic predictions possible (Burkert & Hartmann 2004 ). Ho we ver, 
a more realistic setup would be a smooth transition to the surrounding 
gas. Such a density gradient would lead to a decrease in acceleration 
at the ends of the filament. 

The change in acceleration due to the end profile of the filament 
is depicted in Fig. 1 . The top row shows three simple density 
distributions. The hard cut-off is depicted as a blue dotted line. 
Here the density drops immediately to the external density at the 
end of the filament, which is often used for analytic approaches. 
The green dashed line shows a step edge, where the density halves 
at the filaments end and only drops to the external density at the 
edge of the end region. A linear end is given by the solid orange 
line. In this case, after the end of the filament the density decreases 
linearly to the external density. We consider the external density to be 
negligible and set it to zero, to make analytic predictions comparable. 
The second row depicts the acceleration for each of the profiles and 
the last row shows the gradient of the acceleration, respectively. The 
acceleration of the hard cut-off can also be determined by equation 
( 8 ). The calculation was done numerically, but the lines and markers 
in lighter colours in the last row show the analytical expectation, 
described in more detail in the following, which fits the numerical 
solutions. 

Differentiating equation ( 8 ) leads to the gradient for the hard 
cut-of f, sho wn in light blue in the lower plot in Fig. 1 (deri v ation 
Appendix A1 ): 
∇a cut = 2 πGρ

[ 
l/ 2 + z √ 

( l/ 2 + z) 2 + R 2 + l/ 2 − z √ 
( l/ 2 − z) 2 + R 2 − 2 ] 

. 
(16) 

For the step function, which is depicted in light green, considering 
of outside material leads to: 
∇a step = −2 πGρ

[
− 1 

2 l/ 2 + z √ 
R 2 + ( l/ 2 + z) 2 − 1 

2 l/ 2 −z √ 
R 2 + ( l/ 2 −z) 2 + 2 

− 1 
2 l / 2 + dl + z √ 

R 2 + ( l / 2 + dl + z) 2 − 1 
2 l / 2 + dl −z √ 

R 2 + ( l / 2 + dl −z) 2 
]
. (17) 

Figure 1. The top row shows the density distribution along the z-axes for 
three different profiles: A hard cut-off, where the density goes directly to zero 
after the filament ends, in dotted blue; A step for which the density is cut in 
half after the end and drops to zero at the edge of the end region, shown in 
dashed green; A linear end is depicted in orange, where the density transitions 
more smoothly into the surrounding. In the second row, the corresponding 
numerically determined acceleration is given and in the last row its gradient. 
For the gradient, the lighter colours depict the analytic solution which fits the 
numeric solution well. 
dl donates the length of the additional end re gion, giv en in Fig. 1 . 
The deri v ation can be found in Appendix A2 . For the linear density 
distribution at the end, we calculated the gradient of the acceleration 
only for the filament end since this is the region of interest (deri v ation 
in Appendix A3 ): 
∇a lin = 2 πGρ

[√ 
R 2 + dl 2 

dl − R 
dl + l √ 

R 2 + l 2 − 2 ]. (18) 
We checked the limits for consistency. Case 1: dl → 0 reproduces 
the gradient for the hard cut-off: 
lim 
dl→ 0 ∇a lin = 2 πGρ

[
l √ 

R 2 + l 2 − 2 ] (19) 
and case 2: dl → ∞ has to be zero since it would be an infinite long 
filament, thus also l → ∞ 

lim 
dl ,l →∞ ∇a lin = 0 . (20) 

Altogether, the important parameter for the collapse of a filament is 
the amount of acceleration in the end region, which can be weakened 
by a smooth density transition. Ho we ver, e very density gradient will 
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Figure 3. Top panel: The approximation of the critical gradient (equation 
30 ) is depicted for different criticalities in grey. The different shades depict 
solutions for different filament aspect ratios, indicated by the given number. 
The parameters ( α, β) are fitted to the numerical solutions for a long filament 
( R = 0.1 pc, l = 200 pc), given by the black dots. Below the curve, a dominant 
edge effect is expected, whereas above the curve, perturbations grow faster, 
and thus no strong edge effect is expected. Lower panel: The critical gradient is 
given for different perturbation strengths ϵ. The grey line shows the observed 
strength of ϵ = 0.09 (Roy et al. 2015 ), in comparison in blue lower strength 
and in red stronger ones. 

line indicates the observed value of ϵ = 0.09 (Roy et al. 2015 ), which 
is also used to demonstrate the convergence of the solution. The blue 
lines present less dominant perturbations whereas the red curves 
depict the critical gradient for stronger perturbations. As expected 
for lower perturbations smoother gradients are needed to suppress the 
edge effect. In addition, the stronger perturbations shift the line-mass 
f abo v e which all filaments would be dominated by perturbations 
to lighter filaments and to heavier filaments for the less perturbed 
filaments. 

For validation, we compare the crossing point of t edge and t pert (see 
Fig. 2 ) to the approximation of the edge effect formation time-scale 
given by equation ( 27 ) in Fig. 4 . As in Fig. 2 , the dashed line denotes 
t pert , the solid line t edge for a filament with linear density gradient, and 
the dotted line its approximation t edge, approx , given by equation ( 25 ). 
The criticality is varied in the top row, the radius in the middle, and 
the length in the last one, respectively indicated by different colours. 
As we used the approximation to determine the critical gradient the 
approximation has to be valid for the intersections, which fits well 
for the presented cases. 

Altogether, the density gradient at the end of the filament leads 
to a decrease in acceleration, thus, there also has to be a critical 
acceleration which is needed in a certain setup to have dominant end 

Figure 4. The same as Fig. 2 , but adding a comparison to the approximated 
edge effect time (equation 27 ) with the dotted lines. In the first row, the 
dependence on criticality is depicted, in the second row on radius and in the 
last on the filament length. At the crossing points between t edge and t pert the 
approximation of the edge effect formation time-scale is reasonable. 
cores. This can be calculated without any additional approximations 
using the same ansatz as before and solving for the acceleration: 
t edge ! = t pert (31) 
a crit = ( 1 

f − 1 ) 2 κR 
τdom log −2 ((

1 
f − 1 ) 1 

ϵ

)
. (32) 

An example is given in Fig. 5 as a grey line for ϵ = 0.09, R = 
0.02 pc, l = 0.94 pc, dl / R = 9. The markers indicate the numerically 
determined acceleration of the centre of mass of the filament’s end 
region for different profiles, indicated in the subplot. The violet 
crosses show the values of a simulation by Heigl et al. ( 2022 ) where 
the filament is created by a converging flow. While the filament 
starts to collapse material comes in at the filament’s ends due to the 
constant inflow region. This creates a linear density gradient in the 
end region. Thus, it fits very well with our numeric solution for a 
linear end. Abo v e the critical acceleration (gre y line) an edge effect 
is expected whereas below perturbations should grow faster. Since 
the acceleration varies strongly in the end region, the determination 
from the simulation is error-prone, thus we show an error bar of the 
standard deviation 10 voxels ahead of the peak and behind. The linear 
and exponential profiles, which have a similar gradient, lie below the 
line for this specific example, whereas the hard cut-offs are expected 
to have dominant ends, especially for low line-masses. Since Heigl 
et al. ( 2022 ) did also not detect dominant end cores, it fits our results. 
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A B S T R A C T 
The onset of star formation is set by the collapse of filaments in the interstellar medium. From a theoretical point of view, 
an isolated cylindrical filament forms cores via the edge effect. Due to the self-gravity of a filament, the strong increase in 
acceleration at both ends leads to a pile-up of matter which collapses into cores. Ho we ver, this ef fect is rarely observed. Most 
theoretical models consider a sharp density cut-off at the edge of the filament, whereas a smoother transition is more realistic 
and would also decrease the acceleration at the ends of the filament. We show that the edge effect can be significantly slowed 
down by a density gradient, although not completely a v oided. Ho we ver, this allo ws perturbations inside the filament to gro w 
faster than the edge. We determine the critical density gradient for which the time-scales are equal and find it to be of the order of 
several times the filament radius. Hence, the density gradient at the ends of a filament is an essential parameter for fragmentation 
and the low rate of observed cases of the edge effect could be naturally explained by shallow gradients. 
Key words: stars: formation – ISM: kinematics and dynamics – ISM: structure. 

1  I N T RO D U C T I O N  
Observ ations sho w that the molecular interstellar medium is per- 
vaded by filaments (Schneider & Elmegreen 1979 ; Andr ́e et al. 
2010 ; Arzoumanian et al. 2013 ; Andr ́e et al. 2014 ). They are key in 
understanding the formation of stars since pre-stellar cores are mainly 
found within these cold, dense, filamentary structures (Arzoumanian 
et al. 2011 ; K ̈on yv es et al. 2015 ). The y span sev eral orders of 
magnitude (Hacar et al. 2022 ) from hundreds of parsecs in length 
down to the sub-parsec regime (Andr ́e et al. 2010 ; Molinari et al. 
2010 ; Hacar et al. 2013 ; Goodman et al. 2014 ; Mattern et al. 2018 ; 
Schmiedeke et al. 2021 ). Besides their obvious connection to star 
formation, there still remain many open questions on the formation, 
evolution, and collapse of filaments. 

Particularly the formation of cores and their consequent collapse is 
interesting since this is the stage of early star formation. For isolated 
filaments, fragmentation is supposed to happen via two competing 
processes: the edge effect (Bastien 1983 ; Burkert & Hartmann 2004 ; 
Pon et al. 2012 ) and the growth of perturbations (Stod ́olkiewicz 1963 ; 
Nagasawa 1987 ; Fischera & Martin 2012 ). The edge effect consists 
of creating cores at the ends of the filament during the o v erall filament 
collapse. Since there is no density distribution for which the filament 
is in hydrostatic equilibrium along its main axis, it will collapse 
longitudinally due to self-gra vity. This gra vitational acceleration 
has a sharp increase in the end regions of the filament, and thus 
matter is swept up at the ends which forms a core and collapses after 
accumulating enough mass (Burkert & Hartmann 2004 ; Hartmann & 
Burkert 2007 ; Li et al. 2016 ). Contrary to this theoretical expectation, 
⋆ E-mail: hoemann@usm.lmu.de 

such pronounced ends are rarely observed (Zernick el, Schilk e & 
Smith 2013 ; Kainulainen et al. 2016 ; Dewangan et al. 2019 ; Bhadari 
et al. 2020 ; Yuan et al. 2020 ; Cheng et al. 2021 ), which leads to the 
question of why we do not observe end-dominated filaments more 
often. 

For magnetized, disc-like clouds the formation of an outer ring 
is the pendant to the edge effect. Li ( 2001 ) already found that 
the creation of a ring is correlated to the profile of the disc and 
the sound speed. Ho we ver, for filaments Seifried & Walch ( 2015 ) 
showed that an initial density peak in the centre leads to a centrally 
dominated collapse instead of an end-dominated one. In case of 
short filaments with aspect ratios of 3:1 the longitudinal collapse was 
also investigated by Keto & Burkert ( 2014 ). They showed that for 
low line-masses the filament collapses longitudinally into a central 
core that begins to go through a complex pattern of oscillations. 
Although such a longitudinal collapse has not yet been confirmed 
by observations (Roy et al. 2015 ) the predicted oscillations of the 
resulting cores are (Redman, Keto & Rawlings 2006 ; Aguti et al. 
2007 ). In addition, Heigl, Hoemann & Burkert ( 2022 ) showed that a 
filament created by a constant inflow region can suppress the edge 
ef fect. The constant inflo w region rebuilds the filament during the 
o v erall filament collapse leading to a density gradient in the end 
region. This gradient leads to a decrease in the acceleration at the 
end of the filament which slo ws do wn the creation of the edge 
effect. Although not all filaments are expected to have such high 
and constant accretion, a smooth transition from the filament end 
into the surrounding medium is expected. This raises the question of 
whether a gradient at the end of the filament can stop the edge effect 
and if so, under which condition. 

In general, cores are much more often detected inside filaments. 
These can form due to the growth of density perturbations. Although 

© 2023 The Author(s) 
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Figure 5. The grey line depicts the critical centre of mass acceleration 
(equation 32 ) depending on criticality. The different markers give numeric 
results of the centre of mass acceleration of different filament end profiles 
given in the subplot. Above the grey line the edge effect is expected to be 
dominant, whereas below, perturbations would grow faster. In comparison, 
the violet crosses show the acceleration measured in the simulation by Heigl 
et al. ( 2022 ), where the edge effect was suppressed in agreement with our 
model. The used parameters were: ϵ = 0.09, R = 0.02 pc, l = 0.94 pc, dl / R = 
9. 
5  VA LIDATION  BY  SIM ULATION S  
For validation, we performed isothermal hydrodynamic simulations 
with the adaptive mesh refinement code RAMSES (Teyssier 2002 ). 
With a second-order Gudonov solver the Euler equations are solved 
in their conserv ati ve form using a MUSCL (Monotonic Upstream- 
Centered Scheme for Conserv ation Laws, v an Leer 1979 ), the HLLC- 
Solver (Harten-Lax-van Leer- Contact, Toro, Spruce & Speares 
1994 ), and the MC slope limiter (monotonized central-differenc, 
Leer 1979 ). 

We set up filaments with perturbations in the line-mass as dis- 
played in Fig. 6 . In the upper panel, a density slice through the 
filament is given and in the lower panels the according criticality 
and acceleration along the z-axes. The bending of the gradient in 
the end region is due to the cut off at boundary density, which will 
be discussed at the end of this section. Perturbations were inserted 
via equation ( 12 ) going o v er into a flat region at the end, to not 
disturb the edge effect. At the filament end the linear transition into 
the surrounding density is depicted, in this case with a gradient 
of dl / R = 6. We cut the outermost peaks to not have an o v erlap 
between perturbations and the edge ef fect. Then, we v aried the 
linear density gradient at both ends to validate the transition between 
perturbations and edge effect as given by equation ( 30 ). We consider 
perturbations to be dominant if all cores collapse within a time span 
of 10 per cent of each other, or the inner cores collapse first since 
then no pronounced edges can be detected. In contrast, the edge effect 
is considered to be dominating if the end cores collapse before the 
inner cores. 

As a first test, we performed simulations for f = 0.5 and different 
gradients, given in Fig. 7 . Here we plot the criticality of the cores 
at the end f end against the criticality of the cores formed from 
perturbations f pert . Every marker is one output of the simulation in 
time-steps of " t = 0.1 Myr with R = 0.1 pc, l = 0.3 pc, and f = 
0.5. For dl / R = 10 and dl / R = 6, both cores collapse within one 
time-step, thus, perturbations and edge effect collapse on the same 
time-scale and no clear edge effect can be detected. Only for dl / R = 
2 the edge effect collapses clearly faster than the perturbations which 

Figure 6. An e x emplary simulation environment to validate the critical 
gradient, in this case with R = 0.1 pc, f = 0.5, and dl / R = 6. The upper 
part shows a section of a density slice, the second plot the criticality along 
the z-axes, and the last one the gravitational acceleration along the z-axes. 
Inside the filament perturbations with ϵ = 0.09 are set up followed by a flat 
profile in the end region and a linear density gradient, which in this example is 
d l / R = 6. Since there is a density cut to the ambient medium in the simulations 
at the filament boundary density ρb , the gradient is curved in the line-mass 
projection. 

Figure 7. For simulations with f = 0.5, R = 0.1 pc the evolution of the 
criticality for the end cores against the criticality of the perturbations are 
shown for three different gradients. All simulations start at f pert = f edge = 0.5 
and mo v e to larger maximal f -values with time. Each marker represents one 
simulation time-step ( " t = 0.1 Myr). Abo v e the solid black line, perturbations 
grow faster in f than the edge. A clear edge effect can only be seen for dl / R = 
2, for the others perturbations grow on similar time-scales or faster, which 
fits the prediction. 
agrees with the fact that in this case a dominant edge core would be 
expected. This validates the critical gradient given in Fig. 3 which 
predicts the transition between end core and perturbation domination 
for these parameters to be at dl / R = 5. Further validations for different 
parameters can be found in Table 1 . 
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Solver (Harten-Lax-van Leer- Contact, Toro, Spruce & Speares 
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the end region is due to the cut off at boundary density, which will 
be discussed at the end of this section. Perturbations were inserted 
via equation ( 12 ) going o v er into a flat region at the end, to not 
disturb the edge effect. At the filament end the linear transition into 
the surrounding density is depicted, in this case with a gradient 
of dl / R = 6. We cut the outermost peaks to not have an o v erlap 
between perturbations and the edge ef fect. Then, we v aried the 
linear density gradient at both ends to validate the transition between 
perturbations and edge effect as given by equation ( 30 ). We consider 
perturbations to be dominant if all cores collapse within a time span 
of 10 per cent of each other, or the inner cores collapse first since 
then no pronounced edges can be detected. In contrast, the edge effect 
is considered to be dominating if the end cores collapse before the 
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As a first test, we performed simulations for f = 0.5 and different 
gradients, given in Fig. 7 . Here we plot the criticality of the cores 
at the end f end against the criticality of the cores formed from 
perturbations f pert . Every marker is one output of the simulation in 
time-steps of " t = 0.1 Myr with R = 0.1 pc, l = 0.3 pc, and f = 
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time-scale and no clear edge effect can be detected. Only for dl / R = 
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part shows a section of a density slice, the second plot the criticality along 
the z-axes, and the last one the gravitational acceleration along the z-axes. 
Inside the filament perturbations with ϵ = 0.09 are set up followed by a flat 
profile in the end region and a linear density gradient, which in this example is 
d l / R = 6. Since there is a density cut to the ambient medium in the simulations 
at the filament boundary density ρb , the gradient is curved in the line-mass 
projection. 

Figure 7. For simulations with f = 0.5, R = 0.1 pc the evolution of the 
criticality for the end cores against the criticality of the perturbations are 
shown for three different gradients. All simulations start at f pert = f edge = 0.5 
and mo v e to larger maximal f -values with time. Each marker represents one 
simulation time-step ( " t = 0.1 Myr). Abo v e the solid black line, perturbations 
grow faster in f than the edge. A clear edge effect can only be seen for dl / R = 
2, for the others perturbations grow on similar time-scales or faster, which 
fits the prediction. 
agrees with the fact that in this case a dominant edge core would be 
expected. This validates the critical gradient given in Fig. 3 which 
predicts the transition between end core and perturbation domination 
for these parameters to be at dl / R = 5. Further validations for different 
parameters can be found in Table 1 . 
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Table 1. Results of the simulation ‘sim’ in comparison to the expected result 
by the model ‘exp’. ‘e’ means simulations with dominant edge effect or ‘p’ 
configurations where perturbations grow on the same time-scale or faster. The 
edge effect and perturbation time-scale, as determined in the simulation, are 
given in comparison to their expected values in brackets. An output time-step 
in the simulation takes ! t = 0.1 Myr. The length was always given by five 
times the dominant wavelength (equation 13 ). 
f R (pc) dl / R t edge (Myr) t pert (Myr) exp sim 
0.5 0.1 10 1.76 (2.02) 1.57 (1.55) p p 
0.5 0.1 6 1.47 (1.71) 1.57 (1.55) p p 
0.5 0.1 2 1.18 (1.31) 1.57 (1.55) e e 
0.5 0.05 6 0.78 (0.84) 0.78 (0.78) p p 
0.3 0.05 10 1.27 (1.94) 1.67 (1.74) p e 
0.3 0.1 10 2.55 (3.99) 3.14 (3.49) p e 

Figure 8. Critical gradient for a cut off at ρb given by the squares in light 
orange and the former solution without any cut off in comparison as black 
dots. For line-masses f ≥ 0.4 the deviations are small. Ho we ver, for lighter 
filaments, the estimation is not sufficient and much smoother gradients are 
necessary. 

As a second test, we did simulations with smaller line-masses, 
given in Table 1 . For low line-masses the predicted time-scales for 
the edge effect deviate from the simulated ones. For large line-mass 
filaments this has only a minor impact on the pre v alent fragmentation 
mode, ho we ver, for lighter filaments, the deviations are so strong 
that the edge effect is still dominant for density gradients abo v e 
the critical one. This is due to the fact that we consider the density 
gradient to extend to zero in the analytic approach. Ho we ver, we 
e xpect observ ed filaments to be constrained by an outside pressure. 
This is also the case in the simulations meaning that the gradient is 
cut off at a boundary density ρb which is in pressure equilibrium with 
the surrounding material (see Fig. A1 dashed-dotted line). This leads 
to a loss in mass in the end region which increases the acceleration 
at the end and results in shorter collapse time-scales than predicted. 
Since the acceleration can be considered constant during the edge 
formation, a deviation in acceleration has a stronger impact on longer 
time-scales. Fig. 8 shows an approximation of how a cut-off at the 
boundary density would influence the critical density gradient, given 
by the orange squares (the new acceleration used to determine t edge 
is derived in Appendix A3 and given by equation A31 ). This is 
only an approximation since a cut-off at the boundary density not 
only constrains the filament along its main axis but also reduces the 
radius gradually in the end region, as can be seen in Fig. 6 . This was 
not accounted for in the comparison of Fig. 8 . Thus, for low line- 
mass filaments, even shallower density gradients than predicted are 

necessary to suppress the edge ef fect. Ho we ver, the linear gradient 
is a good first approximation, especially for filaments with f ≥ 0.4. 
6  DI SCUSSI ON  
For the calculation of the critical gradient, several approximations 
have been made. Ho we ver, Fig. 4 already showed a comparison 
between the numerical collapse times and the approximated collapse 
times. For the tested cases, which show a reasonable span over the 
parameter space of filaments the crossing point of the two time-scales 
is approximated well. In addition, the determined curve of the critical 
gradient fits well with the numerically calculated curve (Fig. 3 ). 
Although we observe a systematic deviation for filaments with lower 
aspect ratio A , which is expected due to the used approximation, 
the values do converge towards larger aspect ratios. However, the 
deviation is limited and can be interpreted as a transition region 
between the two effects. Thus, the approximations seem applicable 
to our case. 

Whether the size of the end region dl is realistic is difficult to say. 
Although there are some observations of the line-mass distribution 
along filaments as Roy et al. ( 2015 ); Cox et al. ( 2016 ); Kainulainen 
et al. ( 2016 ); Yuan et al. ( 2020 ); Schmiedeke et al. ( 2021 ), the end 
region is often not displayed or not enough resolved to make a 
reasonable statement about the gradient. The best example is the 
observation of Barnard 5 by Schmiedeke et al. ( 2021 ). Here a clear 
linear trend is seen at the end of the filament. The declining region is 
of the order of ∼0.05 pc, whereas the FWHM is ∼ 0 . 03 pc, thus, 
in this case, the end region is indeed bigger than the filament 
radius, which is needed for perturbations to be as fast as the 
edge effect in the parameter space we investigated. Ho we ver, the 
filament is highly supercritical and thus, outside the range where our 
model is applicable. Further observations of filament end regions 
are necessary to make a reasonable comparison and to test our 
prediction. 
7  C O N C L U S I O N  
We showed that a density gradient at the end of a filament cannot 
stop the edge effect, since every kind of density gradient will cause 
a gradient in acceleration. The gradient will, ho we ver, only cause a 
weakening of the acceleration which leads to a longer edge effect 
formation time-scale. But since the collapse time-scale of a filament 
scales with the same respect to a the edge effect will take longer but 
will nevertheless occur before the collapse. 

Ho we ver, perturbations are independent of the acceleration at the 
end of the filament, and thus if the edge effect is slowed down 
significantly, perturbations can grow on similar time-scales or even 
faster. Assuming the density gradient at the end of the filament to be 
linear, we presented the critical density gradient which is needed for 
perturbations to be dominant in the filament. For filaments beyond f = 
0.7, perturbations al w ays grow f aster for the observed perturbation 
strength of 9 per cent or larger. For lower line-mass filaments, an 
end region of several times the radius in length is needed to slow 
down the edge effect significantly, such that perturbations grow 
faster. Ho we ver, de viations from the model are expected for f < 0.4 
due to the approximations in the deri v ation of the critical gradient, 
where e ven shallo wer gradients would be needed. Altogether, density 
gradients at the end of the filament could be the reason, why 
the edge effect is only rarely observed. Observations are ho we ver 
needed to show whether such density gradients in end regions 
exist. 
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Abstract

Most stars form in multiple-star systems. For a better understanding of their formation processes, it is important to
resolve the individual protostellar components and the surrounding envelope and disk material at the earliest
possible formation epoch, because the formation history can be lost in a few orbital timescales. Here we present
Atacama Large Millimeter/submillimeter Array observational results of a young multiple protostellar system,
IRAS 04239+2436, where three well-developed large spiral arms were detected in the shocked SO emission.
Along the most conspicuous arm, the accretion streamer was also detected in the SO2 emission. The observational
results are complemented by numerical magnetohydrodynamic simulations, where those large arms only appear in
magnetically weakened clouds. Numerical simulations also suggest that the large triple spiral arms are the result of
gravitational interactions between compact triple protostars and the turbulent infalling envelope.

Unified Astronomy Thesaurus concepts: Star formation (1569)

1. Introduction

Although binary or multiple formation are the main modes
of star formation (Offner et al. 2022), the main formation
mechanism remains elusive. Observational and theoretical
studies that zoom into young circumstellar and circumbinary
disks in the early evolutionary stage are critical for under-
standing the formation process, before their history is erased
through dynamical interactions (Lee et al. 2017; Moe &
Kratter 2018). The interactions between the inner envelope and
the central protostellar system, as well as the interactions
among individual members, are important in multiple forma-
tion, since protostars grow their masses most aggressively in
the early formation stage, when most of the mass still remains
in the envelope. Therefore, simultaneous imaging of the inner
envelope and the central compact multiple system is also
required. One prominent structure that shows the interactions
between forming binary and circumbinary material is the spiral
arm structure (Takakuwa et al. 2017; Alves et al. 2019).

Two distinct formation mechanisms of multiple-star systems
have been suggested: turbulent fragmentation for wide (>500
au) binaries (Offner et al. 2010; Lee et al. 2017) and disk
fragmentation for close (<500 au) binaries (Kratter et al. 2010;
Alves et al. 2019). However, at early stages, when the envelope
is feeding material to the disk(s), the clean distinction breaks
down. Instead, a hybrid process, where the turbulent envelope
plays an important role in the disk fragmentation, the
circumbinary/circumstellar disk structures, and the final

masses of the individual central sources, may be important
(Matsumoto et al. 2015b). In addition to turbulence, the
magnetic field must also play an important role in the
fragmentation process itself, and in the structures inside
fragments, since cores with weak magnetic fields tend to form
multiple systems (Machida et al. 2005).
To study the formation process of a close binary system

when the environmental effect of the natal cloud may still
remain in the system, we observed IRAS 04239+2436 with the
Atacama Large Millimeter/submillimeter Array (ALMA)
simultaneously in the 857 μm continuum and several molecular
lines, with an angular resolution of ∼0 1 (∼14 au at 140 pc).
IRAS 04239+2436 is an embedded close protobinary with a
projected separation of 42 au at a distance of 140 pc (Reipurth
et al. 2000). IRAS 04239+2436 has a luminosity similar to that
of the Sun and very rich near-infrared (NIR) spectrum (Greene
& Lada 1996). A high–spectral resolution NIR observation
kinematically revealed a sub-astronomical-unit-scale gaseous
disk with a Keplerian rotation around a central mass of
0.14∼ 0.2 Me (Lee et al. 2016). In the NIR images (2 μm) of
IRAS 04239+2436 (Reipurth et al. 2000), the eastern source
(Source A) is about 2.65 times brighter than the western source
(Source B), and is thus considered as the primary component.
In addition, a well-collimated northeast [Fe II] 1.644 μm jet of
HH 300 originates from Source A (Reipurth et al. 2000). Yet,
the observed jet precesses at a short timescale (<30 yr),
compared to the orbital period (∼270 yr) anticipated from the
resolved binary, indicative of unresolved very close binary
interactions (Reipurth et al. 2000). Therefore, IRAS 04239
+2436 is very likely a triple system.
Here, we report ALMA observational results of a forming

multiple protostellar system, IRAS 04239+2436 (Section 2),
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and its comparisons with numerical simulations (Section 3).
We discuss the effect of the magnetic field on multiple
formation and the implications of close multiple protostars for
planet formation in Section 4, and the final conclusion is given
in Section 5.

2. ALMA Observations and Results

IRAS 04239+2436 was observed using ALMA during
Cycle 3 (2015.1.00397.S; PI: Jeong-Eun Lee) on 2016 August
16 UT. Five spectral windows in Band 7 were set to cover
several molecular lines, such as SO 88–77 (344.31061200
GHz), HCN 4–3 (354.50547590 GHz), HCO+ 4–3
(356.73422300 GHz), and SO2 104,6–103,7 (356.75518930
GHz).10 The source velocity was VLSR= 6.5 km s−1 (Fuller &
Ladd 2002). The bandwidths and spectral resolutions were
117.19 MHz and 122.070 kHz (∼0.1 km s−1) for the SO line
and 468.75 MHz and 244.141 kHz (∼0.2 km s−1) for the other
three. 40 12 m antennas were used in the C40-4 configuration,
with baselines in the range from 21.4 m to 3.1 km. The total
observing time on source was 29.8 minutes.

The data were initially calibrated using the CASA 4.7.0
pipeline (McMullin et al. 2007). The nearby quasar J0510
+1800 was used as a bandpass and phase calibrator, and the
quasar J0238+1636 was used as an amplitude calibrator. Self-
calibration was applied for better imaging. The continuum
image with Briggs weighting (robust = 0.5) is used for the self-
calibration. Two phase calibrations with “inf” and “60 s”
intervals are applied, which increases the signal-to-noise ratio
of the continuum image by a factor of 5. The molecular line
images were produced by the clean task within CASA with
natural weighting. The synthesized beams are 0 184 × 0 119,
0 201 × 0 124, 0 180 × 0 119, and 0 202 × 0 125,
respectively, for SO, SO2, HCN, and HCO+, with position
angles (PAs) of 10°.1, 19°.5, 11°.4, and 19°.5. The rms noise

levels (σ) for the SO, SO2, HCN, and HCO+ images are 3.5,
4.45, 4.15, and 4.17 mJy beam−1, respectively. The moment
maps of the molecular lines were generated by the immoments
task using a threshold of 6σ. The continuum image was
produced by using line-free channels with uniform weighting.
The synthesized beam is 0 14 × 0 08, with a PA of 4°.3, and
the rms noise level is 0.15 mJy beam−1.
The ALMA observation (Figures 1, 2, and 3) of IRAS 04239

+2436 reveals two compact continuum sources corresponding
to Sources A and B, without any continuum emission
associated with the circumbinary material or beyond the
circumbinary scale (∼100 au). Unlike the continuum image,
the molecular line emission shows an extended gas structure up
to 400 au; the HCO+ emission distributes mainly along the
bipolar outflow cavities (see Figure 4), while the SO line
emission distributes along several arm structures (Figures 1 and
3). The most prominent features are the large extended (∼400
au) multiple-arm (at least three) structures traced by the SO line
emission. In contrast, the HCN and SO2 emissions are detected
only toward Source B (Figure 2), which is known as a
secondary in the NIR images.
The large SO molecular spiral arms probably connect the

envelope directly to the circumstellar disks around each stellar
component. The arms can be developed by the gravitational
torque induced by the dynamical interactions of the binary or
multiple protostars (Offner et al. 2010; Matsumoto et al.
2015b). This dynamical process generates shocks, and
molecular gas can be excited by shocks to produce detectable
emission along spiral arms. A recent study of the sulfur
chemistry induced by the accretion shocks (van Gelder et al.
2021) demonstrated that even a low shock velocity (∼3 km
s−1) in dense (n∼ 107 cm−3) gas can greatly enhance the
abundances of SO and SO2 via the chemical process initiated
by the desorption of CH4. In the physical conditions developed
by low-velocity shocks, H2S or OCS can also be sublimated
from grain surfaces and subsequently react with H, OH, and O2
to form SO (Millar 1993; Esplugues et al. 2014). Therefore, the
SO emission detected along the large arm structures in IRAS

Figure 1. The SO integrated intensity (a) and velocity dispersion (b) maps. The white (a) and black (b) contours depict the continuum emission distribution. The
ellipse in the lower left corner represents the beam size. The contour levels and the beam size of the continuum image are the same in all figures. The SO integrated
intensity map shows a strong flow-like structure toward Source B, and the velocity dispersion also increases toward Source B. The individual line profiles can be found
in Figure 3; the SO lines around Source B are very broad, while the line intensity itself peaks at the flow-like structure beneath Source B. The integrated intensity is
proportional to the column density multiplied by the excitation temperature in the molecular gas, and thus it increases rapidly toward the central source. The peak
intensity of the SO line is more sensitive to the excitation temperature of the molecule, so it better traces the shocked gas along the spiral arms, as presented in
Figure 12(a).

10 The molecular line information is adopted from the Cologne Database for
Molecular Spectroscopy (Müller et al. 2005) and the Jet Propulsion Laboratory
(Pickett et al. 1998) molecular databases.
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𝜌 𝑅 = '(!"

)*+#"
,

(,. ⁄+ +# ")"
, R0=0.05 pc, 𝑃(𝑘) ∝ 𝑘12, <M>=1, 

𝑃 𝜌 = 𝑐3'𝜌(1 + ( ⁄𝜌 𝜌$4) ⁄5 6, ρcr=10ˑ13 cmˑ3, ρsink=10ˑ11 g cmˑ3, 
rsink=2.45 au.
▞孱⮆逰ג׀ךך僃⮣ס佔׼־⫃泅⮆逰ך域չն
轿䱡嫧鵭䈱յ㳡䈱ն׾⭳SOֿך鵽佔注◍⛼榫و٭ٞي٤ؙ

simulation with 3D velocity components. The location of the
arms in the simulation is depicted in Figure 14(b). Arm 1
(represented by the red lines in Figure 14(a)) has a considerable
infall velocity, which is comparable to, but less than, the
rotation velocity in the range of 150 au R 300 au. Arms 2
and 3 (blue and green lines) exhibit considerably larger infall
velocity than rotation velocity in the outer part where
R 100 au. Therefore, arms 1, 2, and 3 are classified as
infalling streamers, but their infall velocities are less than the
freefall velocity (black solid line). In the inner region where

R 100 au, all the arms exhibit rotation velocities that exceed
the infall velocities and the Keplerian velocity (black dashed
line) due to the gravitational torque from the orbiting
protostars.

4.3. Multiple Formation and Magnetic Field Strength

A magnetic field must be weak to form a multiple stellar
system via the fragmentation of a cloud core or a disk (Machida
et al. 2005). To test the effect of the magnetic field on the

Figure 10. Shock velocity associated with the arms (left) and number density distribution (right). The data are rotated so that they are oriented in a face-on view. The
shock velocity is measured as a velocity jump in the horizontal direction. The maximum velocity jump along the z-direction (the line of sight) is shown. The right
panel shows the maximum number density along the z-direction. The contour levels are n = 107, 108, 109, and 1010 cm−3 in the right panel. The arrows in both panels
show the density-weighted velocity distribution. A typical stage that exhibits the shock velocity is shown here and is different from the stage in Figure 12(c).

Figure 11. The Near-Earth Object Wide-field Infrared Survey Explorer (NEOWISE) light curves of IRAS 04239+2436 at 3.4 (W1; red) and 4.6 (W2; blue) μm. We
used the NEOWISE-R Single Exposure (L1b) Source Table available at the NASA/IPAC Infrared Science Archive (NEOWISE Team 2023). The periodograms of
these light curves present a periodicity of ∼8 yr (gray sinusoidal curves) both in W1 and W2. This period might be associated with bright [Fe II] jet knots spaced with
∼1″ (Reipurth et al. 2000). We adopted the method developed by a variability study of young stellar objects (Park et al. 2021) for the construction of the NEOWISE
light curves and periodogram analysis, except for including newly released data points for the most recent four epochs.
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Abstract

Most stars form in multiple-star systems. For a better understanding of their formation processes, it is important to
resolve the individual protostellar components and the surrounding envelope and disk material at the earliest
possible formation epoch, because the formation history can be lost in a few orbital timescales. Here we present
Atacama Large Millimeter/submillimeter Array observational results of a young multiple protostellar system,
IRAS 04239+2436, where three well-developed large spiral arms were detected in the shocked SO emission.
Along the most conspicuous arm, the accretion streamer was also detected in the SO2 emission. The observational
results are complemented by numerical magnetohydrodynamic simulations, where those large arms only appear in
magnetically weakened clouds. Numerical simulations also suggest that the large triple spiral arms are the result of
gravitational interactions between compact triple protostars and the turbulent infalling envelope.

Unified Astronomy Thesaurus concepts: Star formation (1569)

1. Introduction

Although binary or multiple formation are the main modes
of star formation (Offner et al. 2022), the main formation
mechanism remains elusive. Observational and theoretical
studies that zoom into young circumstellar and circumbinary
disks in the early evolutionary stage are critical for under-
standing the formation process, before their history is erased
through dynamical interactions (Lee et al. 2017; Moe &
Kratter 2018). The interactions between the inner envelope and
the central protostellar system, as well as the interactions
among individual members, are important in multiple forma-
tion, since protostars grow their masses most aggressively in
the early formation stage, when most of the mass still remains
in the envelope. Therefore, simultaneous imaging of the inner
envelope and the central compact multiple system is also
required. One prominent structure that shows the interactions
between forming binary and circumbinary material is the spiral
arm structure (Takakuwa et al. 2017; Alves et al. 2019).

Two distinct formation mechanisms of multiple-star systems
have been suggested: turbulent fragmentation for wide (>500
au) binaries (Offner et al. 2010; Lee et al. 2017) and disk
fragmentation for close (<500 au) binaries (Kratter et al. 2010;
Alves et al. 2019). However, at early stages, when the envelope
is feeding material to the disk(s), the clean distinction breaks
down. Instead, a hybrid process, where the turbulent envelope
plays an important role in the disk fragmentation, the
circumbinary/circumstellar disk structures, and the final

masses of the individual central sources, may be important
(Matsumoto et al. 2015b). In addition to turbulence, the
magnetic field must also play an important role in the
fragmentation process itself, and in the structures inside
fragments, since cores with weak magnetic fields tend to form
multiple systems (Machida et al. 2005).
To study the formation process of a close binary system

when the environmental effect of the natal cloud may still
remain in the system, we observed IRAS 04239+2436 with the
Atacama Large Millimeter/submillimeter Array (ALMA)
simultaneously in the 857 μm continuum and several molecular
lines, with an angular resolution of ∼0 1 (∼14 au at 140 pc).
IRAS 04239+2436 is an embedded close protobinary with a
projected separation of 42 au at a distance of 140 pc (Reipurth
et al. 2000). IRAS 04239+2436 has a luminosity similar to that
of the Sun and very rich near-infrared (NIR) spectrum (Greene
& Lada 1996). A high–spectral resolution NIR observation
kinematically revealed a sub-astronomical-unit-scale gaseous
disk with a Keplerian rotation around a central mass of
0.14∼ 0.2 Me (Lee et al. 2016). In the NIR images (2 μm) of
IRAS 04239+2436 (Reipurth et al. 2000), the eastern source
(Source A) is about 2.65 times brighter than the western source
(Source B), and is thus considered as the primary component.
In addition, a well-collimated northeast [Fe II] 1.644 μm jet of
HH 300 originates from Source A (Reipurth et al. 2000). Yet,
the observed jet precesses at a short timescale (<30 yr),
compared to the orbital period (∼270 yr) anticipated from the
resolved binary, indicative of unresolved very close binary
interactions (Reipurth et al. 2000). Therefore, IRAS 04239
+2436 is very likely a triple system.
Here, we report ALMA observational results of a forming

multiple protostellar system, IRAS 04239+2436 (Section 2),
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observational evidence of the reduced effect of the magnetic
field in a star-forming dense core (Eswaraiah et al. 2021).

4.4. Planet Formation in Multiple Protostellar Systems

Accumulating evidence suggests that the planet-forming
environment around multiple systems must be very different,
generally more hostile, from that around single stars. Continuum
observations show that dust disks in binary systems are smaller
in size (Zagaria et al. 2021a), as dust grains drift inward faster in
those disks (Zagaria et al. 2021b) and due to tidal truncation. The
disk gas also likely dissipates faster in multiple systems, owing
to higher accretion rates (Zagaria et al. 2022). Disks in

binary systems have not only a limited amount of dust grains,
but also a limited time to form planets. The smaller the
separation, the worse the prospects; the dust continuum fluxes
also tend to increase with the separation between companions
(Zagaria et al. 2021a). These facts about disks are consistent with
facts about the outcomes: the frequency of planets in close
(<100 au) binary systems is low compared to those in wide
binaries or around single stars (Kraus et al. 2016; Ngo et al.
2016; Fontanive et al. 2019; Marzari & Thebault 2019). We now
add to the difficulties by finding evidence for interaction
between disks and the envelope at the protostellar stage. In
IRAS 04239+2436, which is a close binary/multiple system

Figure 13. Kinematics of the spiral arms of IRAS 04239+2436. (a) Peak velocities (relative to source velocity) along the spiral arms. The colored solid lines with
symbols are the velocities at the peak intensity positions of the spiral arm features (Figure 12) of IRAS 04239+2436. The filled symbols are the velocities at the
positions used for the polynomial fittings, as presented with the solid black curves in (b). The colored dashed lines are the velocities of the arm features from the
simulation, where the deprojected radii are scaled by a half to match the total mass of the companions. The black lines are the Keplerian rotation curves of 0.15 Me
(solid), 0.30 Me (dotted), and 0.60 Me (dashed). (b) Peak intensity positions and velocities of the spiral arms (colors) on the deprojected peak intensity map of SO 88–
77 (gray image). The symbol “×” marks the center position defined by the center of mass of the two continuum sources, assuming an equal mass. The black solid lines
indicate the polynomial fitting results over the peak intensity positions that may belong to the arm structures with coherent kinematics. Gray circles are drawn from
0 5 to 2 5 in steps of 0 5.

Figure 14. (a) Infall and rotation velocity distribution along the arms as a function of radius for the simulation. For comparison, black lines are shown for the freefall
velocity (solid) and the Keplerian rotation velocity (dashed) for the total mass of the sink particles in the simulation (0.71Me). The radius is scaled to fit Figure 13(b).
(b) Configuration of the spiral arms (red curves) for the simulation, which is shown in the face-on view. Each spiral arm is labeled with an ID number. The color scale
shows the column density distribution, but the gas with a density higher than n 10 cmmin

8 3= - is shown.

11

The Astrophysical Journal, 953:82 (13pp), 2023 August 10 Lee et al.deprojected, i=55 °, PA=140° (CSDs)
鵽佔ꝴꣴ٤ֿ2٘ب٭ِٖٝبע⠘㛻ַ׀
כ鈝峮כ׾׌מ⮆؅ⶐٜ٭آتյ狜ꝴךס
鲣ַն攐מ⫂⣐עⶡ┉٭ٚوآ傪稗םעך
ַն
sim arm 1150>ע auך㍑鬇֐蛽┖ն
sim arm 2, 3100>ע auך蛽┖⨣ⳙն

formation of multiples and the following development of large
spiral arms, we also ran magnetohydrodynamic (MHD)
simulations, varying the initial magnetic field strength, and
present the results in Figure 15.

The initial condition and numerical models are the same as
those of the HD model, but the magnetic fields are included.
Uniform magnetic fields perpendicular to the filamentary cloud
are imposed as the initial condition, because recent observa-
tions have suggested that dense filaments tend to have
perpendicular magnetic fields (Pattle et al. 2022). Three models
with the initial magnetic field strengths of 1, 5, and 10 μG are
considered. The magnetic field strength is often described in
terms of the mass-to-flux ratio, and the critical magnetic field
strength (Nakano & Nakamura 1978; Tomisaka et al. 1988) is
estimated as Bcr= 2πG1/2Σ= 20 μG for our models. The
initial magnetic field strengths of 1, 5, and 10 μG are therefore
0.05, 0.25, and 0.5Bcr, respectively (corresponding to the
nondimensional mass-to-flux ratios of μ= 20, 4, and 2). Thus,
only magnetically supercritical clouds are considered here. For
an MHD scheme, we adopted Boris-HLLD (Matsumoto et al.
2019a), which allows us to follow a long-term evolution, even
in cases of strong magnetic fields. The ohmic dissipation is

considered according to previous simulations (Matsumoto 2011;
Matsumoto et al. 2017). The MHD scheme has second-order
accuracy in space to maintain numerical stability, while the HD
scheme has third-order accuracy.
The MHD models exhibit similar evolution to the HD

model; the filamentary cloud fragments into cloud cores, which
undergo gravitational collapse. A multiple- or single-star
system forms at the center of the cloud core, depending on
the initial magnetic field strength. Models with weaker
magnetic fields tend to form multiple systems with more
companions (Figure 15) and to have more prominent and more
extended arms (Figure 16). The models with 0, 1, 5, and 10 μG
form the systems consisting of three (triple), four (quadruple),
two (binary), and one (single) stars, respectively.
According to our MHD simulations, the natal cloud of IRAS

04239+2436 must have a very weak magnetic field, with a
nondimensional mass-to-flux ratio larger than μ= 2–4, to form
a multiple system. Recent observations of the submillimeter
dust emission polarization also show that the strong magnetic
field in large filamentary structures is weakened down to the
magnetically supercritical condition at small core scales (Doi
et al. 2021). The present observation provides more strong

Figure 12. Comparisons between observations and simulations. (a) The SO 88–77 peak intensities in units of mJy beam−1 and (b) the velocities of the intensity peaks
in units of km s−1 toward IRAS 04239+2436. The source velocity is VLSR = 6.5 km s−1. The SO peak intensity and velocity maps were generated using a threshold of
6σ (0.02 Jy beam−1). The contours in (a) and (b) present the continuum emission at 857 μm. (c) The gas column density distribution and (d) the velocity distribution
of the numerical HD simulation. The arms that are clearly identifiable are named in (a), and the arms that may correspond to the simulation are marked in (c). The
white dots (c) and crosses (d) mark the positions of the three protostars. The simulation was rotated and projected consistently with IRAS 04239+2436.
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with very small (<10 au) continuum disks, planet formation may
have been negatively impacted by the interactions. For all these
reasons, IRAS 04239+2436 is not a likely place for planet
formation.

5. Conclusions

Although most stars form in multiple-star systems, their
formation process is still controversial. In contrast to the single-
star formation process, dynamical interactions take place not

only among the protostars, but also between the central
compact objects and the infalling gaseous envelope. Because
the accretion history can be lost in a few orbital timescales, it is
important to capture the signatures of these dynamical
interactions by zooming into such a system at the earliest
possible formation epoch in order to better understand the
formation process of multiple-star systems. According to our
high-resolution and high-sensitivity ALMA observation, IRAS
04239+2436, which has been known as a protostellar binary
system, shows clear triple spiral arms surrounding a young
potentially triple protostellar system in the SO line emission.
The spiral arms traced by shocked SO gas act as accretion
flows over 400 au in length from the large-scale envelope to the
50 au scale stellar system. The imaging results are compared
with the numerical MHD simulations of analogous systems.
While both magnetic fields and turbulence are important to
shaping the natal molecular cloud, our numerical simulations
suggest that the multiple asymmetric arms may be character-
istic of multiple protostars forming in regions of weak magnetic
fields.
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ABSTRACT

Context. Pre-stellar cores represent a critical evolutionary phase in low-mass star formation. Characterisations of the physical condi-
tions of pre-stellar cores provide important constraints to star and planet formation theory, and are pre-requisite for establishing the
dynamical evolution and the related chemical processes.
Aims. We aim to unveil the detailed thermal structure and density distribution of three early-stage cores, starless core L1517B, and
prestellar core L694-2 and L429, with the high angular resolution observations of the NH3 (1,1) and (2,2) inversion transitions obtained
with VLA and GBT. In addition, we explore where/if NH3 depletes in the central regions of the cores.
Methods. We calculate the physical parameter maps of gas kinetic temperature, NH3 column density, line-width and centroid velocity
of the three cores, utilising the NH3(1,1) and (2,2) lines. We apply the mid-infrared extinction method to the Spitzer 8 µm map to
obtain a high angular resolution hydrogen column density map. We examine the correlation between the derived parameters, and
the properties of individual cores. We derive the gas density profile from the column density maps and assess the variation of NH3
abundance as a function of gas volume density.
Results. The measured temperature profiles of the cores L429 and L1517B show a minor decrease towards the core center, dropping
from ⇠9 K to below 8 K, and ⇠11 K to 10 K, while L694-2 has a rather uniform temperature distribution around ⇠9 K. Among the
three cores, L429 has the highest central gas density, close to sonic velocity line-width, and largest localised velocity gradient, all
indicative of an advanced evolutionary stage. We resolve that the abundance of NH3 becomes 2 times lower in the central region of
L429, occurring around a gas density of 4.4⇥104 cm�3. Compared to Ophiuchus/H-MM1 (Pineda et al. 2022) which shows an even
stronger drop of the NH3 abundance at 2⇥105 cm�3, the abundance variations of the three cores plus Ophiuchus/H-MM1 suggest a
progressive NH3 depletion with increasing central density in pre-stellar cores.

Key words. ISM: pre-stellar core – ISM: L429, L694-2, L1517B – ISM: structure – stars: formation

1. Introduction

Pre-stellar cores represent a critical stage in the process of low-
mass star formation: the molecular gas has reached adequate
density for self-gravity to balance or even surpass the outward
forces (thermal and turbulent pressure, rotation and magnetic
field, see e.g. Myers & Benson 1983, Bergin & Tafalla 2007,
Pineda et al. 2023). Compared to its prior stage of starless cores,
these cores are denser and at the verge of forming protostars. The
significance of studying the physical conditions of pre-stellar
cores is twofold: (1) it sheds light on the physical mechanisms at
play in the imminence of star formation (Keto & Caselli 2010,
Keto et al. 2015), (2) it provides essential constraints on under-
standing the chemical processes that influence the properties of
gas and dust at a critical phase of interstellar medium evolution
(Caselli & Ceccarelli 2012).

Along with the special physical status, pre-stellar cores are
characterised by strong molecular depletion including accre-
tion/freezing onto dust grains, and appear chemically distinc-
tive to the preceding and more evolved core phases. The strong
molecular freeze-out enhances the deuterium fractionation, e.g.,
deuterated isotopologues of NH3 can form through reactions of

NH3 with deuterated ions in the gas phase (Rodgers & Charnley
2001, Roue↵ et al. 2005, Sipilä et al. 2015), the process of which
also a↵ects the abundance of NH3, composing another source of
NH3 depletion. However, among various molecules, nitrogen-
bearing species (e.g., N2H+, NH3) show relative longevity in the
gas (Caselli et al. 1999, Caselli et al. 2002b, Aikawa et al. 2005,
Flower et al. 2006, Bergin & Tafalla 2007, Sipilä et al. 2015)
and have been important molecular tracers of the inner core re-
gion (e.g., Bergin et al. 2006; Friesen et al. 2009; Pineda et al.
2010, 2011; Chitsazzadeh et al. 2014; Pineda et al. 2015). While
previous observations show marginal evidence that ammonia de-
pletion happens at very high gas densities (e.g., Tafalla et al.
2004, Crapsi et al. 2005), recent work based on the deep inter-
ferometric observations towards pre-stellar core Ophiuchus/H-
MM1 (hereafter H-MM1) uncover direct evidence that NH3 de-
pletes already at a few times 105 cm�3 (Pineda et al. 2022); this
showcases the necessity of high angular observations for reveal-
ing the depletion of NH3 and further elucidating the chemical
properties related to NH3 formation, e.g., the volatility of atomic
and molecular nitrogen.

The inversion transitions of NH3 in metastable rotational lev-
els are an important thermometer for dense gas (Ho & Townes
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Fig. 1. Hydrogen column density maps (N(H2)) derived from Spitzer 8 µm extinction. The contours show the integrated intensity map of the main
component of NH3 (1,1) line. The void regions in L694-2 and L1517B of very low N(H2) correspond to nearby bright point 8 µm sources. The
beam size is indicated as a white filled circle in each figure. For L694-2 and L429 the contours start from 1 K km s�1 and 1.5 K km s�1, respectively,
with a spacing of 0.5 K km s�1. For L1517B the contours start from 0.5 K km s�1 with a spacing of 0.3 K km s�1.

and 500 µm emission maps4 from the Herschel/SPIRE tele-
scope5(Gri�n et al. 2010) to facilitate the derivation of the high
angular resolution, hydrogen column density maps (N(H2)) from
the Spitzer/IRAC 8 µm data.

With a modified black-body emission model, we first em-
ployed Herschel/SPIRE maps to derive a dust temperature map
(Tdust) at ⇠2100 resolution (with the high angular resolution
SPIRE maps in the archive) from Spectral Energy Distribution
(SED) fitting. The temperature map is later used to derive the
dust opacity map at 850 µm (⌧850 µm). We adopted dust emissiv-
ities for unprocessed (not coagulated) dust grains with thin ice
mantles from Ossenkopf & Henning (1994) (OH4 model); in this
model, the dust emissivities in the submm regime can be approx-
imated by a power-law form with index of � = 2.0 with a refer-
ence value for the cross section per unit mass of gas at 850 µm,
850 µm, of 0.011 cm2 g�1, adopting a gas-to-dust mass ratio of
100. The corresponding 8 µm is 8.85 cm2 g�1. With this assump-
tion, we neglect the change in dust emissivities in the cores due
to the possibly varying dust grain properties. For example, the
8µm/850 µm decrease with coagulation with increasing gas densi-
ties and the formation of ice mantles, which is likely happening
in the innermost, denser region of these pre-stellar cores (e.g.,
Bergin et al. 2006, Chacón-Tanarro et al. 2017, 2019). We dis-
cuss possible bias and hints for dust opacity variations below and
in Appendix D.

The mid-infrared extinction calculation in Harju et al. (2020)
adopts the ⌧850 µm map to estimate the foreground (and zero point
correction) and background emission level for the 8 µm map.
Specifically, the 8µm map is first masked out of the regions of
high ⌧850 µm (area of dense core) and of high 8µm emission level
(compact bright sources). The background image is then con-
structed by linearly interpolating over the masked regions using
triangulation. For a relatively uniform 8 µm emission field this
method produces a rather smooth background image. In case
of highly locally varying 8µm field, e.g., with bright compact
sources immersed in relatively strong large-scale emission show-
ing low contrast between spatial scales, the masking of bright
sources based on constant threshold can cause visible defect to

No. 2017YFA0402700). Additional funding support is provided by the
Science and Technology Facilities Council of the United Kingdom and
participating universities and organizations in the United Kingdom and
Canada.
4 We adopt the level 2.0 processed data products; the observational ID
(OBSID) for L694-2 is 1342230846, for L429 is 1342239787, and for
L1517B is 1342204843/1342204844.

the interpolated background image. We therefore also adopt the
small-scale median filter method (Butler & Tan 2009) to esti-
mate the emission background, which first e↵ectively smooths
out the local inhomogeneity and then conducts interpolation for
the masked region. The detailed procedure is elaborated in Ap-
pendix D. At any rate, the process of background estimation is
subject to the di�culty of distinguishing between small-scale
background emission variations and the genuine absorbing com-
ponents (Butler & Tan 2009).

Estimation of the foreground emission level Ifg is guided by
the dust opacity map obtained from SED fitting. The foreground
emission is assumed to be spatially constant and is estimated in
an iterative way such that the resultant peak ⌧8 µm after smoothing
achieves better consistency with that predicted by SED, adopting
the dust opacity relations mentioned before. Naturally, the upper
limit of Ifg of the extinction method is the minimum flux level
toward the core center, i.e. when the core absorbs all the back-
ground emission and that the observed flux solely comes from
the foreground emission.

Although the ⌧850 µm is of higher angular resolution compared
to opacity maps from Herschel data, lack of extended emission
inherent to ground-based bolometric observations of SCUBA2
can easily result in underestimates of the true column densities,
which is not necessarily only a↵ecting the extended region of
the core. In our specific case, the 850 µm emission maps avail-
able for the two cores L429 and L694-2 are also rather shallow,
achieving an rms level of �⇠0.15 mJy/arcsec�2 (mass sensitiv-
ity per beam corresponds to 0.05 M� for a source at 200 pc
of temperature 10 K). To improve the quality of the SCUBA2
850 µm emission map and preserve the extended emission, we
resort to a continuum combination method applicable to emis-
sion maps obtained from ground-based bolometers and space
telescopes, which is first proposed by Liu et al. 2015, and fur-
ther developed in Jiao et al. (2022). We utilised the PLANCK
353 GHz (�=850 µm) continuum data for compensating the ex-
tended structures; the PLANCK image was first deconvolved
with a model image of extrapolated 850 µm emission from the
SED of the Herschel maps. We give a brief summary of the
method in Appendix B.

After obtaining a combined 850 µm image (Fig. B.1), we de-
rived a 1400 N(H2) map by applying the Td map to the 850 µm
flux. This N(H2) is relatively free of unexpected uncertainties
compared to the high resolution N(H2) derived from extinc-
tion method. With the assumed dust opacity values, the peak
from the derived ⌧8 µm should match that predicted by ⌧850 µm
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ABSTRACT

Context. Pre-stellar cores represent a critical evolutionary phase in low-mass star formation. Characterisations of the physical condi-
tions of pre-stellar cores provide important constraints to star and planet formation theory, and are pre-requisite for establishing the
dynamical evolution and the related chemical processes.
Aims. We aim to unveil the detailed thermal structure and density distribution of three early-stage cores, starless core L1517B, and
prestellar core L694-2 and L429, with the high angular resolution observations of the NH3 (1,1) and (2,2) inversion transitions obtained
with VLA and GBT. In addition, we explore where/if NH3 depletes in the central regions of the cores.
Methods. We calculate the physical parameter maps of gas kinetic temperature, NH3 column density, line-width and centroid velocity
of the three cores, utilising the NH3(1,1) and (2,2) lines. We apply the mid-infrared extinction method to the Spitzer 8 µm map to
obtain a high angular resolution hydrogen column density map. We examine the correlation between the derived parameters, and
the properties of individual cores. We derive the gas density profile from the column density maps and assess the variation of NH3
abundance as a function of gas volume density.
Results. The measured temperature profiles of the cores L429 and L1517B show a minor decrease towards the core center, dropping
from ⇠9 K to below 8 K, and ⇠11 K to 10 K, while L694-2 has a rather uniform temperature distribution around ⇠9 K. Among the
three cores, L429 has the highest central gas density, close to sonic velocity line-width, and largest localised velocity gradient, all
indicative of an advanced evolutionary stage. We resolve that the abundance of NH3 becomes 2 times lower in the central region of
L429, occurring around a gas density of 4.4⇥104 cm�3. Compared to Ophiuchus/H-MM1 (Pineda et al. 2022) which shows an even
stronger drop of the NH3 abundance at 2⇥105 cm�3, the abundance variations of the three cores plus Ophiuchus/H-MM1 suggest a
progressive NH3 depletion with increasing central density in pre-stellar cores.

Key words. ISM: pre-stellar core – ISM: L429, L694-2, L1517B – ISM: structure – stars: formation

1. Introduction

Pre-stellar cores represent a critical stage in the process of low-
mass star formation: the molecular gas has reached adequate
density for self-gravity to balance or even surpass the outward
forces (thermal and turbulent pressure, rotation and magnetic
field, see e.g. Myers & Benson 1983, Bergin & Tafalla 2007,
Pineda et al. 2023). Compared to its prior stage of starless cores,
these cores are denser and at the verge of forming protostars. The
significance of studying the physical conditions of pre-stellar
cores is twofold: (1) it sheds light on the physical mechanisms at
play in the imminence of star formation (Keto & Caselli 2010,
Keto et al. 2015), (2) it provides essential constraints on under-
standing the chemical processes that influence the properties of
gas and dust at a critical phase of interstellar medium evolution
(Caselli & Ceccarelli 2012).

Along with the special physical status, pre-stellar cores are
characterised by strong molecular depletion including accre-
tion/freezing onto dust grains, and appear chemically distinc-
tive to the preceding and more evolved core phases. The strong
molecular freeze-out enhances the deuterium fractionation, e.g.,
deuterated isotopologues of NH3 can form through reactions of

NH3 with deuterated ions in the gas phase (Rodgers & Charnley
2001, Roue↵ et al. 2005, Sipilä et al. 2015), the process of which
also a↵ects the abundance of NH3, composing another source of
NH3 depletion. However, among various molecules, nitrogen-
bearing species (e.g., N2H+, NH3) show relative longevity in the
gas (Caselli et al. 1999, Caselli et al. 2002b, Aikawa et al. 2005,
Flower et al. 2006, Bergin & Tafalla 2007, Sipilä et al. 2015)
and have been important molecular tracers of the inner core re-
gion (e.g., Bergin et al. 2006; Friesen et al. 2009; Pineda et al.
2010, 2011; Chitsazzadeh et al. 2014; Pineda et al. 2015). While
previous observations show marginal evidence that ammonia de-
pletion happens at very high gas densities (e.g., Tafalla et al.
2004, Crapsi et al. 2005), recent work based on the deep inter-
ferometric observations towards pre-stellar core Ophiuchus/H-
MM1 (hereafter H-MM1) uncover direct evidence that NH3 de-
pletes already at a few times 105 cm�3 (Pineda et al. 2022); this
showcases the necessity of high angular observations for reveal-
ing the depletion of NH3 and further elucidating the chemical
properties related to NH3 formation, e.g., the volatility of atomic
and molecular nitrogen.

The inversion transitions of NH3 in metastable rotational lev-
els are an important thermometer for dense gas (Ho & Townes
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Fig. 11. Radial temperature profiles (solid lines) calculated by
RADMC-3D assuming di↵erent ISRF intensity, and the correspondant
LOS mass averaged temperature profiles (dash-dotted lines).The ver-
tical solid line in gray indicates the position within which gas density is
above 105 cm�3 for each core. The vertical dotted line mark the e↵ec-
tive radius of the obtained Tkin map from fitting the NH3 (1,1) and (2,2)
lines.

Fig. 12. The KDE of the Mach number of the three cores. The mean
values are indicated with vertical line segments of respective colors.
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ABSTRACT

Context. EX Lupi is the prototype by which EXor-type outbursts were defined. It has experienced multiple accretion-related bursts
and outbursts throughout the last decades, whose study have greatly extended our knowledge about the e↵ects of these types of events.
This star experienced a new burst in 2022.
Aims. We aim to investigate whether this recent brightening was caused by temporarily increased accretion or by a brief decrease in
the extinction, and to study the evolution of the EX Lupi system throughout this event.
Methods. We used multi-band photometry to create color-color and color-magnitude diagrams to exclude the possibility that the
brightening could be explained by a decrease in extinction. We obtained spectra using the X-shooter instrument of the Very Large
Telescope (VLT) to determine the Lacc and Ṁacc during the peak of the burst and after its return to quiescence using two di↵erent
methods: empirical relationships between line luminosity and Lacc, and a slab model of the whole spectrum. We examined the 130
year light curve of EX Lupi to provide statistics on the number of outbursts experienced during this period of time.
Results. Our analysis of the data taken during the 2022 burst confirmed that a change in extinction is not responsible for the brighten-
ing. Our two approaches in calculating the Ṁacc were in agreement, and resulted in values that are two orders of magnitude above what
had previously been estimated for EX Lupi using only a couple of individual emission lines, thus suggesting that EX Lupi is a strong
accretor even when in quiescence. We determined that in 2022 March the Ṁacc increased by a factor of 7 with respect to the quiescent
level. We also found hints that even though the Ṁacc had returned to almost its pre-outburst levels, certain physical properties of the
gas (i.e. temperature and density) had not returned to the quiescent values.
Conclusions. We found that the mass accreted during this three month event was 0.8 lunar masses, which is approximately half of
what is accreted during a year of quiescence. We calculated that if EX Lupi remains as active as it has been for the past 130 years,
during which it has experienced at least 3 outbursts and 10 bursts, then it will deplete the mass of its circumstellar material in less
than 160 000 yr.

Key words. stars: pre-main sequence – stars: variables: T Tauri, Herbig Ae/Be – accretion, accretion disks – techniques: spectro-
scopic – stars: individual: EX Lupi

1. Introduction

Over the past 130 years, EX Lupi has experienced at least three
large outbursts (1944, 1955 and 2008) and more than a dozen

? Based on observations collected at the European Southern Obser-
vatory under ESO programmes 085.C-0764, 108.23N8, and 109.24F7.

smaller bursts (see Fig. 1 for the light curve and references). This
star has been taken to be the prototype of eruptive young stars
that experience outbursts of 2–5 magnitudes lasting from a few
months up to a year (EXors, Herbig 1989). Together with their
longer and more powerful counterparts (FUors), they represent
the most dramatic cases of variability in low-mass young stel-
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Context. EX Lupi is the prototype by which EXor-type outbursts were defined. It has experienced multiple accretion-related bursts
and outbursts throughout the last decades, whose study have greatly extended our knowledge about the e↵ects of these types of events.
This star experienced a new burst in 2022.
Aims. We aim to investigate whether this recent brightening was caused by temporarily increased accretion or by a brief decrease in
the extinction, and to study the evolution of the EX Lupi system throughout this event.
Methods. We used multi-band photometry to create color-color and color-magnitude diagrams to exclude the possibility that the
brightening could be explained by a decrease in extinction. We obtained spectra using the X-shooter instrument of the Very Large
Telescope (VLT) to determine the Lacc and Ṁacc during the peak of the burst and after its return to quiescence using two di↵erent
methods: empirical relationships between line luminosity and Lacc, and a slab model of the whole spectrum. We examined the 130
year light curve of EX Lupi to provide statistics on the number of outbursts experienced during this period of time.
Results. Our analysis of the data taken during the 2022 burst confirmed that a change in extinction is not responsible for the brighten-
ing. Our two approaches in calculating the Ṁacc were in agreement, and resulted in values that are two orders of magnitude above what
had previously been estimated for EX Lupi using only a couple of individual emission lines, thus suggesting that EX Lupi is a strong
accretor even when in quiescence. We determined that in 2022 March the Ṁacc increased by a factor of 7 with respect to the quiescent
level. We also found hints that even though the Ṁacc had returned to almost its pre-outburst levels, certain physical properties of the
gas (i.e. temperature and density) had not returned to the quiescent values.
Conclusions. We found that the mass accreted during this three month event was 0.8 lunar masses, which is approximately half of
what is accreted during a year of quiescence. We calculated that if EX Lupi remains as active as it has been for the past 130 years,
during which it has experienced at least 3 outbursts and 10 bursts, then it will deplete the mass of its circumstellar material in less
than 160 000 yr.
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1. Introduction

Over the past 130 years, EX Lupi has experienced at least three
large outbursts (1944, 1955 and 2008) and more than a dozen

? Based on observations collected at the European Southern Obser-
vatory under ESO programmes 085.C-0764, 108.23N8, and 109.24F7.

smaller bursts (see Fig. 1 for the light curve and references). This
star has been taken to be the prototype of eruptive young stars
that experience outbursts of 2–5 magnitudes lasting from a few
months up to a year (EXors, Herbig 1989). Together with their
longer and more powerful counterparts (FUors), they represent
the most dramatic cases of variability in low-mass young stel-
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ABSTRACT

Context. New space telescopes, such as the upcoming PLATO mission, aim to detect and study thousands of exoplanets, especially
terrestrial planets around main-sequence stars. This motivates us to study how these planets formed. How multiple close-in super-
Earths form around stars with masses lower than that of the Sun is still an open issue. Several recent modeling studies have focused on
planet formation around M-dwarf stars, but so far no studies have focused specifically on K dwarfs, which are of particular interest in
the search for extraterrestrial life.
Aims. We aim to reproduce the currently known population of close-in super-Earths observed around K-dwarf stars and their system
characteristics. Additionally, we investigate whether the planetary systems that we form allow us to decide which initial conditions are
the most favorable.
Methods. We performed 48 high-resolution N-body simulations of planet formation via planetesimal accretion using the existing
GENGA software running on GPUs. In the simulations we varied the initial protoplanetary disk mass and the solid and gas surface
density profiles. Each simulation began with 12 000 bodies with radii of between 200 and 2000 km around two different stars, with
masses of 0.6 and 0.8 M�. Most simulations ran for 20 Myr, with several simulations extended to 40 or 100 Myr.
Results. The mass distributions for the planets with masses between 2 and 12 M� show a strong preference for planets with masses
Mp < 6 M� and a lesser preference for planets with larger masses, whereas the mass distribution for the observed sample increases
almost linearly. However, we managed to reproduce the main characteristics and architectures of the known planetary systems and
produce mostly long-term angular-momentum-deficit-stable, nonresonant systems, but we require an initial disk mass of 15 M� or
higher and a gas surface density value at 1 AU of 1500 g cm-2 or higher. Our simulations also produce many low-mass planets with
M < 2 M�, which are not yet found in the observed population, probably due to the observational biases. Earth-mass planets form
quickly (usually within a few million years), mostly before the gas disk dispersal. The final systems contain only a small number of
planets with masses Mp > 10 M�, which could possibly accrete substantial amounts of gas, and these formed after the gas had mostly
dissipated.
Conclusions. We mostly manage to reproduce observed K-dwarf exoplanetary systems from our GPU simulations.

Key words. planets and satellites: formation – planets and satellites: dynamical evolution and stability – planet-disk interactions –
protoplanetary disks

1. Introduction

As of February 2023, more than 5200 exoplanets have been
confirmed from stellar observations1, and several thousand plan-
etary candidates discovered by missions such as Kepler, K2, and
TESS are awaiting confirmation. The majority of these planets
are so-called super-Earths and mini- or sub-Neptunes, which fall
between Earth and Neptune in radius and/or mass; such planets
do not have an equivalent in our Solar System. Almost all known
exoplanets orbit main-sequence stars of spectral categories F, G,
K, or M, and the current programs searching for exoplanets tend
to concentrate on such stars. Generally, Earth-mass planets are
difficult to detect because of their low mass compared to the
star, and Earth-mass planets on Earth-like orbits are even harder
to detect because it requires long pointing periods from tele-
scopes (e.g., Petigura et al. 2013b) and extremely high-precision
measurements. However, this situation is slowly changing. New

1
http://www.exoplanet.eu/

space telescopes, such as the upcoming ESA PLATO mission,
aim to detect and study thousands of exoplanets. The ESA-stated
primary goal of the PLATO mission is the “detection and charac-
terization of terrestrial exoplanets around bright solar-type stars,
with emphasis on planets orbiting in the habitable zone”. F,
G, and K dwarfs are considered to be “solar-like stars”. This
planned mission, among others, will provide exciting new oppor-
tunities for discovering exoplanets with Earth-like orbits and
sizes; we must prepare our science accordingly.

While the new space telescopes allow us to detect and
study exoplanets, the ground-based telescope Atacama Large
Millimeter/sub-millimeter Array (ALMA), which is currently
the largest ground-based astronomical project on Earth, con-
tributes to our understanding of the formation of planets
by imaging the gas and dust in their protoplanetary disks
(ALMA Partnership 2015). The initial conditions for planet for-
mation depend on the properties of the protoplanetary disk the
planets are forming in. These properties vary with the spectral
type of the central star, amongst other things, which indicates

A131, page 1 of 27
Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),

which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.

Astronomy
&Astrophysics

A&A 676, A131 (2023)
https://doi.org/10.1051/0004-6361/202346332
© The Authors 2023

Forming rocky exoplanets around K-dwarf stars
P. Hatalova1,2 , R. Brasser3,4, E. Mamonova1,2 , and S. C. Werner1,2

1 Centre for Earth Evolution and Dynamics (CEED), University of Oslo, PO Box 1028 Blindern, 0315 Oslo, Norway
e-mail: petra.hatalova@geo.uio.no

2 Centre for Planetary Habitability (PHAB), University of Oslo, PO Box 1028 Blindern, 0315 Oslo, Norway
3 Origins Research Institute, Research Centre for Astronomy and Earth Sciences, Konkoly-Thege Miklós út 15–17, 1121 Budapest,

Hungary
4 CSFK, MTA Centre of Excellence, Konkoly-Thege Miklós út 15–17, 1121 Budapest, Hungary

Received 6 March 2023 / Accepted 13 June 2023

ABSTRACT

Context. New space telescopes, such as the upcoming PLATO mission, aim to detect and study thousands of exoplanets, especially
terrestrial planets around main-sequence stars. This motivates us to study how these planets formed. How multiple close-in super-
Earths form around stars with masses lower than that of the Sun is still an open issue. Several recent modeling studies have focused on
planet formation around M-dwarf stars, but so far no studies have focused specifically on K dwarfs, which are of particular interest in
the search for extraterrestrial life.
Aims. We aim to reproduce the currently known population of close-in super-Earths observed around K-dwarf stars and their system
characteristics. Additionally, we investigate whether the planetary systems that we form allow us to decide which initial conditions are
the most favorable.
Methods. We performed 48 high-resolution N-body simulations of planet formation via planetesimal accretion using the existing
GENGA software running on GPUs. In the simulations we varied the initial protoplanetary disk mass and the solid and gas surface
density profiles. Each simulation began with 12 000 bodies with radii of between 200 and 2000 km around two different stars, with
masses of 0.6 and 0.8 M�. Most simulations ran for 20 Myr, with several simulations extended to 40 or 100 Myr.
Results. The mass distributions for the planets with masses between 2 and 12 M� show a strong preference for planets with masses
Mp < 6 M� and a lesser preference for planets with larger masses, whereas the mass distribution for the observed sample increases
almost linearly. However, we managed to reproduce the main characteristics and architectures of the known planetary systems and
produce mostly long-term angular-momentum-deficit-stable, nonresonant systems, but we require an initial disk mass of 15 M� or
higher and a gas surface density value at 1 AU of 1500 g cm-2 or higher. Our simulations also produce many low-mass planets with
M < 2 M�, which are not yet found in the observed population, probably due to the observational biases. Earth-mass planets form
quickly (usually within a few million years), mostly before the gas disk dispersal. The final systems contain only a small number of
planets with masses Mp > 10 M�, which could possibly accrete substantial amounts of gas, and these formed after the gas had mostly
dissipated.
Conclusions. We mostly manage to reproduce observed K-dwarf exoplanetary systems from our GPU simulations.

Key words. planets and satellites: formation – planets and satellites: dynamical evolution and stability – planet-disk interactions –
protoplanetary disks

1. Introduction

As of February 2023, more than 5200 exoplanets have been
confirmed from stellar observations1, and several thousand plan-
etary candidates discovered by missions such as Kepler, K2, and
TESS are awaiting confirmation. The majority of these planets
are so-called super-Earths and mini- or sub-Neptunes, which fall
between Earth and Neptune in radius and/or mass; such planets
do not have an equivalent in our Solar System. Almost all known
exoplanets orbit main-sequence stars of spectral categories F, G,
K, or M, and the current programs searching for exoplanets tend
to concentrate on such stars. Generally, Earth-mass planets are
difficult to detect because of their low mass compared to the
star, and Earth-mass planets on Earth-like orbits are even harder
to detect because it requires long pointing periods from tele-
scopes (e.g., Petigura et al. 2013b) and extremely high-precision
measurements. However, this situation is slowly changing. New

1
http://www.exoplanet.eu/

space telescopes, such as the upcoming ESA PLATO mission,
aim to detect and study thousands of exoplanets. The ESA-stated
primary goal of the PLATO mission is the “detection and charac-
terization of terrestrial exoplanets around bright solar-type stars,
with emphasis on planets orbiting in the habitable zone”. F,
G, and K dwarfs are considered to be “solar-like stars”. This
planned mission, among others, will provide exciting new oppor-
tunities for discovering exoplanets with Earth-like orbits and
sizes; we must prepare our science accordingly.

While the new space telescopes allow us to detect and
study exoplanets, the ground-based telescope Atacama Large
Millimeter/sub-millimeter Array (ALMA), which is currently
the largest ground-based astronomical project on Earth, con-
tributes to our understanding of the formation of planets
by imaging the gas and dust in their protoplanetary disks
(ALMA Partnership 2015). The initial conditions for planet for-
mation depend on the properties of the protoplanetary disk the
planets are forming in. These properties vary with the spectral
type of the central star, amongst other things, which indicates

A131, page 1 of 27
Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),

which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.

0.8⠘כ0.6⠘ס韬ꄈסն㜀꣊׾鳠מ硌㜀꣊硌㛙䘄佔ت٭ؓ٭ق٭ت׾׿׈䎬䡗מ㍱⼽סյK満佔עך鑜乃ס׆
鲣䫘ג׿׈յ鈝峮ֿגזֵך⮵䘄佔ֿ僗ס┖♓ն6M_Eגז٤؅车٘ب٭ِٖٝبס48י䔩佔؅榫ַסח2ס
飃㏐杶ס泡稗氳㘃ⱶעכ㵚拨氳גזֵךն仴湳ס硌ס攐䐶؅⫋杯עמ״ג׾׌յ15M_E♓┕ס⮣僿⫃泅韬ꄈ
מ״גסتؓؕفյעך٤٘ب٭ِٖٝبնגזֵך辐ꪫ㳡䈱ֿ䑒釐ت؝ס┕♓1500g cm-2ך⛣1㛾乃ⶡכ
ت؝⾒㕙סյ㛡ׂ׿׈䎬䡗מ䓦鵭ע䘄佔סն㏐杶韬ꄈג׿׈榟䡗׵䘄佔ס┖♓M_E 2ַםַי׿׈鈝峮דױ
⫃泅ֿ丆鶱מ⯥׾׌䎬䡗ֿג׿׈յ10 M_E♓┕ס䘄佔ע䏲מ䎬䡗ג׿׈ն



MNRAS 525, 4129–4142 (2023) https://doi.org/10.1093/mnras/stad2581 
Advance Access publication 2023 August 25 
The VLT MUSE NFM view of outflows and externally photoevaporating 
discs near the orion bar ⋆ 

Thomas J. Haworth , 1 ‹† Megan Reiter , 2 C. Robert O’Dell, 3 Peter Zeidler, 4 Olivier Berne, 5 
Carlo F. Manara , 6 Giulia Ballabio , 7 Jinyoung S. Kim, 8 John Bally, 9 Javier R. Goicoechea, 10 
Mari-Liis Aru, 6 Aashish Gupta 6 and Anna Miotello 6 
1 Astronomy Unit, School of Physics and Astronomy, Queen Mary University of London, London E1 4NS, UK 
2 Department of Physics and Astronomy, Rice University, 6100 Main St - MS 108, Houston, TX 77005, USA 
3 Department of Physics and Astronomy, Vanderbilt University, Nashville, TN 37235-1807, USA 
4 AURA for the European Space Agency (ESA), ESA Office, Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, MD 21218, USA 
5 Institut de Rec herc he en Astrophysique et Plan ́etolo gie, Univer sit ́e de Toulouse , CNRS, CNES, UPS, 9 Av. du colonel Roche, 31028 Toulouse Cedex 04, France 
6 European Southern Observatory, Karl-Sc hwarzsc hild-Str asse 2, 85748 Garching bei M ̈unchen, Germany 
7 Astr ophysics Gr oup, Imperial Colleg e London, Black ett Laboratory, Prince Consort Road, London SW7 2AZ, UK 
8 Steward Observatory, University of Arizona, 933 N. Cherry Ave, Tucson, AZ 85721-0065, USA 
9 Center for Astrophysics and Space Astronomy, Astrophysical and Planetary Sciences Department, University of Colorado, UCB 389 Boulder, Colorado 
80309, USA 
10 Instituto de F ́ısica Fundamental (CSIC). Calle Serrano 121-123, 28006 Madrid, Spain 
Accepted 2023 August 23. Received 2023 August 23; in original form 2023 July 17 
A B S T R A C T 
We present Very Large Telescope/Multi-Unit Spectroscopic Explorer Narrow Field Mode observations of a pair of disc-bearing 
young stellar objects towards the Orion Bar: 203–504 and 203–506. Both of these discs are subject to external photoe v aporation, 
where winds are launched from their outer regions due to environmental irradiation. Intriguingly, despite having projected 
separation from one another of only 1.65 arcsec(660 au at 400 pc), 203–504 has a classic teardrop shaped ‘proplyd’ morphology 
pointing towards θ2 Ori A (indicating irradiation by the EUV of that star, rather than θ1 Ori C) but 203–506 has no ionization 
front, indicating it is not irradiated by stellar EUV at all. Ho we ver, 203–506 does sho w [C I ] 8727 Å and [O I ] 6300 Å in emission, 
indicating irradiation by stellar FUV. This explicitly demonstrates the importance of FUV irradiation in driving mass loss from 
discs. We conclude that shielding of 203–506 from EUV is most likely due to its position on the observers side of an ionized layer 
lying in the foreground of the Huygens Region. We demonstrate that the outflow HH 519, previously thought to be emanating 
from 203–504 is actually an irradiated cloud edge and identify a new compact outflow from that object approximately along our 
line of sight with a velocity ∼130 km s −1 . 
Key words: planets and satellites: formation – stars: formation – stars: jets – stars: protostars – ISM: HII regions – ISM: kine- 
matics and dynamics. 
1  I N T RO D U C T I O N  
With ever increasing numbers of exoplanets being disco v ered (Gaudi, 
Meyer & Christiansen 2021 ), there is a need to understand how the 
planet formation process contributes to exoplanet diversity. There 
is now o v erwhelming evidence that planets form from circumstellar 
‘planet-forming’ discs, to the extent that we can even directly observe 
young planets within them in some cases (Keppler et al. 2018 ; Pinte 
et al. 2018 ; Teague et al. 2018 ; Haffert et al. 2019 ; Pinte et al. 2022 ). 
Our most detailed studies of these have typically been targeting large 
radius discs in the most nearby star forming regions, which are the 
easiest to detect and resolve features in. Those have provided great 
⋆ E-mail: t.haworth@qmul.ac.uk 
† Based on observations collected at the European Southern Observatory 
under ESO programme 110.259E.001. 

insight into the gas and dust composition and conditions, revealing 
sub-structures that may possibly be associated with the planet 
formation process, or planets themselves (e.g. ALMA Partnership 
2015 ; Dipierro et al. 2015 ; Andrews et al. 2018 ; Zhang et al. 2018 ; 
Pinte et al. 2020 ; Öberg et al. 2021 ). While those observations of 
nearby bright discs are extremely important, recently there is a shift 
towards trying to study more typical planet-forming discs. For nearby 
regions, this entails studying in detail those of more typical radii ( R ≤
50 au, Zhang et al. 2023 ; Miotello et al. 2021 , Miley et al. submitted, 
and the DECO ALMA large program: 2022.1.00875.L, PI: Cleeves). 
Ho we ver, for a truly general understanding of planet-forming disc 
evolution and planet formation we need to look to more distant, more 
massive, stellar clusters. 

The Sun is currently located in the middle of a supernova driven 
bubble that probably induced our nearest ( ∼140 pc distant) instances 
of star formation (for example, in Taurus and Lupus Zucker et al. 
2022 ). These are all low-mass star forming regions, containing of 
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חמ鈝峮ס203-506צ׻萴ַ䔩佔㵚霄203-504ֽסח2׾ֵמ㏐㓊٭ف٤؛ٛ؛յעך鑜乃ס׆
յ660׽ֽי׊鲣䫘מꪜ䅻ע㵚霄ס׼׿׆ն׌ױַי׊鐄伺יַ au־׊ꦕ׎ױַי׿؆ֿյ䷑㵣稗
㑔وشٞغؓؔطյ׿׈׼׈מEUV䷑㵣稗ס׼־յθ2 Ori Aעն203-504׌ױ׽ם䑴璻ֿ樟׾׌㵚מ
FUV䷑㵣סյ䔩佔ַֿםַי拨㵣؅⹨ׄסEUVעն┉亠յ203-506׌ױ׊ց䎬敯؅炐غٛوٞوրס
稗׾׻מ[C I] 8727 Åֽצ׻[O I] 6300 Åס䷑㵣稗؅炐׌ױ׊նע׿׆յס׼־ؠتؔظס׼׿׆韬ꄈ
䮇㜊؅껮Ⳃ׾׌꤀סFUV拨㵣ס䏔Ⱏ؅䍚鐧׌ױַי׊ն203-506סEUVס׼־鹃襞עյٗؕت٤أꯛ
㓊⯥俌٤؛ؕ׾ֵמ⴫㷺ס鈝峮縖⣐מ⛣糋כ״ג׾׌縒ֻ׌ױ׿׼նס׆溿狒עյؓؗ٭ٞنع
HH 519ס鏰閁⮯؅伺׊מ־׼յ硜130 km/sס鵭䈱؅䧏ס׼־203-504ח二ؗؓعؠق٤ؤַ׊
ն׌ױ׊❠嬼㴔؅䬠׾׌꞊מ梪㗞ם邾ꥭס׼׿׆յ׊؅攐㲊٭ٞنع
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Abstract
Accretion plays a central role in the physics that governs the evolution and dispersal of protoplanetary disks.

The primary goal of this paper is to analyze the stability over time of the mass accretion rate onto TW Hya, the
nearest accreting solar-mass young star. We measure veiling across the optical spectrum in 1169 archival high-
resolution spectra of TW Hya, obtained from 1998–2022. The veiling is then converted to accretion rate using
26 flux-calibrated spectra that cover the Balmer jump. The accretion rate measured from the excess continuum
has an average of 2.51⇥ 10�9 M� yr�1 and a Gaussian distribution with a FWHM of 0.22 dex. This accretion
rate may be underestimated by a factor of up to 1.5 because of uncertainty in the bolometric correction and
another factor of 1.7 because of excluding the fraction of accretion energy that escapes in lines, especially Ly↵.
The accretion luminosities are well correlated with He line luminosities but poorly correlated with H↵ and H�
luminosity. The accretion rate is always flickering over hours but on longer timescales has been stable over 25
years. This level of variability is consistent with previous measurements for most, but not all, accreting young
stars.

Unified Astronomy Thesaurus concepts: Classical T Tauri stars (252); Protoplanetary disks (1300); Stellar ac-
cretion disks (1579); Variable stars (1761); High resolution spectroscopy (2096)

1. Introduction
The evolution of protoplanetary disks and the final out-

come of any planet formation depends in part on how gas
flows through the disk (see review by Manara et al. 2022).
Since the flows within the disk are challenging to measure,
we often infer the global flow rate by measuring accretion
from the disk onto the star. The disk-to-star accretion rate
appears to vary on all timescales and with a wide range of
amplitude (see reviews by Hartmann et al. 2016; Fischer et al.
2022).

The accretion rate and flow properties can be measured us-
ing many emission lines and in continuum emission, both of
which are produced as material flows from the disk along
the stellar magnetosphere and crashes at the stellar surface.
The energy of the infalling gas is initially deposited at the
base of the accretion flow, which is shock-heated to ⇠ 106 K
(e.g. Calvet & Gullbring 1998; Lamzin 1998). The accretion
shock itself occurs near the stellar surface and heats the sur-
rounding photosphere to ⇠ 104 K (e.g. Drake 2005; Brick-
house et al. 2012; Bonito et al. 2014). Most of the accretion
energy is reprocessed and escapes as hydrogen continuum
emission from the heated photosphere (e.g. Calvet & Gull-
bring 1998), which may then be used to measure accretion
rates after scaling by a bolometric correction (e.g. Valenti
et al. 1993; Hartigan et al. 1995; Gullbring et al. 1998). The
funnel flows and accretion shock also produce line emission
(e.g. Muzerolle et al. 2000; Kurosawa et al. 2006; Donati
et al. 2014), which may be converted into an accretion lumi-
nosity or accretion rate using correlations with the accretion

continuum measurements (e.g. Natta et al. 2004; Fang et al.
2009; Alcalá et al. 2017).

Each of the observable diagnostics of accretion rate has
its own advantages and disadvantages. Photometry covers
large samples on short and long timescales, though changes
in accretion are difficult to unambiguously distinguish from
other phenomena, such as chromospheric flares, changing
spot coverage fractions, and extinction (e.g., Bouvier et al.
1993; Cody et al. 2014; Hillenbrand et al. 2022). Flux-
calibrated spectra covering the Balmer jump provide an in-
stantaneous measurement of accretion, but with repeated ob-
servations for only a few objects (e.g. Robinson & Espaillat
2019). Multi-epoch measurements of veiling in optical high-
resolution spectra provide a consistent set of accretion rates,
assuming that the underlying photospheric emission remains
constant (e.g. Johns-Krull & Basri 1997; Alencar et al. 2012).
Variability may also be inferred from changes in line emis-
sion (e.g. Scholz et al. 2005; Costigan et al. 2014), although
for one accreting young star, XX Cha, large changes in the
accretion continuum did not result in significant changes in
line luminosities (Claes et al. 2022). Some recent work has
combined spectroscopy with extensive photometric monitor-
ing to interpret the photometric changes with more precision
and across longer periods of time (e.g. Venuti et al. 2021;
Zsidi et al. 2022; Fiorellino et al. 2022; Bouvier et al. 2020,
2023), with typical changes in accretion rate of ⇠ 0.3 dex.

In this paper, we contribute to these efforts to under-
stand accretion variability by analzying 1169 high-resolution
spectra of the classical T Tauri star (CTTS) TW Hya, ob-
tained over 25 years. As one of the closest and bright-

2

ն׌ױַי׊㱦㲊䓪؅鐧削ס韬ꄈ꡸浓曍׾ֽׄמTW Hya׾ֵך萴ַ䔩佔ס鲣ַ㜀꣊韬ꄈ׵յ僃ע溿狒ס׆
峮㲊ג׿׈韬ꄈ꡸浓曍עյ䇖㏯ך䇗ꝴ2.51 × 10^(-9) MͶ yr^(-1) ךյFWHM0.22ע dex ׌ךնע׿׆յ
遨塜ס┘澬㲔䓪׽׻מ僃㛻1.5⠘յגױLyα؅٭؟ٜؾؙס׼־٤ؕٚסלםꢜ㛙׽׻מכ׆׾׌僃㛻1.7
⠘⛥ׂ鍐❫׾ַי׿׈⺎耆䓪ֵֿ׌ױ׽ն韬ꄈ꡸浓ס魞䈱עHeٚؕס٤魞䈱כ䍚ׂ注꞊ֿ׌ױ׊յHα
յ׽ֽי׊㱦㲊ע韬ꄈ꡸浓曍ךյ25䇗ꝴֿ׌ױ׊氦榟ע㚺Ⳃסն湾僿׌ױ׊䍏ׂ注꞊עכ魞䈱סHβצ׻ֽ
ն׌ךס׵׾׿׼釤ך萴ַ䔩佔סל؆כ׮ע׿׆
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Abstract 
In the conventional theory of planet formation, it is assumed that protoplanetary disks 
are axisymmetric and have a smooth radial profile. However, recent radio observations 
of protoplanetary disks have revealed that many of them have complex radial structures. 
In this study, we perform a series of N -body simulations to investigate how planets are 
formed in protoplanetary disks with radial structures. For this purpose, we consider the 
effect of continuous pebble accretion onto the discontinuity boundary within the terres- 
trial planet-forming region ( ∼0.6 au). We find that protoplanets grow efficiently at the 
discontinuity boundary, reaching the Earth mass within ∼10 4 yr. We confirm that giant 
collisions of protoplanets occur uni ver sally in our model. Moreover, we find that multiple 
planet-sized bodies form at regular intervals in the vicinity of the discontinuity boundary. 
These results indicate the possibility of the formation of solar system-like planetary 
systems in radially structured protoplanetary disks. 
Key words: methods: numerical —planets and satellites: formation —planets and satellites: terrestrial planets 

1 Introduction 
One of the pioneering studies of planetary formation theory 
was conducted by Chushiro Hayashi’s group at Kyoto Uni- 
versity (Hayashi 1981 ; Hayashi et al. 1985 ). In their sce- 
nario, the planetary formation process starts from a disk 
that is stable against self-gravity. This disk is assumed to 
have a dust component consistent with the current mass of 
planets, and the dust-gas ratio comes from the solar abun- 
dance [the minimum-mass solar nebula model (MMSN)]. 
First, dust condenses to the midplane of the disk. Then, 
planetesimals are formed through the gravitational insta- 
bility of dust. The planetesimals grow through mutual 
collisions to form planets. Furthermore, they showed that, 

when the mass of a protoplanet reaches a certain critical 
value ( ! 10 M ⊕), disk gas flows into the planet, forming 
a gas giant (Mizuno 1980 ). Since this model successfully 
described the sequence of terrestrial planets, gas giants, and 
icy planets, it came to be regarded as the standard theory 
of planet formation, even though many difficulties were 
known. 

Some of the most critical problems have been resolved. 
For example, the problem of the formation time of Jupiter 
has been resolved by the realization that planetesimals 
grow through the runaway process (Wetherill & Stewart 
1989 ; Ida & Makino 1993 ; Kokubo & Ida 1996 ). How- 
ever, several problems remain unresolved, including planet 
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ABSTRACT

Context. Hydrodynamical simulations solve the governing equations on a discrete grid of space and time. This discretization causes
numerical di↵usion similar to a physical viscous di↵usion, whose magnitude is often unknown or poorly constrained. With the current
trend of simulating accretion disks with no or very low prescribed physical viscosity, it becomes essential to understand and quantify
this inherent numerical di↵usion, in the form of a numerical viscosity.
Aims. We study the behavior of the viscous spreading ring and the spiral instability that develops in it. We then use this setup to
quantify the numerical viscosity in Cartesian grids and study its properties.
Methods. We simulate the viscous spreading ring and the related instability on a two-dimensional polar grid using PLUTO as well as
FARGO, and ensure the convergence of our results with a resolution study. We then repeat our models on a Cartesian grid and measure
the numerical viscosity by comparing results to the known analytical solution, using PLUTO and Athena++.
Results. We find that the numerical viscosity in a Cartesian grid scales with resolution as approximately ⌫num / �x

2 and is equivalent
to an e↵ective ↵ ⇠ 10�4 for a common numerical setup. We also show that the spiral instability manifests as a single leading spiral
throughout the whole domain on polar grids. This is contrary to previous results and indicates that su�cient resolution is necessary
in order to correctly resolve the instability.
Conclusions. Our results are relevant in the context of models where the origin should be included in the computational domain,
or when polar grids cannot be used. Examples of such cases include models of disk accretion onto a central binary and inherently
Cartesian codes.

Key words. Hydrodynamics – accretion, accretion disks – protoplanetary disks – Methods: numerical

1. Introduction

Hydrodynamical simulations are a useful tool in studying a vari-
ety of astrophysical processes. An example of such a process is
the accretion flow of a protoplanetary disk around a star. Accre-
tion is thought to be achieved via turbulence operating in parts
of the disk (Lyra & Umurhan 2019), that transports angular mo-
mentum radially outwards similar to a viscosity (Lynden-Bell
& Pringle 1974; Balbus & Papaloizou 1999), or via a magnetic
torque that is applied on the material close to the surface of the
disk as a stellar wind expels gas from the disk surface layers (Bai
& Stone 2013) with bulk of the disk remaining inviscid and lam-
inar. The result, particularly in protoplanetary disks, is a steady
radial infall of gas that ultimately depletes the disk over typical
timescales of 1–10 Myr Haisch et al. (2001).

While turbulent angular momentum transport has been the
traditional way of modeling accretion, numerous recent obser-
vations of disks around T Tauri stars (e.g., the DSHARP survey,
Andrews et al. 2018) suggest very low ↵ . 10�4 in order for
turbulence to be compatible with the radial width of observed
rings (Dullemond et al. 2018), the vertical structure of mm grains
(Dullemond et al. 2022) and the formation of rings and gaps
by embedded planets (Zhang et al. 2018). As a result, magnetic

winds are becoming a favored means of interpreting accretion in
protoplanetary disks, and numerical models of such disks tend
towards the inviscid limit (e.g., Lega et al. 2022).

Here, however, we run into a di↵erent problem: the numeri-
cal schemes used to model protoplanetary disks introduce a cer-
tain amount of numerical di↵usion. The magnitude of this di↵u-
sion, is often unknown or poorly constrained. Thus, calculating
an upper limit to this non-physical di↵usion, or equivalently a
"numerical viscosity", is essential in ensuring that results are not
a↵ected by the e↵ects it can induce. This is particularly impor-
tant for models using Cartesian grids, which are primarily used
when the central object should be included in the simulation do-
main such as when modeling accretion patterns around binary
stars (e.g. Tiede et al. 2021), or for certain MHD codes (e.g.,
Fromang et al. 2006). Analogue issues also appear when an ob-
ject is not centered on a polar grid, which is often the case for
circumplanetary disks (e.g., Crida et al. 2009). Grid-noise due to
the asymmetric nature of Voronoi-mesh cells has also been iden-
tified as a source of numerical di↵usion in moving mesh codes
(Zier & Springel 2022). In these cases, the geometry of the grid
introduces a very high numerical viscosity and as a result models
require the execution of very computationally expensive, high-
resolution simulations.
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introduces a very high numerical viscosity and as a result models
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Abstract 
A planet embedded in a protoplanetary disk produces a gap by disk–planet interaction. 
It also generates velocity perturbation of gas, which can also be observed as deviations 
from the Keplerian rotation in the channel map of molecular line emission, called kine- 
matic planetary features. These observed signatures provide clues to determine the mass 
of the planet. We investigated the features induced by a planet with an inclined orbit 
through three-dimensional hydrodynamic simulations. We found that a smaller planet, 
with an inclination of ∼10 ◦–20 ◦, can produce kinematic features as prominent as those 
induced by a massive coplanar planet. Despite the kinematic features being similar, the 
gap is shallower and narrower compared with the case in which the kinematic features 
are formed by a coplanar planet. We also found that the kinematic features induced by an 
inclined planet were fainter for rarer CO isotopologues because the velocity perturbation 
is weaker at the position closer to the midplane, which was different in the case with a 
coplanar massive planet. This dependence on the isotopologues is distinguished if the 
planet has an inclined orbit. We discussed two observed kinematic features in the disk of 
HD 163296. We concluded that the kink observed at 220 au can be induced by an inclined 
planet, while the kink at 67 au is consistent to that induced by a coplanar planet. 
Key words: protoplanetary disk —planet —disk interaction —submillimeter: planetary systems 

1 Introduction 
A planet is formed in a protoplanetary disk and gravita- 
tionally interacts with the surrounding gas via spiral waves 
(Lin & Papaloizou 1979 ; Goldreich & Tremaine 1980 ). 
When a planet is sufficiently large, a gas-depleted region 
is formed along with the planet’s orbit, called a plane- 
tary gap (e.g., Lin & Papaloizou 1986 ; Kley 1999 ; Crida 
et al. 2006 ; Duffell & MacFadyen 2013 ; Fung et al. 2014 ; 
Kanagawa et al. 2015 ). Recent observations with the Ata- 
cama Large Millimeter/submillimeter Array (ALMA) have 

revealed a number of protoplanetary disks with gap struc- 
tures (e.g., ALMA Partnership 2015 ; Tsukagoshi et al. 
2016 ; Long et al. 2018 ; Andrews et al. 2018 ; van der 
Marel et al. 2019 , Cieza et al. 2019 ). The planetary gap is 
one of the convincing origins which explain these observed 
gap structures, although other processes [e.g., the dust 
evolution in the vicinity of the snow line (Zhang et al. 
2015 ; Okuzumi et al. 2016 ), secular gravitational instabil- 
ities (Takahashi & Inutsuka 2014 , 2016 ), and disk-wind 
(Takahashi & Muto 2018 )] are also proposed. Moreover, 
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A B S T R A C T 
The formation of star clusters involves the growth of smaller, gas-rich subclusters through accretion of gas from the giant 
molecular cloud (GMC) within which the subclusters are embedded. The two main accretion mechanisms responsible for this 
are accretion of gas from dense filaments and from the ambient background of the cloud. We perform simulations of both of these 
accretion processes onto gas-rich star clusters using coupled smoothed particle hydrodynamics to model the gas and N-body 
dynamics to model the stars. We find that, for both accretion processes, the accreting star cluster loses some of its original mass 
while gaining mass from either the ambient background or the dense filament. The amount of mass lost from both of these 
processes is small compared to the total mass of the cluster. Ho we ver, in the case of accretion from a background medium, the 
net effect can be a decrease in the total mass of the cluster if it is travelling fast enough through the ambient medium ( > 4 km s −1 ). 
We find that the amount of mass lost from the cluster through filamentary accretion is independent of the density, width, or 
number of filaments funnelling gas into the cluster and is al w ays such that the mass of the cluster is constantly increasing with 
time. We compare our results to idealized prescriptions used to model star cluster formation in larger scale GMC simulations 
and find that such prescriptions act as an upper limit when describing the mass of the star cluster they represent. 
Key words: stars: formation – stars: kinematics and dynamics – galaxies: star clusters: general. 

1  I N T RO D U C T I O N  
Star-forming regions throughout galaxies are found to comprise of 
dense molecular gas that can collapse to form stars. These stars form 
clustered groups that can contain many stars gravitationally bound 
to one another (called star clusters). Such clusters are embedded 
inside these giant molecular clouds (GMCs) in their early stages of 
evolution (Lada & Lada 2003 ). This embedded phase of the star 
cluster’s life tends to last only a few Myr, after which the cluster 
is able to remo v e surrounding gas through stellar feedback effects 
(Pelupessy & Portegies Zwart 2012 ; Li et al. 2019 ). Interactions 
between the embedded star cluster and the surrounding molecular 
gas at this time can have an effect on the o v erall evolution of the star 
cluster. 

Because of turbulence, the distribution of the gas surrounding star 
clusters in GMCs can be very complicated. For example, observations 
performed by the Herschel telescope find that such star-forming 
clouds are filled with filamentary structure (see Andr ́e et al. 2014 
and references therein). Furthermore, these filaments do not exist on 
their own, but are often found in hub systems, which contain many 
groups of filaments, that can surround young clusters or young stellar 
objects (YSOs) (e.g Peretto et al. 2014 ; Fukui et al. 2019 ; Bhadari 
et al. 2022 ; Kumar et al. 2022 ; Wong et al. 2022 ). As these filaments 
evolv e, the y dev elop dense cores (e.g. Men’shchikov et al. 2010 , 
Arzoumanian et al. 2011 ) within which stars and star clusters can 
form. The remaining filamentary gas can then be accreted onto the 
cluster (e.g Kirk et al. 2013 ). 
⋆ E-mail: karamj2@mcmaster.ca 

The sizes of these star clusters can vary, but numerical simulations 
of GMC ev olution ha ve shown that smaller star clusters (subclusters) 
can evolve into more massive ones. Two important mechanisms for 
this growth are subcluster mergers and accretion of the background 
gas in which the cluster is embedded (Howard, Pudritz & Harris 
2018 ; hereafter H18 ). We focus on the latter in this work and point 
the reader to Karam & Sills ( 2022 ) (hereafter Paper I ) for a study of 
subcluster mergers. 

Simulating star formation inside GMCs is computationally chal- 
lenging because of the small timesteps required to properly model 
the high-density gas. Therefore, in order to model star cluster 
formation and evolution alongside the rest of the GMC, a sink 
particle prescription is often used. A commonly used prescription 
is that described in Federrath et al. ( 2010 ), which was used in H18 . 
This approach models a subcluster of gas and stars as a sink with 
parameters that describe its o v erall behaviour (i.e. the total mass, 
position, and velocity) rather than resolving the cluster as a collection 
of individual stars and gas. Though sink particles drastically reduce 
computation time, a caveat to their use is that the internal evolution 
of the stars and gas that make up the star cluster is unknown. For 
e xample, in P aper I , we found that the sink particle prescription does 
not provide the full picture regarding subcluster mergers present in 
H18 . We found that the merger of two clusters unbinds a fraction of 
the stars and gas from both clusters involved. Because sink particles 
do not account for this detail, we concluded that they could be 
o v erestimating the total mass of a system, which is the result of 
a cluster merger ( Paper I ). 

While simulations have been performed to study gas accretion 
processes onto clusters in more detail, they come with their own 
set of limitations. F or e xample, simulations performed by Naiman, 
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Abstract

We conducted isothermal magnetohydrodynamics simulations with self-gravity to investigate the properties of
dense cores in cluster-forming clumps. Two different setups were explored: a single rotating clump and colliding
clumps. We focused on determining the extent to which the rotation and magnetic field of the parental clump are
inherited by the formed dense cores. Our statistical analysis revealed that the alignment between the angular
momentum of dense cores, Lcore, and the rotational axis of the clump is influenced by the strength of turbulence
and the simulation setup. In single rotating clumps, we found that Lcore tendsto align with the clump’s rotational
axis if the initial turbulence is weak. In colliding clumps, however, this alignmentdoes not occur, regardless of the
initial turbulence strength. This misalignment in colliding clumps is due to the induced turbulence from the
collision and the isotropic gas inflow into dense cores. Our analysis of colliding clumps also revealed that the
magnetic field globally bends along the shock-compressed layer, and the mean magnetic field of dense cores, Bcore,
aligns with it. Both in single rotating clumps and colliding clumps, we found that the angle between Bcore and Lcore
is generally random, regardless of the clump properties. We also analyzed the dynamical states of the formed cores
and found a higher proportion of unbound cores in colliding clumps. In addition, the contribution of rotational
energy was only approximately 5% of the gravitational energy, regardless of the model parameters for both single
and colliding cases.

Unified Astronomy Thesaurus concepts: Molecular gas (1073); Star formation (1569); Magnetohydrodynamical
simulations (1966)

1. Introduction

Gravitationally bound dense cores undergo collapse to form
protostellar systems, which eventually evolve into stars. The
angular momentum of these cores is a crucial factor in the
creation of protostellar systems, as it plays a key role in the
formation of protoplanetary disks (e.g., Belloche et al. 2002;
Sai et al. 2023). The interplay between a rotating accretion disk
and a magnetic field is responsible for the launching of
protostellar outflows (e.g., Tomisaka 2002; Matsumoto &
Tomisaka 2004; Banerjee & Pudritz 2006). The angular
momentum of the protoplanetary disk is inherited from the
dense core, and previous studies have shown that outflows tend
to be launched parallel to the disk’s angular momentum (e.g.,
Tomisaka 2002; Matsumoto & Tomisaka 2004; Launhardt
et al. 2009). In addition, the magnetic field within collapsing
cores serves as the primary means for the gas to lose angular
momentum through magnetic braking, which could inhibit
protoplanetary disk formation (Mellon & Li 2008). Therefore,
the initial structures and distributions of angular momentum,
magnetic fields, and their relationship within dense cores are
critical parameters in protostellar evolution.

Top-down simulations of cluster formation provide a powerful
tool for studying the formation and evolution of star clusters (e.g.,
Klessen et al. 2000; Bate et al. 2003; Nakamura & Li 2007;

Vázquez-Semadeni et al. 2011; Padoan et al. 2014), allowing us to
explore the complex interplay between environmental conditions,
angular momentum, and magnetic fields in cluster-forming
regions. By simulating the collapse of cluster-forming clumps
and the subsequent formation of dense cores, these simulations
can shed light on the origin and properties of the angular
momentum and magnetic fields of cores, as well as their
implications for protostellar outflows and disk formation (e.g.,
Chen & Ostriker 2018; Kuznetsova et al. 2019, 2020; Arroyo-
Chávez & Vázquez-Semadeni 2022; Misugi et al. 2023). For
example, Chen & Ostriker (2018) investigated the properties of
dense cores in magnetohydrodynamics (MHD) simulations of
large-scale converging flows. They suggest that the internal and
external magnetic fields are correlated and the angular momentum
of cores is acquired from ambient turbulence. Misugi et al. (2023)
investigated the filament fragmentation process and the properties
and evolution of angular momentum in dense cores. These studies
highlight the importance of the interplay between dense regions
and their environments in determining core properties.
Recent observations have revealed the velocity fields of

massive cluster-forming clumps (∼103Me), are often complex,
exhibiting two or more velocity components when observed
with high-density tracers such as C18O and H13CO+. These
components are sometimes interpreted as evidence of clump–
clump collisions (e.g., Higuchi et al. 2010; Torii et al. 2011).
Higuchi et al. (2010) detected 13 cluster-forming clumps with
100–1400Me in H13CO+ line emission and found 4 of them
have distinct velocity gradients and multiple components with
different velocities. They proposed that collisions between

The Astrophysical Journal, 955:122 (24pp), 2023 October 1 https://doi.org/10.3847/1538-4357/acf1f9
© 2023. The Author(s). Published by the American Astronomical Society.

Original content from this work may be used under the terms
of the Creative Commons Attribution 4.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

1

Unveiling the Dynamics of Dense Cores in Cluster-forming Clumps: A 3D
Magnetohydrodynamics Simulation Study of Angular Momentum and Magnetic Field

Properties

Shinichi. W. Kinoshita1,2 and Fumitaka Nakamura1,2,3
1 Department of Astronomy, the University of Tokyo 7-3-1 Hongo, Bunkyo, Tokyo 113-0033, Japan
2 National Astronomical Observatory of Japan NINS, 2-21-1 Osawa, Mitaka, Tokyo 181-8588, Japan

3 The Graduate University for Advanced Studies (SOKENDAI) 2-21-1 Osawa, Mitaka, Tokyo 181-0015, Japan; kinoshita.shinichi@grad.nao.ac.jp
Received 2023 May 25; revised 2023 August 17; accepted 2023 August 17; published 2023 September 26

Abstract

We conducted isothermal magnetohydrodynamics simulations with self-gravity to investigate the properties of
dense cores in cluster-forming clumps. Two different setups were explored: a single rotating clump and colliding
clumps. We focused on determining the extent to which the rotation and magnetic field of the parental clump are
inherited by the formed dense cores. Our statistical analysis revealed that the alignment between the angular
momentum of dense cores, Lcore, and the rotational axis of the clump is influenced by the strength of turbulence
and the simulation setup. In single rotating clumps, we found that Lcore tendsto align with the clump’s rotational
axis if the initial turbulence is weak. In colliding clumps, however, this alignmentdoes not occur, regardless of the
initial turbulence strength. This misalignment in colliding clumps is due to the induced turbulence from the
collision and the isotropic gas inflow into dense cores. Our analysis of colliding clumps also revealed that the
magnetic field globally bends along the shock-compressed layer, and the mean magnetic field of dense cores, Bcore,
aligns with it. Both in single rotating clumps and colliding clumps, we found that the angle between Bcore and Lcore
is generally random, regardless of the clump properties. We also analyzed the dynamical states of the formed cores
and found a higher proportion of unbound cores in colliding clumps. In addition, the contribution of rotational
energy was only approximately 5% of the gravitational energy, regardless of the model parameters for both single
and colliding cases.

Unified Astronomy Thesaurus concepts: Molecular gas (1073); Star formation (1569); Magnetohydrodynamical
simulations (1966)

1. Introduction

Gravitationally bound dense cores undergo collapse to form
protostellar systems, which eventually evolve into stars. The
angular momentum of these cores is a crucial factor in the
creation of protostellar systems, as it plays a key role in the
formation of protoplanetary disks (e.g., Belloche et al. 2002;
Sai et al. 2023). The interplay between a rotating accretion disk
and a magnetic field is responsible for the launching of
protostellar outflows (e.g., Tomisaka 2002; Matsumoto &
Tomisaka 2004; Banerjee & Pudritz 2006). The angular
momentum of the protoplanetary disk is inherited from the
dense core, and previous studies have shown that outflows tend
to be launched parallel to the disk’s angular momentum (e.g.,
Tomisaka 2002; Matsumoto & Tomisaka 2004; Launhardt
et al. 2009). In addition, the magnetic field within collapsing
cores serves as the primary means for the gas to lose angular
momentum through magnetic braking, which could inhibit
protoplanetary disk formation (Mellon & Li 2008). Therefore,
the initial structures and distributions of angular momentum,
magnetic fields, and their relationship within dense cores are
critical parameters in protostellar evolution.

Top-down simulations of cluster formation provide a powerful
tool for studying the formation and evolution of star clusters (e.g.,
Klessen et al. 2000; Bate et al. 2003; Nakamura & Li 2007;

Vázquez-Semadeni et al. 2011; Padoan et al. 2014), allowing us to
explore the complex interplay between environmental conditions,
angular momentum, and magnetic fields in cluster-forming
regions. By simulating the collapse of cluster-forming clumps
and the subsequent formation of dense cores, these simulations
can shed light on the origin and properties of the angular
momentum and magnetic fields of cores, as well as their
implications for protostellar outflows and disk formation (e.g.,
Chen & Ostriker 2018; Kuznetsova et al. 2019, 2020; Arroyo-
Chávez & Vázquez-Semadeni 2022; Misugi et al. 2023). For
example, Chen & Ostriker (2018) investigated the properties of
dense cores in magnetohydrodynamics (MHD) simulations of
large-scale converging flows. They suggest that the internal and
external magnetic fields are correlated and the angular momentum
of cores is acquired from ambient turbulence. Misugi et al. (2023)
investigated the filament fragmentation process and the properties
and evolution of angular momentum in dense cores. These studies
highlight the importance of the interplay between dense regions
and their environments in determining core properties.
Recent observations have revealed the velocity fields of

massive cluster-forming clumps (∼103Me), are often complex,
exhibiting two or more velocity components when observed
with high-density tracers such as C18O and H13CO+. These
components are sometimes interpreted as evidence of clump–
clump collisions (e.g., Higuchi et al. 2010; Torii et al. 2011).
Higuchi et al. (2010) detected 13 cluster-forming clumps with
100–1400Me in H13CO+ line emission and found 4 of them
have distinct velocity gradients and multiple components with
different velocities. They proposed that collisions between
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Abstract

We present the spectra of complex organic molecules (COMs) detected in HOPS 373SW with the Atacama Large
Millimeter/submillimeter Array (ALMA). HOPS 373SW, which is a component of a protostellar binary with a
separation of 1500au, has been discovered as a variable protostar by the JCMT transient monitoring survey with a
modest (∼30%) brightness increase at submillimeter wavelengths. Our ALMA target-of-opportunity observation at
∼345 GHz for HOPS 373SW revealed extremely young chemical characteristics with strong deuteration of
methanol. The dust continuum opacity is very high toward the source center, obscuring line emission from within
0 03. The other binary component, HOPS 373NE, was detected only in C17O in our observation, implying a cold
and quiescent environment. We compare the COM abundances relative to CH3OH in HOPS 373SW with those of
V883 Ori, which is an eruptive disk object, as well as other hot corinos, to demonstrate the chemical evolution
from envelope to disk. High abundances of singly, doubly, and triply deuterated methanol (CH2DOH, CHD2OH,
and CD3OH) and a low CH3CN abundance in HOPS 373SW compared to other hot corinos suggest a very early
evolutionary stage of HOPS 373SW in the hot corino phase. Since the COMs detected in HOPS 373SW would
have been sublimated very recently from grain surfaces, HOPS 373SW is a promising place to study the surface
chemistry of COMs in the cold prestellar phase before sublimation.

Unified Astronomy Thesaurus concepts: Star formation (1569); Astrochemistry (75)

1. Introduction

Comets and asteroids reveal that the solar nebula was rich in
water and organic molecules. The recent Rosetta mission also
showed that many complex organic molecules (COMs; carbon-
bearing molecules made of six or more atoms), as well as so-
called prebiotic molecules, which could be precursors of amino
acids and sugars, exist in the comet 67P/C-G (Altwegg et al.
2017). These organics, together with water, could have been
brought to the young Earth’s surface by comets and asteroids,
which are believed to preserve some compositions from the
early stage of star formation. Therefore, the investigation of
COMs in the circumstellar environments of Sun-like young
stellar objects is important to better infer the chemical
distribution in our solar system.

Significant progress has been made recently thanks to the
Atacama Large Millimeter/submillimeter Array (ALMA)
observations of low-mass protostars in various transitions of
COMs (Imai et al. 2016; Jørgensen et al. 2016; López-Sepulcre
et al. 2017; Jacobsen et al. 2019; Sahu et al. 2019; Belloche
et al. 2020; van Gelder & Tabone 2020; Yang et al.
2020, 2021; Hsu et al. 2022). The hot corinos, where forming
stars heat the surrounding material above the sublimation

temperature (100 K) of the water-ice mantles of dust grains, are
very rich in COMs (Ceccarelli et al. 2007), although not all
protostars are observed to develop hot corinos. Hot corinos are
discovered predominantly toward the youngest and most
embedded Class 0 protostars with bolometric luminosities
greater than 5 Le (Belloche et al. 2020; Yang et al. 2020; Hsu
et al. 2022). On the other hand, COMs as rich as those in hot
corinos have been rarely detected in disks, except for special
cases, such as the disk surface of HH 212 (Lee et al. 2019a) and
the eruptive disk midplane of V883 Ori (van ’t Hoff et al. 2018;
Lee et al. 2019b).
Chemical models for COMs require both gas- and ice-phase

processes in protostellar environments, although ice chemistry
is essential to the formation of COMs. During the warm-up
phase (20–40 K) developed by protostellar accretion, COMs
form efficiently via diffusion of radicals and molecules on
grains (Garrod & Herbst 2006). However, in cold prestellar
cores, other mechanisms, such as cosmic ray–induced chem-
istry (Shingledecker et al. 2018) and nondiffusive reactions
(Chang & Herbst 2016; Jin & Garrod 2020), may be important
to explain the observed abundances of COMs. We need to
explore how organic complexity evolves over the protostellar
lifetime to resolve the details of how the formation chemistry of
COMs proceeds. Therefore, observations and comparisons of
COMs across a wide range of evolutionary stages are critical.
Recently, the ALMA Survey of Orion Planck Galactic Cold

Clumps (ALMASOP) project for 11 class 0 hot corinos
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Abstract

We present the spectra of complex organic molecules (COMs) detected in HOPS 373SW with the Atacama Large
Millimeter/submillimeter Array (ALMA). HOPS 373SW, which is a component of a protostellar binary with a
separation of 1500au, has been discovered as a variable protostar by the JCMT transient monitoring survey with a
modest (∼30%) brightness increase at submillimeter wavelengths. Our ALMA target-of-opportunity observation at
∼345 GHz for HOPS 373SW revealed extremely young chemical characteristics with strong deuteration of
methanol. The dust continuum opacity is very high toward the source center, obscuring line emission from within
0 03. The other binary component, HOPS 373NE, was detected only in C17O in our observation, implying a cold
and quiescent environment. We compare the COM abundances relative to CH3OH in HOPS 373SW with those of
V883 Ori, which is an eruptive disk object, as well as other hot corinos, to demonstrate the chemical evolution
from envelope to disk. High abundances of singly, doubly, and triply deuterated methanol (CH2DOH, CHD2OH,
and CD3OH) and a low CH3CN abundance in HOPS 373SW compared to other hot corinos suggest a very early
evolutionary stage of HOPS 373SW in the hot corino phase. Since the COMs detected in HOPS 373SW would
have been sublimated very recently from grain surfaces, HOPS 373SW is a promising place to study the surface
chemistry of COMs in the cold prestellar phase before sublimation.
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1. Introduction

Comets and asteroids reveal that the solar nebula was rich in
water and organic molecules. The recent Rosetta mission also
showed that many complex organic molecules (COMs; carbon-
bearing molecules made of six or more atoms), as well as so-
called prebiotic molecules, which could be precursors of amino
acids and sugars, exist in the comet 67P/C-G (Altwegg et al.
2017). These organics, together with water, could have been
brought to the young Earth’s surface by comets and asteroids,
which are believed to preserve some compositions from the
early stage of star formation. Therefore, the investigation of
COMs in the circumstellar environments of Sun-like young
stellar objects is important to better infer the chemical
distribution in our solar system.

Significant progress has been made recently thanks to the
Atacama Large Millimeter/submillimeter Array (ALMA)
observations of low-mass protostars in various transitions of
COMs (Imai et al. 2016; Jørgensen et al. 2016; López-Sepulcre
et al. 2017; Jacobsen et al. 2019; Sahu et al. 2019; Belloche
et al. 2020; van Gelder & Tabone 2020; Yang et al.
2020, 2021; Hsu et al. 2022). The hot corinos, where forming
stars heat the surrounding material above the sublimation

temperature (100 K) of the water-ice mantles of dust grains, are
very rich in COMs (Ceccarelli et al. 2007), although not all
protostars are observed to develop hot corinos. Hot corinos are
discovered predominantly toward the youngest and most
embedded Class 0 protostars with bolometric luminosities
greater than 5 Le (Belloche et al. 2020; Yang et al. 2020; Hsu
et al. 2022). On the other hand, COMs as rich as those in hot
corinos have been rarely detected in disks, except for special
cases, such as the disk surface of HH 212 (Lee et al. 2019a) and
the eruptive disk midplane of V883 Ori (van ’t Hoff et al. 2018;
Lee et al. 2019b).
Chemical models for COMs require both gas- and ice-phase

processes in protostellar environments, although ice chemistry
is essential to the formation of COMs. During the warm-up
phase (20–40 K) developed by protostellar accretion, COMs
form efficiently via diffusion of radicals and molecules on
grains (Garrod & Herbst 2006). However, in cold prestellar
cores, other mechanisms, such as cosmic ray–induced chem-
istry (Shingledecker et al. 2018) and nondiffusive reactions
(Chang & Herbst 2016; Jin & Garrod 2020), may be important
to explain the observed abundances of COMs. We need to
explore how organic complexity evolves over the protostellar
lifetime to resolve the details of how the formation chemistry of
COMs proceeds. Therefore, observations and comparisons of
COMs across a wide range of evolutionary stages are critical.
Recently, the ALMA Survey of Orion Planck Galactic Cold
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A B S T R A C T 
Recent numerical simulations have revealed that dust clumping and planetesimal formation likely proceed in ring-like disc 
substructures, where dust gets trapped in weakly turbulent pressure maxima. The streaming instability has difficulty operating in 
such rings with external turbulence and no pressure gradient. To explore potential paths to planetesimal formation in this context, 
we analyse the stability of turbulent dust-trapping ring under the shearing sheet framework. We self-consistently establish the 
pressure maximum and the dust ring in equilibrium, the former via a balance of external forcing versus viscosity and the latter 
via dust drift versus turbulent diffusion. We find two types of ! H -scale instabilities ( H being the pressure scale height), which 
we term the dusty Rossby wave instability (DRWI). Type I is generalized from the standard Rossby wave instability (RWI, which 
is stationary at the pressure maximum and dominates in relatively sharp pressure bumps. Type II is a newly identified travelling 
mode that requires the presence of dust. It can operate in relatively mild bumps, including many that are stable to the standard 
RWI, and its growth rate is largely determined by the equilibrium gas and dust density gradients. We further conduct two-fluid 
simulations that verify the two types of the DRWI. While Type I leads strong to dust concentration into a large gas vortex 
similar to the standard RWI, the dust ring is preserved in Type II, and meanwhile exhibiting additional clumping within the ring. 
The DRWI suggests a promising path towards formation of planetesimals/planetary embryos and azimuthally asymmetric dust 
structure from turbulent dust-trapping rings. 
Key words: hydrodynamics – instabilities – methods: analytical – methods: numerical – planets and satellites: formation –
protoplanetary discs. 

1  I N T RO D U C T I O N  
It has recently been established that ring-like substructures are 
ubiquitous among extended protoplanetary discs (PPDs), as revealed 
by ALMA [ALMA Partnership et al. 2015 ; Andrews et al. 2018 ; for 
a re vie w, see Andre ws ( 2020 )]. While the formation mechanisms of 
such ring-like substructures are debated [see e.g. Bae et al. ( 2022 ) 
for a re vie w], they are belie ved to reflect dust trapping in turbulent 
pressure bumps (e.g. Dullemond et al. 2018 ; Rosotti et al. 2020 ). 
Such dust-trapping sites not only retain the dust by preventing or 
slo wing do wn radial drift (e.g. Pinilla et al. 2012 ), but also allow dust 
density to build up, and it has been speculated to be preferred sites 
for planetesimal formation (e.g. Pinilla & Youdin 2017 ; Dullemond 
et al. 2018 ). 

Conventionally, planetesimal formation is believed to be trig- 
gered by the streaming instability (SI; Youdin & Goodman 2005 ) 
between gas and marginally or weakly coupled dust as a result of 
reciprocal dust-gas aerodynamic drag. The source of free energy 
behind the SI arises from the background radial pressure gradient, 
which induces relative drift between gas and dust. Once the dust 
⋆ E-mail: liuhanpu@stu.pku.edu.cn (HL): xbai@tsinghua.edu.cn (XB) 

abundance (vertically integrated dust-to-gas mass ratio) exceeds a 
certain threshold (depending on dust size, typically ! 0.02; Bai & 
Stone 2010 ; but see Li & Youdin 2021 ), the SI is found in simulations 
to lead to efficient dust clumping, with clumps dense enough to 
form planetesimals directly by gravitational collapse (e.g. Johansen, 
Youdin & Mac Low 2009 ; Carrera, Johansen & Davies 2015 ; Yang, 
Johansen & Carrera 2017 ). Ho we ver, if turbulent dust-trapping ring- 
like substructures are common as found in observations, the SI 
paradigm for planetesimal formation in such dust rings faces two 
challenges. First, most existing simulations did not include external 
turb ulence, b ut studies have found that modest turbulence of viscous 
parameter α ∼ 10 −3 suffices to impede the development of the SI 
(Chen & Lin 2020 ; Umurhan, Estrada & Cuzzi 2020 ) and SI-induced 
clumping (Umurhan et al. 2020 ). Secondly, the SI does not operate 
at the pressure maxima where most of the dust is concentrated 
(but see Auffinger & Laibe 2018 ; Hsu & Lin 2022 ), although SI- 
induced dust clumping remains efficient in low-pressure-gradient 
regions near pressure bumps (Carrera et al. 2021 ; without external 
turbulence). 

More realistic models of dust rings should incorporate turbulence 
as well as a certain driving mechanism that leads to ring forma- 
tion, and recent simulations along this line suggested instabilities 
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a re vie w, see Andre ws ( 2020 )]. While the formation mechanisms of 
such ring-like substructures are debated [see e.g. Bae et al. ( 2022 ) 
for a re vie w], they are belie ved to reflect dust trapping in turbulent 
pressure bumps (e.g. Dullemond et al. 2018 ; Rosotti et al. 2020 ). 
Such dust-trapping sites not only retain the dust by preventing or 
slo wing do wn radial drift (e.g. Pinilla et al. 2012 ), but also allow dust 
density to build up, and it has been speculated to be preferred sites 
for planetesimal formation (e.g. Pinilla & Youdin 2017 ; Dullemond 
et al. 2018 ). 

Conventionally, planetesimal formation is believed to be trig- 
gered by the streaming instability (SI; Youdin & Goodman 2005 ) 
between gas and marginally or weakly coupled dust as a result of 
reciprocal dust-gas aerodynamic drag. The source of free energy 
behind the SI arises from the background radial pressure gradient, 
which induces relative drift between gas and dust. Once the dust 
⋆ E-mail: liuhanpu@stu.pku.edu.cn (HL): xbai@tsinghua.edu.cn (XB) 

abundance (vertically integrated dust-to-gas mass ratio) exceeds a 
certain threshold (depending on dust size, typically ! 0.02; Bai & 
Stone 2010 ; but see Li & Youdin 2021 ), the SI is found in simulations 
to lead to efficient dust clumping, with clumps dense enough to 
form planetesimals directly by gravitational collapse (e.g. Johansen, 
Youdin & Mac Low 2009 ; Carrera, Johansen & Davies 2015 ; Yang, 
Johansen & Carrera 2017 ). Ho we ver, if turbulent dust-trapping ring- 
like substructures are common as found in observations, the SI 
paradigm for planetesimal formation in such dust rings faces two 
challenges. First, most existing simulations did not include external 
turb ulence, b ut studies have found that modest turbulence of viscous 
parameter α ∼ 10 −3 suffices to impede the development of the SI 
(Chen & Lin 2020 ; Umurhan, Estrada & Cuzzi 2020 ) and SI-induced 
clumping (Umurhan et al. 2020 ). Secondly, the SI does not operate 
at the pressure maxima where most of the dust is concentrated 
(but see Auffinger & Laibe 2018 ; Hsu & Lin 2022 ), although SI- 
induced dust clumping remains efficient in low-pressure-gradient 
regions near pressure bumps (Carrera et al. 2021 ; without external 
turbulence). 

More realistic models of dust rings should incorporate turbulence 
as well as a certain driving mechanism that leads to ring forma- 
tion, and recent simulations along this line suggested instabilities 
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