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toward 39 Class 0 and Class I sources in the Perseus molecular cloud. N2H+ and HCO+ are destroyed via gas-phase
reactions with CO and H2O, respectively, thus tracing the CO and H2O snowline locations. A snowline location at
a much larger radius than that expected from the current luminosity suggests that an accretion burst has occurred
in the past which has shifted the snowline outward. We identified 18/18 Class 0 and 9/10 Class I post-burst sources
from N2H+, and 7/17 Class 0 and 1/8 Class I post-burst sources from HCO+. The accretion luminosities during the
past bursts are found to be ∼ 10 − 100 L⊙. This result can be interpreted as either evolution of burst frequency or
disk evolution. In the former case, assuming that refreeze-out timescales are 1000 yr for H2O and 10,000 yr for CO,
we found that the intervals between bursts increases from 2400 yr in the Class 0 to 8000 yr in the Class I stage. This
decrease in the burst frequency may reflect that fragmentation is more likely to occur at an earlier evolutionary stage
when the young stellar object is more prone to instability.
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We present 1.3mm ALMA observations of polarized dust emission toward the wide-binary protostellar system BHR
71 IRS1 and IRS2. IRS1 features what appears to be a natal, hourglass-shaped magnetic field. In contrast, IRS2
exhibits a magnetic field that has been affected by its bipolar outflow. Toward IRS2, the polarization is confined
mainly to the outflow cavity walls. Along the northern edge of the redshifted outflow cavity of IRS2, the polarized
emission is sandwiched between the outflow and a filament of cold, dense gas traced by N2D+, toward which no dust
polarization is detected. This suggests that the origin of the enhanced polarization in IRS2 is the irradiation of the
outflow cavity walls, which enables the alignment of dust grains with respect to the magnetic field—but only to a
depth of ∼ 300 au, beyond which the dust is cold and unpolarized. However, in order to align grains deep enough in
the cavity walls, and to produce the high polarization fraction seen in IRS2, the aligning photons are likely to be in the
mid- to far-infrared range, which suggests a degree of grain growth beyond what is typically expected in very young,
Class 0 sources. Finally, toward IRS1 we see a narrow, linear feature with a high (10–20%) polarization fraction and
a well ordered magnetic field that is not associated with the bipolar outflow cavity. We speculate that this feature
may be a magnetized accretion streamer; however, this has yet to be confirmed by kinematic observations of dense-gas
tracers.
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Recent ALMA observations may indicate a surprising abundance of sub-Jovian planets on very wide orbits in proto-
planetary discs that are only a few million years old. These planets are too young and distant to have been formed via
the Core Accretion (CA) scenario, and are much less massive than the gas clumps born in the classical Gravitational
Instability (GI) theory. It was recently suggested that such planets may form by the partial destruction of GI proto-
planets: energy output due to the growth of a massive core may unbind all or most of the surrounding pre-collapse
protoplanet. Here we present the first 3D global disc simulations that simultaneously resolve grain dynamics in the disc
and within the protoplanet. We confirm that massive GI protoplanets may self-destruct at arbitrarily large separations
from the host star provided that solid cores of mass around 10–20 Earth masses are able to grow inside them during
their pre-collapse phase. In addition, we find that the heating force recently analysed by Masset and Velasco Romero
(2017) perturbs these cores away from the centre of their gaseous protoplanets. This leads to very complicated dust
dynamics in the protoplanet centre, potentially resulting in the formation of multiple cores, planetary satellites, and
other debris such as planetesimals within the same protoplanet. A unique prediction of this planet formation scenario
is the presence of sub-Jovian planets at wide orbits in Class 0/I protoplanetary discs.
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Results from new BVRI photometric observations of the pre-MS stars V521 Cyg and FHO 27 collected during the
period from February 2015 to July 2019 are presented. These stars are embedded in the LDN 935, dubbed “The Gulf
of Mexico” in the active star-forming complex NGC 7000/IC 5070. Previous studies revealed them as variables with
large amplitude brightness variations. Our new observations show that the stars continue to exhibit strong photometric
variability and fading events in the brightness. On the basis of the new data received and the data available in the
literature, we were able to specify the periodicity in the brightness variations of V521 Cyg. In the case of FHO 27, we
found a significant peak in its periodogram corresponding to 893 days period.
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How water is delivered to planetary systems is a central question in astrochemistry. The deuterium fractionation of
water can serve as a tracer for the chemical and physical evolution of water during star formation and can constrain
the origin of water in Solar System bodies.

The aim is to determine the HDO/H2O ratio in the inner warm gas toward three low-mass Class 0 protostars selected
to be in isolated cores, i.e., not associated with any cloud complexes. Previous sources for which the HDO/H2O

27

2



Making sub-Jovian planets via GI 5189

Figure 1. Liberated gravitational potential energy from core formation as
a fraction of protoplanet binding energy from equation (4). The protoplanet
has a mass of 5 MJ and a solid core central density of 5 g cm−3. It takes a
core of 17 M⊕ to unbind this protoplanet if it has a radius of 1 au.

can grow faster than the cooling time-scale for GI protoplanets then
they have the potential to completely unbind them.

3 N U M E R I C A L M E T H O D S

This work extends previous simulations by Nayakshin & Cha
(2013), Nayakshin (2017b), and Humphries & Nayakshin (2018)
and complements 3D simulations of core formation inside GI
planets by Nayakshin (2018). We model gas and dust in proto-
planetary discs with the coupled smoothed particle hydrodynamics
(SPH) and N-body code GADGET-3 (see Springel 2005). Gas is
modelled with an ideal equation of state with adiabatic index γ =
7/5, appropriate for a pre-collapse GI protoplanet dominated by
molecular hydrogen at a few hundred Kelvin (Boley et al. 2007).
An N-body tree algorithm is used to calculate the gravitational forces
for all components in the system. We use a slight modification of
the simple β cooling model (Gammie 2001) in which gas specific
internal energy u evolves according to

du

dt
= −u − ueq

tcool
, (6)

where ueq = kBTeq/(µ(γ − 1)), kB is the Boltzmann constant and µ=
2.45mp is the mean molecular weight for gas of Solar composition.
The equilibrium temperature mimics irradiation from the star and
is given by Teq = 20K (100 au/R)1/2. Similar to Nayakshin (2017b),
we set the cooling time tcool to

tcool(R) = β#−1
K

(
1 + ρ

ρcrit

)5

, (7)

where β = 5 and #K = (GM∗/R3)1/2 is the local Keplerian angular
frequency at R. The term in the brackets in equation (7) quenches
radiative cooling at gas densities higher than ρcrit = 2 × 10−11

g cm−3 in order to capture the long cooling time-scales inside GI
protoplanets (Helled & Bodenheimer 2011). Dust grains in our
model are treated as a set of Lagrangian particles embedded in
the gas that experience aerodynamical drag (Lorén-Aguilar & Bate
2015). We consider a variety of grain sizes (a) but consider a fixed
grain density (ρa) of 3 g cm−3 to simulate silicate grains. We use a
semi-implicit integration scheme that captures both short and long
stopping time regimes and include the back-reaction on the gas

(Humphries & Nayakshin 2018). Self-gravity of both dust and gas
particles is computed via N-body methods.

3.1 Modelling the solid core

Sink particles are often introduced in hydrodynamical simulations
to deal with gravitational collapse of a part of the system that can
no longer be resolved (e.g. Bate, Bonnell & Price 1995). For the
problem at hand, we introduce a dust-only sink in the protoplanet
centre. We set the sink radius rsink to 0.03 au, comparable to the
minimum SPH smoothing length in the centre of the protoplanet.
Dust particles that are within rsink and gravitationally bound to the
sink are accreted. The sink particle is introduced at t = 0 and its
initial mass is set to 10−3 M⊕, which is small enough to not influence
the initial dynamics of either gas or dust. Note that collapse of the gas
component on to the sink does not occur in our simulations even
when the sink grows very massive. This is because the radiative
cooling time-scale for gas very near the solid core is much longer
than the duration of these simulations.

We assign the core a constant material density ρc = 5 g cm−3.
This represents a constant density mix of silicates and iron with a
similar composition to the Earth (ρ⊕ = 5.51 g cm−3). As this core
grows, its gravitational potential energy is released into the gas at
the centre of the protoplanet. If the energy release was instantaneous
the accretion luminosity Lc = GṀMc/rc, would be very high, since
the rates of core growth within our protoplanets are as large as
Ṁc = 10−2 M⊕ yr−1.

However, the rate at which this potential energy is released is
strongly dependent on the internal physics of the core and the core-
gas boundary, neither of which we are able to resolve in this paper.
Brouwers, Vazan & Ormel (2018) show using 1D simulations in the
context of the CA scenario that solids settling on to a massive core
undergo vaporization in the hot gas near to the core, this limits the
rate at which feedback energy can be released during core growth.
We set a parameter tacc to smooth out energy release in order to
account for this, although we are limited to relatively short time-
scales of 103 and 104 due to the numerical cost of our simulations.
We address this point further in Section 6.

In practice, the rate of the energy injection is therefore given by
a luminosity Lc and follows the prescriptions from Nayakshin &
Power (2010) and Nayakshin (2015b). At any given time the
luminosity of the core is given by

Lc = GMc

rc

(
Mres

tacc

)
, (8)

where Mres represents a ‘reservoir’ of accreted pebbles that evolves
such that

dMres

dt
= Ṁpeb − Mres

tacc
. (9)

Note that this prescription releases the correct amount of energy
when integrated over time and yields the instantaneous accretion
luminosity in the limit tacc → 0.

Since we do not model radiative transfer in this paper, we adopt
a simplified energy transfer prescription and inject the heat into the
SPH neighbour particles of the sink. The corresponding thermal
energy is passed to the nearest 160 SPH neighbours of the sink,
weighted by the SPH kernel.1

1We vary this neighbour number in Appendix A.
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toward 39 Class 0 and Class I sources in the Perseus molecular cloud. N2H+ and HCO+ are destroyed via gas-phase
reactions with CO and H2O, respectively, thus tracing the CO and H2O snowline locations. A snowline location at
a much larger radius than that expected from the current luminosity suggests that an accretion burst has occurred
in the past which has shifted the snowline outward. We identified 18/18 Class 0 and 9/10 Class I post-burst sources
from N2H+, and 7/17 Class 0 and 1/8 Class I post-burst sources from HCO+. The accretion luminosities during the
past bursts are found to be ∼ 10 − 100 L⊙. This result can be interpreted as either evolution of burst frequency or
disk evolution. In the former case, assuming that refreeze-out timescales are 1000 yr for H2O and 10,000 yr for CO,
we found that the intervals between bursts increases from 2400 yr in the Class 0 to 8000 yr in the Class I stage. This
decrease in the burst frequency may reflect that fragmentation is more likely to occur at an earlier evolutionary stage
when the young stellar object is more prone to instability.
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We present 1.3mm ALMA observations of polarized dust emission toward the wide-binary protostellar system BHR
71 IRS1 and IRS2. IRS1 features what appears to be a natal, hourglass-shaped magnetic field. In contrast, IRS2
exhibits a magnetic field that has been affected by its bipolar outflow. Toward IRS2, the polarization is confined
mainly to the outflow cavity walls. Along the northern edge of the redshifted outflow cavity of IRS2, the polarized
emission is sandwiched between the outflow and a filament of cold, dense gas traced by N2D+, toward which no dust
polarization is detected. This suggests that the origin of the enhanced polarization in IRS2 is the irradiation of the
outflow cavity walls, which enables the alignment of dust grains with respect to the magnetic field—but only to a
depth of ∼ 300 au, beyond which the dust is cold and unpolarized. However, in order to align grains deep enough in
the cavity walls, and to produce the high polarization fraction seen in IRS2, the aligning photons are likely to be in the
mid- to far-infrared range, which suggests a degree of grain growth beyond what is typically expected in very young,
Class 0 sources. Finally, toward IRS1 we see a narrow, linear feature with a high (10–20%) polarization fraction and
a well ordered magnetic field that is not associated with the bipolar outflow cavity. We speculate that this feature
may be a magnetized accretion streamer; however, this has yet to be confirmed by kinematic observations of dense-gas
tracers.
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• 数Myrの円盤で中心星から遠くにある土星質量くらいの惑星の
存在が、ALMA観測による円盤ギャップによって示唆されている 

• コア集積では若くて遠すぎるので形成するのが難しい(ペブル
を使っても若すぎる/十分な量のペブルがない) 

• 古典的な重力不安定だと低質量な惑星は形成できない 
• 重力不安定で形成された原始惑星の中のコアの成長によって、
重力エネルギーが周りのガスに渡されることで、原始惑星が崩
壊する → コアが残されて惑星が形成できるのでは 

• 円盤内と原始惑星内の粒子の力学を分解して、3次元で円盤全体
のシミュレーションを行った 

• まず、コアからのフィードバックなしで計算を行い、コア成
長への影響が最も高いペブルサイズを決める 

• 1サイズのペブルを用いてコアからのフィードバックありで計
算を行う

全束縛エネルギーに対する、解放される
重力ポテンシャルエネルギーの割合

5188 J. Humphries and S. Nayakshin

(Humphries & Nayakshin 2018) on the evolution of GI protoplanets
in their pebble-rich parent discs. Newly born GI protoplanets are
initially very extended with radii of ∼1 au. After a characteristic
cooling time, hydrogen molecules in the protoplanet dissociate and
it collapses to a tightly bound Jupiter analogue (Bodenheimer 1974;
Helled et al. 2014). During this cooling phase protoplanets are
vulnerable to tidal disruption via interactions with the central star
or with other protoplanets, which may destroy many of these nascent
planets if they migrate to separations closer than 20 au (Humphries
et al. 2019).

Additionally, pebble accretion plays a key role in the evolution of
GI protoplanets. Observations (Tychoniec et al. 2018) suggest that
young Class 0 protoplanetary discs contain as much as hundreds
of Earth masses in pebble-sized grains. These will be focused
inside protoplanets as they are born (Boley & Durisen 2010) and
accreted during any subsequent migration (Johansen & Lacerda
2010; Ormel & Klahr 2010; Baruteau, Meru & Paardekooper
2011). Both analytical work (Nayakshin 2015a) and 3D simulations
(Humphries & Nayakshin 2018) demonstrate that protoplanets
accrete the majority of mm and above sized dust grains that enter
their Hill spheres, considerably enhancing their total metal content.
Once accreted, these pebbles are expected to grow and settle rapidly
inside the protoplanet, likely becoming locked into a massive core
(Kuiper 1951; Boss, Wetherill & Haghighipour 2002; Helled &
Schubert 2008; Boley et al. 2010; Nayakshin 2010, 2011).

Nayakshin (2016) showed via 1D population synthesis models
that core formation inside young GI protoplanets may in fact release
enough heat to remove some or all of their gaseous envelopes.
This process could therefore downsize GI protoplanets, making
GI a more physically plausible scenario for hatching ALMA
planets. This idea is also attractive because of parallels with other
astrophysical systems, e.g. galaxies losing much of their initial
gaseous mass due to energetic feedback from supermassive black
holes (Di Matteo, Springel & Hernquist 2005).

In Humphries & Nayakshin (2018), we used a sink particle ap-
proximation to study the accretion of pebbles on to GI protoplanets.
The sink particle approach provides a reliable estimate for the total
mass of pebbles captured by a protoplanet, but it does not allow us
to study their subsequent evolution. In this paper, we improve on
our previous work by modelling the protoplanet hydrodynamically,
thus resolving both gas and dust dynamics within it. Nevertheless, it
remains beyond current computational means to resolve the growing
solid core in such simulations, and so we introduce a dust-sink in
the protoplanet centre to model the core. As pebbles accrete on
to the core, we pass the liberated gravitational potential energy to
the surrounding gas in the protoplanet. Our simulations therefore
also aim to explore the effects of core feedback as introduced in
Nayakshin (2016).

The paper is structured as follows. In Section 2 we briefly
calculate the expected core mass necessary to disrupt a young
GI protoplanet. Following this, in Section 3 we describe the new
physics added to our previous simulations (Humphries & Nayakshin
2018) in order to numerically model core growth and feedback. We
also study the settling time-scale for a variety of grain sizes inside
protoplanets. In Section 4 we present the main results of the paper,
examining how feedback driven disruption over a range of feedback
time-scales and pebble to gas ratios can unbind protoplanets and
leave behind rocky cores at tens of au. In Section 5 we extend this
analysis and take a closer look at the core during the feedback
process. In Section 6 we outline the observational implications
of protoplanet disruption process and also discuss some of the
limitations of our model. Finally, we summarize the conclusions

of our paper in Section 7: if rocky cores rapidly form inside GI
protoplanets, the resultant release of energy may disrupt these
objects and leave super-Earth and potentially Saturn mass cores
stranded at tens to hundreds of au.

2 A NA LY T I C A L E S T I M AT E S

Here we estimate the core mass needed to unbind a newly born
GI protoplanet with a radius of a few au, which is typical for pre-
collapse planets. We assume that the protoplanet can be modelled as
a polytropic sphere with mass Mp, radius rp, and adiabatic index γ =
7/5. The Virial theorem tells us that the total energy of a polytrope
(Etot) is half of its gravitational binding energy and is therefore given
by

Etot = −
3GM2

p

5rp
. (1)

After its birth, this protoplanet is able to accrete gas and dust from
the disc. If accreted dust is able to grow large enough, it will rapidly
settle to the centre and form a core (Helled, Podolak & Kovetz 2008;
Nayakshin 2010, 2011). This process will release gravitational
potential energy and heat the central regions of the protoplanet.
Assuming that the accretion energy of the core is released into the
surrounding gas instantaneously, as is done in the CA scenario (e.g.
Stevenson 1982; Pollack et al. 1996; Mordasini et al. 2012), the
total corresponding feedback energy (Efb) increases at the rate

Efb =
∫ t

0

GMcṀc

rc
dt′, (2)

where Mc and rc are the mass and radius of the luminous core,
respectively. If we assume that the rate of dust accretion on to the
core is constant and we take a constant core density ρc, we can
rewrite rc in terms of Mc and integrate over t to find Efb as

Efb = 3
5

(
4πρc

3

) 1/3

G(Mc)5/3, (3)

where we have assumed that all of the gravitational potential energy
is liberated instantaneously. We can then study this feedback energy
as a fraction of the total energy of the protoplanet from equation (1),

Efb

Etot
= 1.3

(
ρc

5 g cm−3

) 1/3 (
Mc

20 M⊕

) 5/3 ( rp

1au

)(
5MJ

Mp

) 2

(4)

or alternatively,

Efb

Etot
=

(
Mc

Mp

) 2
rp

rc
. (5)

Let us consider a protoplanet with Mp = 5 MJ, rp = 1 au, and a
rocky core with mass Mc = M⊕ and ρc = 5 g cm−3. Equation (4)
gives us a value of ∼0.008, far too small to disrupt the protoplanet.
However, if we allow the core to grow to 20 M⊕ (Jupiter’s core mass
is now believed to be ∼10 M⊕; Nettelmann 2017; Wahl et al. 2017;
Guillot et al. 2018), we get a value of 1.3. This result is exciting
since it shows us that reasonably modest cores have the potential to
destroy young GI protoplanets. Fig. 1 illustrates equation (4) for a 5
MJ protoplanet with two different assumptions for the initial radius.
In the remainder of this paper we demonstrate the significance of
this result using 3D simulations.

One of the simplifications of this argument is that we have
neglected cooling inside the protoplanet. However, Helled & Bo-
denheimer (2011) found that the cooling time-scale for protoplanets
is typically in the range 104–105 yr, this tells us that if solid cores
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it collapses to a tightly bound Jupiter analogue (Bodenheimer 1974;
Helled et al. 2014). During this cooling phase protoplanets are
vulnerable to tidal disruption via interactions with the central star
or with other protoplanets, which may destroy many of these nascent
planets if they migrate to separations closer than 20 au (Humphries
et al. 2019).

Additionally, pebble accretion plays a key role in the evolution of
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young Class 0 protoplanetary discs contain as much as hundreds
of Earth masses in pebble-sized grains. These will be focused
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2011). Both analytical work (Nayakshin 2015a) and 3D simulations
(Humphries & Nayakshin 2018) demonstrate that protoplanets
accrete the majority of mm and above sized dust grains that enter
their Hill spheres, considerably enhancing their total metal content.
Once accreted, these pebbles are expected to grow and settle rapidly
inside the protoplanet, likely becoming locked into a massive core
(Kuiper 1951; Boss, Wetherill & Haghighipour 2002; Helled &
Schubert 2008; Boley et al. 2010; Nayakshin 2010, 2011).

Nayakshin (2016) showed via 1D population synthesis models
that core formation inside young GI protoplanets may in fact release
enough heat to remove some or all of their gaseous envelopes.
This process could therefore downsize GI protoplanets, making
GI a more physically plausible scenario for hatching ALMA
planets. This idea is also attractive because of parallels with other
astrophysical systems, e.g. galaxies losing much of their initial
gaseous mass due to energetic feedback from supermassive black
holes (Di Matteo, Springel & Hernquist 2005).

In Humphries & Nayakshin (2018), we used a sink particle ap-
proximation to study the accretion of pebbles on to GI protoplanets.
The sink particle approach provides a reliable estimate for the total
mass of pebbles captured by a protoplanet, but it does not allow us
to study their subsequent evolution. In this paper, we improve on
our previous work by modelling the protoplanet hydrodynamically,
thus resolving both gas and dust dynamics within it. Nevertheless, it
remains beyond current computational means to resolve the growing
solid core in such simulations, and so we introduce a dust-sink in
the protoplanet centre to model the core. As pebbles accrete on
to the core, we pass the liberated gravitational potential energy to
the surrounding gas in the protoplanet. Our simulations therefore
also aim to explore the effects of core feedback as introduced in
Nayakshin (2016).

The paper is structured as follows. In Section 2 we briefly
calculate the expected core mass necessary to disrupt a young
GI protoplanet. Following this, in Section 3 we describe the new
physics added to our previous simulations (Humphries & Nayakshin
2018) in order to numerically model core growth and feedback. We
also study the settling time-scale for a variety of grain sizes inside
protoplanets. In Section 4 we present the main results of the paper,
examining how feedback driven disruption over a range of feedback
time-scales and pebble to gas ratios can unbind protoplanets and
leave behind rocky cores at tens of au. In Section 5 we extend this
analysis and take a closer look at the core during the feedback
process. In Section 6 we outline the observational implications
of protoplanet disruption process and also discuss some of the
limitations of our model. Finally, we summarize the conclusions

of our paper in Section 7: if rocky cores rapidly form inside GI
protoplanets, the resultant release of energy may disrupt these
objects and leave super-Earth and potentially Saturn mass cores
stranded at tens to hundreds of au.

2 A NA LY T I C A L E S T I M AT E S

Here we estimate the core mass needed to unbind a newly born
GI protoplanet with a radius of a few au, which is typical for pre-
collapse planets. We assume that the protoplanet can be modelled as
a polytropic sphere with mass Mp, radius rp, and adiabatic index γ =
7/5. The Virial theorem tells us that the total energy of a polytrope
(Etot) is half of its gravitational binding energy and is therefore given
by

Etot = −
3GM2

p

5rp
. (1)

After its birth, this protoplanet is able to accrete gas and dust from
the disc. If accreted dust is able to grow large enough, it will rapidly
settle to the centre and form a core (Helled, Podolak & Kovetz 2008;
Nayakshin 2010, 2011). This process will release gravitational
potential energy and heat the central regions of the protoplanet.
Assuming that the accretion energy of the core is released into the
surrounding gas instantaneously, as is done in the CA scenario (e.g.
Stevenson 1982; Pollack et al. 1996; Mordasini et al. 2012), the
total corresponding feedback energy (Efb) increases at the rate

Efb =
∫ t

0

GMcṀc

rc
dt′, (2)

where Mc and rc are the mass and radius of the luminous core,
respectively. If we assume that the rate of dust accretion on to the
core is constant and we take a constant core density ρc, we can
rewrite rc in terms of Mc and integrate over t to find Efb as

Efb = 3
5

(
4πρc

3

) 1/3

G(Mc)5/3, (3)

where we have assumed that all of the gravitational potential energy
is liberated instantaneously. We can then study this feedback energy
as a fraction of the total energy of the protoplanet from equation (1),

Efb

Etot
= 1.3

(
ρc

5 g cm−3

) 1/3 (
Mc

20 M⊕

) 5/3 ( rp

1au

)(
5MJ

Mp

) 2

(4)

or alternatively,

Efb

Etot
=

(
Mc

Mp

) 2
rp

rc
. (5)

Let us consider a protoplanet with Mp = 5 MJ, rp = 1 au, and a
rocky core with mass Mc = M⊕ and ρc = 5 g cm−3. Equation (4)
gives us a value of ∼0.008, far too small to disrupt the protoplanet.
However, if we allow the core to grow to 20 M⊕ (Jupiter’s core mass
is now believed to be ∼10 M⊕; Nettelmann 2017; Wahl et al. 2017;
Guillot et al. 2018), we get a value of 1.3. This result is exciting
since it shows us that reasonably modest cores have the potential to
destroy young GI protoplanets. Fig. 1 illustrates equation (4) for a 5
MJ protoplanet with two different assumptions for the initial radius.
In the remainder of this paper we demonstrate the significance of
this result using 3D simulations.

One of the simplifications of this argument is that we have
neglected cooling inside the protoplanet. However, Helled & Bo-
denheimer (2011) found that the cooling time-scale for protoplanets
is typically in the range 104–105 yr, this tells us that if solid cores
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(Humphries & Nayakshin 2018) on the evolution of GI protoplanets
in their pebble-rich parent discs. Newly born GI protoplanets are
initially very extended with radii of ∼1 au. After a characteristic
cooling time, hydrogen molecules in the protoplanet dissociate and
it collapses to a tightly bound Jupiter analogue (Bodenheimer 1974;
Helled et al. 2014). During this cooling phase protoplanets are
vulnerable to tidal disruption via interactions with the central star
or with other protoplanets, which may destroy many of these nascent
planets if they migrate to separations closer than 20 au (Humphries
et al. 2019).

Additionally, pebble accretion plays a key role in the evolution of
GI protoplanets. Observations (Tychoniec et al. 2018) suggest that
young Class 0 protoplanetary discs contain as much as hundreds
of Earth masses in pebble-sized grains. These will be focused
inside protoplanets as they are born (Boley & Durisen 2010) and
accreted during any subsequent migration (Johansen & Lacerda
2010; Ormel & Klahr 2010; Baruteau, Meru & Paardekooper
2011). Both analytical work (Nayakshin 2015a) and 3D simulations
(Humphries & Nayakshin 2018) demonstrate that protoplanets
accrete the majority of mm and above sized dust grains that enter
their Hill spheres, considerably enhancing their total metal content.
Once accreted, these pebbles are expected to grow and settle rapidly
inside the protoplanet, likely becoming locked into a massive core
(Kuiper 1951; Boss, Wetherill & Haghighipour 2002; Helled &
Schubert 2008; Boley et al. 2010; Nayakshin 2010, 2011).

Nayakshin (2016) showed via 1D population synthesis models
that core formation inside young GI protoplanets may in fact release
enough heat to remove some or all of their gaseous envelopes.
This process could therefore downsize GI protoplanets, making
GI a more physically plausible scenario for hatching ALMA
planets. This idea is also attractive because of parallels with other
astrophysical systems, e.g. galaxies losing much of their initial
gaseous mass due to energetic feedback from supermassive black
holes (Di Matteo, Springel & Hernquist 2005).

In Humphries & Nayakshin (2018), we used a sink particle ap-
proximation to study the accretion of pebbles on to GI protoplanets.
The sink particle approach provides a reliable estimate for the total
mass of pebbles captured by a protoplanet, but it does not allow us
to study their subsequent evolution. In this paper, we improve on
our previous work by modelling the protoplanet hydrodynamically,
thus resolving both gas and dust dynamics within it. Nevertheless, it
remains beyond current computational means to resolve the growing
solid core in such simulations, and so we introduce a dust-sink in
the protoplanet centre to model the core. As pebbles accrete on
to the core, we pass the liberated gravitational potential energy to
the surrounding gas in the protoplanet. Our simulations therefore
also aim to explore the effects of core feedback as introduced in
Nayakshin (2016).

The paper is structured as follows. In Section 2 we briefly
calculate the expected core mass necessary to disrupt a young
GI protoplanet. Following this, in Section 3 we describe the new
physics added to our previous simulations (Humphries & Nayakshin
2018) in order to numerically model core growth and feedback. We
also study the settling time-scale for a variety of grain sizes inside
protoplanets. In Section 4 we present the main results of the paper,
examining how feedback driven disruption over a range of feedback
time-scales and pebble to gas ratios can unbind protoplanets and
leave behind rocky cores at tens of au. In Section 5 we extend this
analysis and take a closer look at the core during the feedback
process. In Section 6 we outline the observational implications
of protoplanet disruption process and also discuss some of the
limitations of our model. Finally, we summarize the conclusions

of our paper in Section 7: if rocky cores rapidly form inside GI
protoplanets, the resultant release of energy may disrupt these
objects and leave super-Earth and potentially Saturn mass cores
stranded at tens to hundreds of au.

2 A NA LY T I C A L E S T I M AT E S

Here we estimate the core mass needed to unbind a newly born
GI protoplanet with a radius of a few au, which is typical for pre-
collapse planets. We assume that the protoplanet can be modelled as
a polytropic sphere with mass Mp, radius rp, and adiabatic index γ =
7/5. The Virial theorem tells us that the total energy of a polytrope
(Etot) is half of its gravitational binding energy and is therefore given
by

Etot = −
3GM2

p

5rp
. (1)

After its birth, this protoplanet is able to accrete gas and dust from
the disc. If accreted dust is able to grow large enough, it will rapidly
settle to the centre and form a core (Helled, Podolak & Kovetz 2008;
Nayakshin 2010, 2011). This process will release gravitational
potential energy and heat the central regions of the protoplanet.
Assuming that the accretion energy of the core is released into the
surrounding gas instantaneously, as is done in the CA scenario (e.g.
Stevenson 1982; Pollack et al. 1996; Mordasini et al. 2012), the
total corresponding feedback energy (Efb) increases at the rate

Efb =
∫ t

0

GMcṀc

rc
dt′, (2)

where Mc and rc are the mass and radius of the luminous core,
respectively. If we assume that the rate of dust accretion on to the
core is constant and we take a constant core density ρc, we can
rewrite rc in terms of Mc and integrate over t to find Efb as

Efb = 3
5

(
4πρc

3

) 1/3

G(Mc)5/3, (3)

where we have assumed that all of the gravitational potential energy
is liberated instantaneously. We can then study this feedback energy
as a fraction of the total energy of the protoplanet from equation (1),

Efb

Etot
= 1.3

(
ρc

5 g cm−3

) 1/3 (
Mc

20 M⊕

) 5/3 ( rp

1au

)(
5MJ

Mp

) 2

(4)

or alternatively,

Efb

Etot
=

(
Mc

Mp

) 2
rp

rc
. (5)

Let us consider a protoplanet with Mp = 5 MJ, rp = 1 au, and a
rocky core with mass Mc = M⊕ and ρc = 5 g cm−3. Equation (4)
gives us a value of ∼0.008, far too small to disrupt the protoplanet.
However, if we allow the core to grow to 20 M⊕ (Jupiter’s core mass
is now believed to be ∼10 M⊕; Nettelmann 2017; Wahl et al. 2017;
Guillot et al. 2018), we get a value of 1.3. This result is exciting
since it shows us that reasonably modest cores have the potential to
destroy young GI protoplanets. Fig. 1 illustrates equation (4) for a 5
MJ protoplanet with two different assumptions for the initial radius.
In the remainder of this paper we demonstrate the significance of
this result using 3D simulations.

One of the simplifications of this argument is that we have
neglected cooling inside the protoplanet. However, Helled & Bo-
denheimer (2011) found that the cooling time-scale for protoplanets
is typically in the range 104–105 yr, this tells us that if solid cores
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Making sub-Jovian planets via GI 5191

Figure 4. Dynamics inside the protoplanet for different grain sizes. Top:
Pebble accretion rates on to the protoplanet are comparable for mm,
cm, and 10 cm grains (Humphries & Nayakshin 2018). Cores only grow
for decoupled 10 cm grains while 1 mm and 1 cm grains remain in the
atmosphere. Middle: Mean radial distance of dust from dust sink. Note the
rapid settling of a = 10 cm grains. The dotted line shows the contraction
of radius that contains the initial mass of the protoplanet (rP(M0)). Bottom:
total protoplanet and atmosphere only metallic compositions. Small grains
remain suspended in the atmosphere, causing it to become metal enriched.

location of maximum gas density). 10 cm grains sediment to the core
of the protoplanet rapidly whereas 1 mm and 1 cm grains remain
suspended in the upper atmosphere of the protoplanet. This occurs
because the sedimentation time of particles inside protoplanets
depends linearly on grain size (a) as

tsed = vth(r)ρg(r)r3

Menc(r)Gaρa

, (10)

where r is the distance from the protoplanet centre, Menc is the
enclosed mass, ρa is the pebble density, vth is the thermal gas speed
and ρg is the gas density. For a typical protoplanet this gives a
sedimentation time-scale of ∼102 yr for 10 cm grains but 104 yr for
mm grains.

Since the protoplanet is embedded in the disc, it also accretes gas
on to its atmosphere during the course of the simulation, causing the
original protoplanet to contract. We now examine whether grains
remain coupled to this new atmosphere or sediment inside the radius

Table 1. Summary of run parameters for the models presented in Fig. 5.
Ndisc and NPP represent the total number of SPH particles in the initial disc
and protoplanet, respectively, there is typically one dust particle for every
three SPH particles.

Name tacc (yr) Z0 Ndisc (106) NPP (106)

No feedback – 0.01 2 0.1
tacc = 103 yr 1000 0.01 2 0.1
tacc = 104 yr 10 000 0.01 2 0.1
Z0 = 0.3 per cent 1000 0.003 2 0.1
Z0 = 3 per cent 1000 0.03 2 0.1
High res. 1000 0.01 16 0.8

that contains the initial mass of the protoplanet (rP(M0)), which we
plot as a dotted line in the middle panel of Fig. 4. The orange
line shows that only 10 cm grains are able to sediment inside this
boundary, smaller grains remain suspended in the upper atmosphere
of the protoplanet. Essentially, small grains remain coupled to
the accreted disc material, whilst 10 cm grains penetrate into the
protoplanet.

The bottom panel shows the fractional metallic composition of the
total protoplanet and of only the atmosphere material. 1 mm grains
cause a significant enhancement to the metallicity of the atmosphere,
though in our simulations this enhancement is concentrated around
the protoplanet mid-plane due to vertical dust settling in the global
disc.

Based on Fig. 4, we choose to continue this study using only
10 cm grains. This choice is numerically convenient as simulating
the slowly sedimenting 1 mm grains requires very long integration
times that makes it impractical for 3D simulations. From the top
panel we see that the total accretion rate on to the protoplanet is
comparable for 1 mm and 10 cm grains, so our choice of grain
size does not affect the mass budget of grains accreted on to the
protoplanet. Nayakshin (2018) showed that grain growth time-
scales inside the protoplanet can be very short (as little as 102 yr), we
therefore make the assumption that accreted grains rapidly grow to
large sizes inside the protoplanet. Whilst a more thorough model of
grain growth would provide a more reliable result, we are satisfied
that this choice strikes a balance between numerical convenience
and reasonable physical assumptions. One dimensional analysis of
core growth for smaller grains can be found in Nayakshin (2016).

4 K EY RESULT: PROTO PLANET D ISRU PTION

We now extend the simulations from the previous section in order to
explore the effects of core feedback from the release of gravitational
potential energy, using the prescriptions detailed in Section 3.1. We
find that in several cases this feedback is able to completely unbind
young GI protoplanets. See Table 1 for a summary of the various
models.

4.1 Feedback from dust protocores

The top panel of Fig. 5 charts the orbital distance between the star
and the dust only sink particle for several simulations with a variety
of initial dust-to-gas ratios and feedback time-scales. In all cases, the
planet migrates inwards rapidly in the type I regime as expected from
previous simulations (Baruteau et al. 2011; Nayakshin 2017b) and
begins to open a gap since it is relatively massive (Malik et al. 2015;
Fletcher et al. 2019). The upper middle panel shows the mass inside
the half Hill sphere of the protoplanet. The planet mass increases
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3.2 Simulation setup

Our protoplanetary disc has a surface density profile of ! ∝ R−1

(consistent with simulations of protoplanetary disc formation by
Bate 2018), an initial mass of 100 MJ and an outer radius of 100
au.2 The disc is relaxed for ∼10 orbits at the outer edge. We then add
dust particles to the disc at a suppressed vertical height of 10 per cent
relative to the gas scale height in order to represent dust settling.
After this, a 5 MJ metal-free protoplanet (modelled as a polytropic
sphere with an initial radius of 3 au) is injected into the gas disc on
a circular orbit at 50 au. The mass of the protoplanet (MP) is taken
to be the mass within its half Hill sphere.

For these simulations we assume that large grains dominate the
mass budget of metals in the disc and therefore we set the initial
disc metallicity to Z0 = 0.01, such that the initial mass in pebbles
is 1 per cent of the initial gaseous disc mass. This corresponds to
300 M⊕ of metals, in line with the Tychoniec et al. (2018) result for
Class 0 discs. In Humphries & Nayakshin (2018), we found that gas
giants accreted nearly 100 per cent of pebbles that entered their Hill
spheres for a broad range of grain sizes from 0.03 to 30 cm. The
rapid migration of the gas giants allowed accretion to proceed far
beyond the ‘isolation mass’ (e.g. Lambrechts & Johansen 2012).

3.3 Dust sedimentation inside protoplanets

Before including feedback in our simulations, we explore the
behaviour of differently sized dust species inside our protoplanets
using the simulation setup described in Section 3.2. These
simulations are identical to those in Section 4.1, save that core
feedback is disabled.

Fig. 2 shows the surface density of the gas disc for a simulation
with 1 cm grains after 1273 yr, the protoplanet core is marked with a
black dot and is orbiting at 50 au in an anticlockwise direction. The
location of pebbles in the disc is marked by the over-laid grey colour
map. The protoplanet has carved a deep gap in the grains in less
than four orbits. In agreement with our previous work (Humphries &
Nayakshin 2018), this shows that pebble accretion is very efficient
for GI protoplanets. Fig. 3 shows a zoom view of the gas density
inside the protoplanet in the plane of the disc from the simulation
in Fig. 2. Recall that pre-collapse protoplanets are initially very
extended with radii of up to a few au. The core is marked with a
black dot in the centre of the image while dust particles are marked
in white. For the parameters of this protoplanet, 1 cm grains are
expected to sediment on time-scales of a few thousand years and so
the majority remain suspended between 0.4 and 0.8 au away from
the centre of the protoplanet.

We now examine these simulations in more detail for a range
of grain sizes, a = 0.1, a = 1, and a = 10 cm, which roughly
correspond to Stokes numbers of 0.04, 0.4, and 4 in the disc. The
top panel of Fig. 4 shows that the total mass of pebbles accreted
from the disc inside the half Hill sphere of the protoplanet is very
similar for all of the three grain sizes. This result is consistent with
Humphries & Nayakshin (2018) who found that pebble capture
from the disc into the Hill sphere is almost 100 per cent efficient
down to Stokes numbers of 0.1. Despite similarities in the accretion
rates, however, the dashed line shows that a core is only able to
grow for the 10 cm grains.

The middle panel of Fig. 4 shows the mean radial distance of the
grains inside the protoplanet with respect to its centre (defined as the

2GI discs may be much larger, but we take 100 au in order to reduce the
numerical cost of the simulations.

Figure 2. Global gas surface density for a protoplanet with no feedback in
a simulation with 1 cm pebbles. The pebbles are plotted with overplotted
greyscale points. The location of the protoplanet is marked with a black
dot. Notice that the protoplanet has already carved a deep gap in the dust
distribution in fewer than four orbits.

Figure 3. A zoom view on the protoplanet from the same simulation as
Fig. 2, the core sink particle is marked with a black dot. The sedimentation
time for 1 cm grains is thousands of years and so the majority of accreted
grains remain suspended in the upper atmosphere of the protoplanet between
0.4 and 0.8 au from the centre.
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toward 39 Class 0 and Class I sources in the Perseus molecular cloud. N2H+ and HCO+ are destroyed via gas-phase
reactions with CO and H2O, respectively, thus tracing the CO and H2O snowline locations. A snowline location at
a much larger radius than that expected from the current luminosity suggests that an accretion burst has occurred
in the past which has shifted the snowline outward. We identified 18/18 Class 0 and 9/10 Class I post-burst sources
from N2H+, and 7/17 Class 0 and 1/8 Class I post-burst sources from HCO+. The accretion luminosities during the
past bursts are found to be ∼ 10 − 100 L⊙. This result can be interpreted as either evolution of burst frequency or
disk evolution. In the former case, assuming that refreeze-out timescales are 1000 yr for H2O and 10,000 yr for CO,
we found that the intervals between bursts increases from 2400 yr in the Class 0 to 8000 yr in the Class I stage. This
decrease in the burst frequency may reflect that fragmentation is more likely to occur at an earlier evolutionary stage
when the young stellar object is more prone to instability.

Accepted by ApJ
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Understanding the origin of the magnetic field morphology in the wide-binary proto-
stellar system BHR 71

Charles L. H. Hull1,2,11 Valentin J. M. Le Gouellec3,4 Josep M. Girart5,6 John J. Tobin7,8,9 Tyler L.
Bourke10

1National Astronomical Observatory of Japan, NAOJ Chile, Alonso de Córdova 3788, Office 61B, 7630422, Vitacura,
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We present 1.3mm ALMA observations of polarized dust emission toward the wide-binary protostellar system BHR
71 IRS1 and IRS2. IRS1 features what appears to be a natal, hourglass-shaped magnetic field. In contrast, IRS2
exhibits a magnetic field that has been affected by its bipolar outflow. Toward IRS2, the polarization is confined
mainly to the outflow cavity walls. Along the northern edge of the redshifted outflow cavity of IRS2, the polarized
emission is sandwiched between the outflow and a filament of cold, dense gas traced by N2D+, toward which no dust
polarization is detected. This suggests that the origin of the enhanced polarization in IRS2 is the irradiation of the
outflow cavity walls, which enables the alignment of dust grains with respect to the magnetic field—but only to a
depth of ∼ 300 au, beyond which the dust is cold and unpolarized. However, in order to align grains deep enough in
the cavity walls, and to produce the high polarization fraction seen in IRS2, the aligning photons are likely to be in the
mid- to far-infrared range, which suggests a degree of grain growth beyond what is typically expected in very young,
Class 0 sources. Finally, toward IRS1 we see a narrow, linear feature with a high (10–20%) polarization fraction and
a well ordered magnetic field that is not associated with the bipolar outflow cavity. We speculate that this feature
may be a magnetized accretion streamer; however, this has yet to be confirmed by kinematic observations of dense-gas
tracers.
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3.2 Simulation setup

Our protoplanetary disc has a surface density profile of ! ∝ R−1

(consistent with simulations of protoplanetary disc formation by
Bate 2018), an initial mass of 100 MJ and an outer radius of 100
au.2 The disc is relaxed for ∼10 orbits at the outer edge. We then add
dust particles to the disc at a suppressed vertical height of 10 per cent
relative to the gas scale height in order to represent dust settling.
After this, a 5 MJ metal-free protoplanet (modelled as a polytropic
sphere with an initial radius of 3 au) is injected into the gas disc on
a circular orbit at 50 au. The mass of the protoplanet (MP) is taken
to be the mass within its half Hill sphere.

For these simulations we assume that large grains dominate the
mass budget of metals in the disc and therefore we set the initial
disc metallicity to Z0 = 0.01, such that the initial mass in pebbles
is 1 per cent of the initial gaseous disc mass. This corresponds to
300 M⊕ of metals, in line with the Tychoniec et al. (2018) result for
Class 0 discs. In Humphries & Nayakshin (2018), we found that gas
giants accreted nearly 100 per cent of pebbles that entered their Hill
spheres for a broad range of grain sizes from 0.03 to 30 cm. The
rapid migration of the gas giants allowed accretion to proceed far
beyond the ‘isolation mass’ (e.g. Lambrechts & Johansen 2012).

3.3 Dust sedimentation inside protoplanets

Before including feedback in our simulations, we explore the
behaviour of differently sized dust species inside our protoplanets
using the simulation setup described in Section 3.2. These
simulations are identical to those in Section 4.1, save that core
feedback is disabled.

Fig. 2 shows the surface density of the gas disc for a simulation
with 1 cm grains after 1273 yr, the protoplanet core is marked with a
black dot and is orbiting at 50 au in an anticlockwise direction. The
location of pebbles in the disc is marked by the over-laid grey colour
map. The protoplanet has carved a deep gap in the grains in less
than four orbits. In agreement with our previous work (Humphries &
Nayakshin 2018), this shows that pebble accretion is very efficient
for GI protoplanets. Fig. 3 shows a zoom view of the gas density
inside the protoplanet in the plane of the disc from the simulation
in Fig. 2. Recall that pre-collapse protoplanets are initially very
extended with radii of up to a few au. The core is marked with a
black dot in the centre of the image while dust particles are marked
in white. For the parameters of this protoplanet, 1 cm grains are
expected to sediment on time-scales of a few thousand years and so
the majority remain suspended between 0.4 and 0.8 au away from
the centre of the protoplanet.

We now examine these simulations in more detail for a range
of grain sizes, a = 0.1, a = 1, and a = 10 cm, which roughly
correspond to Stokes numbers of 0.04, 0.4, and 4 in the disc. The
top panel of Fig. 4 shows that the total mass of pebbles accreted
from the disc inside the half Hill sphere of the protoplanet is very
similar for all of the three grain sizes. This result is consistent with
Humphries & Nayakshin (2018) who found that pebble capture
from the disc into the Hill sphere is almost 100 per cent efficient
down to Stokes numbers of 0.1. Despite similarities in the accretion
rates, however, the dashed line shows that a core is only able to
grow for the 10 cm grains.

The middle panel of Fig. 4 shows the mean radial distance of the
grains inside the protoplanet with respect to its centre (defined as the

2GI discs may be much larger, but we take 100 au in order to reduce the
numerical cost of the simulations.

Figure 2. Global gas surface density for a protoplanet with no feedback in
a simulation with 1 cm pebbles. The pebbles are plotted with overplotted
greyscale points. The location of the protoplanet is marked with a black
dot. Notice that the protoplanet has already carved a deep gap in the dust
distribution in fewer than four orbits.

Figure 3. A zoom view on the protoplanet from the same simulation as
Fig. 2, the core sink particle is marked with a black dot. The sedimentation
time for 1 cm grains is thousands of years and so the majority of accreted
grains remain suspended in the upper atmosphere of the protoplanet between
0.4 and 0.8 au from the centre.
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Figure 5. The effect of including feedback from solid cores built through
dust accretion. Top panel: orbital separation of each core, cores are released
on eccentric orbits after protoplanet disruption. Upper middle panel: gas
mass inside the half Hill sphere of each protoplanet. Middle panel: sum of
thermal and gravitational potential energy of gas within the half Hill sphere.
Lower middle panel: core luminosity; for this protoplanet the core must
reach almost 10−3 L⊙ to cause a disruption. Bottom panel: the solid lines
plot the total metal mass inside the half Hill sphere. Dashed lines plot only
the core mass.

from 5 to 10 MJ due to gas accretion, unless a disruption event
triggered by core feedback takes place. Notice that the final stages
of disruption are always rapid, as expected from analytical work on
the Roche lobe overflow of polytropic spheres with adiabatic index
γ = 7/5 (Nayakshin & Lodato 2012).

The middle panel shows the sum of the thermal and grav-
itational potential energy for gas in the protoplanet. In the
no feedback case (cyan line) the protoplanet contracts due to
external gas pressure from the disc and becomes increasingly

more bound. When feedback is included, the internal energy
of the protoplanet is modified considerably. The lower middle
panel in Fig. 5 plots the core luminosity as described in Sec-
tion 3.1. If the core becomes sufficiently luminous then it will
begin to increase the internal energy of its parent protoplanet,
this leads to a disruption event once the total energy becomes
positive.

The solid lines in the bottom panel of Fig. 5 show the total metal
mass inside the protoplanet whilst the dashed lines show only the
mass of the dust sink. With no feedback, the sink accretes all of the
available 10 cm pebbles within 1500 yr. The resulting core is 50 M⊕,
around 16 per cent of the initial metal mass in our simulation. The
interplay between the accretion time-scale and the available metal
mass sets the final core mass at disruption. With a short feedback
time-scale of 103 yr we find a final core mass of 15 M⊕. However,
if the feedback time is long the core is able grow to larger sizes
before the feedback energy disrupts the protoplanet. For the fiducial
parameters chosen in this paper (5 MJ protoplanet at 50 au, 10 cm
grains, and pebble-to-gas ratio of 1 per cent) we see disruption of
our protoplanets when we set the accretion feedback time-scale
to 103 and 104 yr. We also see a very rapid disruption when we
set the initial pebble to gas ratio at Z = 3 per cent. Setting Z =
0.3 per cent suppresses the total available pebble mass, preventing a
disruption event. This shows crudely that disruption events are less
likely in low-metallicity environments. After disruption, accreted
grains not incorporated into the core are redistributed to the disc.
This restocks the reservoir of large grains for pebble accretion on
to subsequent protoplanets. In these simulations, disruption events
release between 10 and 40 Earth masses of metals back into the
disc.

Our setup is conservative in that we assume a massive and initially
metal free protoplanet in order to reduce uncertainty in the initial
conditions; in reality we expect a factor of two initial metal en-
hancement of the protoplanet (Boley & Durisen 2010). The fact that
disruption occurs in this conservative case demonstrates that core
growth feedback provides a powerful mechanism for destroying GI
protoplanets.3 On the other hand, our large grains and short feedback
time-scales (choices made for numerical convenience), help to speed
up the disruption. We address these assumptions further in Section 6.

4.2 Inside the protoplanets

Figs 6–8 show different views of the protoplanet from the tacc =
1000 yr simulation in Fig. 5 at 681 yr. Figs 6 and 7 show density
slices from this protoplanet in the x–y and x–z planes. We can see
that the density rises from 10−11 to 10−9 g cm−3 between the outer
and inner regions. The overplotted black arrows in each figure show
the velocity field. Fig. 7 shows that low-density gas from the core
heated via feedback is escaping through the mid-plane. Fig. 8 shows
a zoom view of internal temperature, centred on the maximum
central density of the protoplanet. Including core feedback heats
gas in the centre of the protoplanet: once this heating becomes
slightly anisotropic, hot gas begins to escape preferentially through
low-density channels and bubbles up to the surface. This process
forms a low-density gas trail behind the core as seen in Fig. 8. In
this figure the core is orbiting in a clockwise direction with a period
of ∼20 yr.

3Additional simulations not presented in this paper found that increasing
the initial protoplanet metallicity makes disruption more efficient.
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toward 39 Class 0 and Class I sources in the Perseus molecular cloud. N2H+ and HCO+ are destroyed via gas-phase
reactions with CO and H2O, respectively, thus tracing the CO and H2O snowline locations. A snowline location at
a much larger radius than that expected from the current luminosity suggests that an accretion burst has occurred
in the past which has shifted the snowline outward. We identified 18/18 Class 0 and 9/10 Class I post-burst sources
from N2H+, and 7/17 Class 0 and 1/8 Class I post-burst sources from HCO+. The accretion luminosities during the
past bursts are found to be ∼ 10 − 100 L⊙. This result can be interpreted as either evolution of burst frequency or
disk evolution. In the former case, assuming that refreeze-out timescales are 1000 yr for H2O and 10,000 yr for CO,
we found that the intervals between bursts increases from 2400 yr in the Class 0 to 8000 yr in the Class I stage. This
decrease in the burst frequency may reflect that fragmentation is more likely to occur at an earlier evolutionary stage
when the young stellar object is more prone to instability.

Accepted by ApJ
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Understanding the origin of the magnetic field morphology in the wide-binary proto-
stellar system BHR 71
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We present 1.3mm ALMA observations of polarized dust emission toward the wide-binary protostellar system BHR
71 IRS1 and IRS2. IRS1 features what appears to be a natal, hourglass-shaped magnetic field. In contrast, IRS2
exhibits a magnetic field that has been affected by its bipolar outflow. Toward IRS2, the polarization is confined
mainly to the outflow cavity walls. Along the northern edge of the redshifted outflow cavity of IRS2, the polarized
emission is sandwiched between the outflow and a filament of cold, dense gas traced by N2D+, toward which no dust
polarization is detected. This suggests that the origin of the enhanced polarization in IRS2 is the irradiation of the
outflow cavity walls, which enables the alignment of dust grains with respect to the magnetic field—but only to a
depth of ∼ 300 au, beyond which the dust is cold and unpolarized. However, in order to align grains deep enough in
the cavity walls, and to produce the high polarization fraction seen in IRS2, the aligning photons are likely to be in the
mid- to far-infrared range, which suggests a degree of grain growth beyond what is typically expected in very young,
Class 0 sources. Finally, toward IRS1 we see a narrow, linear feature with a high (10–20%) polarization fraction and
a well ordered magnetic field that is not associated with the bipolar outflow cavity. We speculate that this feature
may be a magnetized accretion streamer; however, this has yet to be confirmed by kinematic observations of dense-gas
tracers.

Accepted for publication in the Astrophysical Journal
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• ガス円盤に、0.1倍のスケールハイトで10 cmのペブルを足し、50 auの
位置に半径3 auで5木星質量のポリトロープ球を原始惑星として置いた タイプI軌道移動
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Figure 5. The effect of including feedback from solid cores built through
dust accretion. Top panel: orbital separation of each core, cores are released
on eccentric orbits after protoplanet disruption. Upper middle panel: gas
mass inside the half Hill sphere of each protoplanet. Middle panel: sum of
thermal and gravitational potential energy of gas within the half Hill sphere.
Lower middle panel: core luminosity; for this protoplanet the core must
reach almost 10−3 L⊙ to cause a disruption. Bottom panel: the solid lines
plot the total metal mass inside the half Hill sphere. Dashed lines plot only
the core mass.

from 5 to 10 MJ due to gas accretion, unless a disruption event
triggered by core feedback takes place. Notice that the final stages
of disruption are always rapid, as expected from analytical work on
the Roche lobe overflow of polytropic spheres with adiabatic index
γ = 7/5 (Nayakshin & Lodato 2012).

The middle panel shows the sum of the thermal and grav-
itational potential energy for gas in the protoplanet. In the
no feedback case (cyan line) the protoplanet contracts due to
external gas pressure from the disc and becomes increasingly

more bound. When feedback is included, the internal energy
of the protoplanet is modified considerably. The lower middle
panel in Fig. 5 plots the core luminosity as described in Sec-
tion 3.1. If the core becomes sufficiently luminous then it will
begin to increase the internal energy of its parent protoplanet,
this leads to a disruption event once the total energy becomes
positive.

The solid lines in the bottom panel of Fig. 5 show the total metal
mass inside the protoplanet whilst the dashed lines show only the
mass of the dust sink. With no feedback, the sink accretes all of the
available 10 cm pebbles within 1500 yr. The resulting core is 50 M⊕,
around 16 per cent of the initial metal mass in our simulation. The
interplay between the accretion time-scale and the available metal
mass sets the final core mass at disruption. With a short feedback
time-scale of 103 yr we find a final core mass of 15 M⊕. However,
if the feedback time is long the core is able grow to larger sizes
before the feedback energy disrupts the protoplanet. For the fiducial
parameters chosen in this paper (5 MJ protoplanet at 50 au, 10 cm
grains, and pebble-to-gas ratio of 1 per cent) we see disruption of
our protoplanets when we set the accretion feedback time-scale
to 103 and 104 yr. We also see a very rapid disruption when we
set the initial pebble to gas ratio at Z = 3 per cent. Setting Z =
0.3 per cent suppresses the total available pebble mass, preventing a
disruption event. This shows crudely that disruption events are less
likely in low-metallicity environments. After disruption, accreted
grains not incorporated into the core are redistributed to the disc.
This restocks the reservoir of large grains for pebble accretion on
to subsequent protoplanets. In these simulations, disruption events
release between 10 and 40 Earth masses of metals back into the
disc.

Our setup is conservative in that we assume a massive and initially
metal free protoplanet in order to reduce uncertainty in the initial
conditions; in reality we expect a factor of two initial metal en-
hancement of the protoplanet (Boley & Durisen 2010). The fact that
disruption occurs in this conservative case demonstrates that core
growth feedback provides a powerful mechanism for destroying GI
protoplanets.3 On the other hand, our large grains and short feedback
time-scales (choices made for numerical convenience), help to speed
up the disruption. We address these assumptions further in Section 6.

4.2 Inside the protoplanets

Figs 6–8 show different views of the protoplanet from the tacc =
1000 yr simulation in Fig. 5 at 681 yr. Figs 6 and 7 show density
slices from this protoplanet in the x–y and x–z planes. We can see
that the density rises from 10−11 to 10−9 g cm−3 between the outer
and inner regions. The overplotted black arrows in each figure show
the velocity field. Fig. 7 shows that low-density gas from the core
heated via feedback is escaping through the mid-plane. Fig. 8 shows
a zoom view of internal temperature, centred on the maximum
central density of the protoplanet. Including core feedback heats
gas in the centre of the protoplanet: once this heating becomes
slightly anisotropic, hot gas begins to escape preferentially through
low-density channels and bubbles up to the surface. This process
forms a low-density gas trail behind the core as seen in Fig. 8. In
this figure the core is orbiting in a clockwise direction with a period
of ∼20 yr.

3Additional simulations not presented in this paper found that increasing
the initial protoplanet metallicity makes disruption more efficient.
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Making sub-Jovian planets via GI 5191

Figure 4. Dynamics inside the protoplanet for different grain sizes. Top:
Pebble accretion rates on to the protoplanet are comparable for mm,
cm, and 10 cm grains (Humphries & Nayakshin 2018). Cores only grow
for decoupled 10 cm grains while 1 mm and 1 cm grains remain in the
atmosphere. Middle: Mean radial distance of dust from dust sink. Note the
rapid settling of a = 10 cm grains. The dotted line shows the contraction
of radius that contains the initial mass of the protoplanet (rP(M0)). Bottom:
total protoplanet and atmosphere only metallic compositions. Small grains
remain suspended in the atmosphere, causing it to become metal enriched.

location of maximum gas density). 10 cm grains sediment to the core
of the protoplanet rapidly whereas 1 mm and 1 cm grains remain
suspended in the upper atmosphere of the protoplanet. This occurs
because the sedimentation time of particles inside protoplanets
depends linearly on grain size (a) as

tsed = vth(r)ρg(r)r3

Menc(r)Gaρa

, (10)

where r is the distance from the protoplanet centre, Menc is the
enclosed mass, ρa is the pebble density, vth is the thermal gas speed
and ρg is the gas density. For a typical protoplanet this gives a
sedimentation time-scale of ∼102 yr for 10 cm grains but 104 yr for
mm grains.

Since the protoplanet is embedded in the disc, it also accretes gas
on to its atmosphere during the course of the simulation, causing the
original protoplanet to contract. We now examine whether grains
remain coupled to this new atmosphere or sediment inside the radius

Table 1. Summary of run parameters for the models presented in Fig. 5.
Ndisc and NPP represent the total number of SPH particles in the initial disc
and protoplanet, respectively, there is typically one dust particle for every
three SPH particles.

Name tacc (yr) Z0 Ndisc (106) NPP (106)

No feedback – 0.01 2 0.1
tacc = 103 yr 1000 0.01 2 0.1
tacc = 104 yr 10 000 0.01 2 0.1
Z0 = 0.3 per cent 1000 0.003 2 0.1
Z0 = 3 per cent 1000 0.03 2 0.1
High res. 1000 0.01 16 0.8

that contains the initial mass of the protoplanet (rP(M0)), which we
plot as a dotted line in the middle panel of Fig. 4. The orange
line shows that only 10 cm grains are able to sediment inside this
boundary, smaller grains remain suspended in the upper atmosphere
of the protoplanet. Essentially, small grains remain coupled to
the accreted disc material, whilst 10 cm grains penetrate into the
protoplanet.

The bottom panel shows the fractional metallic composition of the
total protoplanet and of only the atmosphere material. 1 mm grains
cause a significant enhancement to the metallicity of the atmosphere,
though in our simulations this enhancement is concentrated around
the protoplanet mid-plane due to vertical dust settling in the global
disc.

Based on Fig. 4, we choose to continue this study using only
10 cm grains. This choice is numerically convenient as simulating
the slowly sedimenting 1 mm grains requires very long integration
times that makes it impractical for 3D simulations. From the top
panel we see that the total accretion rate on to the protoplanet is
comparable for 1 mm and 10 cm grains, so our choice of grain
size does not affect the mass budget of grains accreted on to the
protoplanet. Nayakshin (2018) showed that grain growth time-
scales inside the protoplanet can be very short (as little as 102 yr), we
therefore make the assumption that accreted grains rapidly grow to
large sizes inside the protoplanet. Whilst a more thorough model of
grain growth would provide a more reliable result, we are satisfied
that this choice strikes a balance between numerical convenience
and reasonable physical assumptions. One dimensional analysis of
core growth for smaller grains can be found in Nayakshin (2016).

4 K EY RESULT: PROTO PLANET D ISRU PTION

We now extend the simulations from the previous section in order to
explore the effects of core feedback from the release of gravitational
potential energy, using the prescriptions detailed in Section 3.1. We
find that in several cases this feedback is able to completely unbind
young GI protoplanets. See Table 1 for a summary of the various
models.

4.1 Feedback from dust protocores

The top panel of Fig. 5 charts the orbital distance between the star
and the dust only sink particle for several simulations with a variety
of initial dust-to-gas ratios and feedback time-scales. In all cases, the
planet migrates inwards rapidly in the type I regime as expected from
previous simulations (Baruteau et al. 2011; Nayakshin 2017b) and
begins to open a gap since it is relatively massive (Malik et al. 2015;
Fletcher et al. 2019). The upper middle panel shows the mass inside
the half Hill sphere of the protoplanet. The planet mass increases
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toward 39 Class 0 and Class I sources in the Perseus molecular cloud. N2H+ and HCO+ are destroyed via gas-phase
reactions with CO and H2O, respectively, thus tracing the CO and H2O snowline locations. A snowline location at
a much larger radius than that expected from the current luminosity suggests that an accretion burst has occurred
in the past which has shifted the snowline outward. We identified 18/18 Class 0 and 9/10 Class I post-burst sources
from N2H+, and 7/17 Class 0 and 1/8 Class I post-burst sources from HCO+. The accretion luminosities during the
past bursts are found to be ∼ 10 − 100 L⊙. This result can be interpreted as either evolution of burst frequency or
disk evolution. In the former case, assuming that refreeze-out timescales are 1000 yr for H2O and 10,000 yr for CO,
we found that the intervals between bursts increases from 2400 yr in the Class 0 to 8000 yr in the Class I stage. This
decrease in the burst frequency may reflect that fragmentation is more likely to occur at an earlier evolutionary stage
when the young stellar object is more prone to instability.

Accepted by ApJ
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Santiago, Chile; 2Joint ALMA Observatory, Alonso de Córdova 3107, Vitacura, Santiago, Chile; 3European South-
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We present 1.3mm ALMA observations of polarized dust emission toward the wide-binary protostellar system BHR
71 IRS1 and IRS2. IRS1 features what appears to be a natal, hourglass-shaped magnetic field. In contrast, IRS2
exhibits a magnetic field that has been affected by its bipolar outflow. Toward IRS2, the polarization is confined
mainly to the outflow cavity walls. Along the northern edge of the redshifted outflow cavity of IRS2, the polarized
emission is sandwiched between the outflow and a filament of cold, dense gas traced by N2D+, toward which no dust
polarization is detected. This suggests that the origin of the enhanced polarization in IRS2 is the irradiation of the
outflow cavity walls, which enables the alignment of dust grains with respect to the magnetic field—but only to a
depth of ∼ 300 au, beyond which the dust is cold and unpolarized. However, in order to align grains deep enough in
the cavity walls, and to produce the high polarization fraction seen in IRS2, the aligning photons are likely to be in the
mid- to far-infrared range, which suggests a degree of grain growth beyond what is typically expected in very young,
Class 0 sources. Finally, toward IRS1 we see a narrow, linear feature with a high (10–20%) polarization fraction and
a well ordered magnetic field that is not associated with the bipolar outflow cavity. We speculate that this feature
may be a magnetized accretion streamer; however, this has yet to be confirmed by kinematic observations of dense-gas
tracers.

Accepted for publication in the Astrophysical Journal
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Figure 5. The effect of including feedback from solid cores built through
dust accretion. Top panel: orbital separation of each core, cores are released
on eccentric orbits after protoplanet disruption. Upper middle panel: gas
mass inside the half Hill sphere of each protoplanet. Middle panel: sum of
thermal and gravitational potential energy of gas within the half Hill sphere.
Lower middle panel: core luminosity; for this protoplanet the core must
reach almost 10−3 L⊙ to cause a disruption. Bottom panel: the solid lines
plot the total metal mass inside the half Hill sphere. Dashed lines plot only
the core mass.

from 5 to 10 MJ due to gas accretion, unless a disruption event
triggered by core feedback takes place. Notice that the final stages
of disruption are always rapid, as expected from analytical work on
the Roche lobe overflow of polytropic spheres with adiabatic index
γ = 7/5 (Nayakshin & Lodato 2012).

The middle panel shows the sum of the thermal and grav-
itational potential energy for gas in the protoplanet. In the
no feedback case (cyan line) the protoplanet contracts due to
external gas pressure from the disc and becomes increasingly

more bound. When feedback is included, the internal energy
of the protoplanet is modified considerably. The lower middle
panel in Fig. 5 plots the core luminosity as described in Sec-
tion 3.1. If the core becomes sufficiently luminous then it will
begin to increase the internal energy of its parent protoplanet,
this leads to a disruption event once the total energy becomes
positive.

The solid lines in the bottom panel of Fig. 5 show the total metal
mass inside the protoplanet whilst the dashed lines show only the
mass of the dust sink. With no feedback, the sink accretes all of the
available 10 cm pebbles within 1500 yr. The resulting core is 50 M⊕,
around 16 per cent of the initial metal mass in our simulation. The
interplay between the accretion time-scale and the available metal
mass sets the final core mass at disruption. With a short feedback
time-scale of 103 yr we find a final core mass of 15 M⊕. However,
if the feedback time is long the core is able grow to larger sizes
before the feedback energy disrupts the protoplanet. For the fiducial
parameters chosen in this paper (5 MJ protoplanet at 50 au, 10 cm
grains, and pebble-to-gas ratio of 1 per cent) we see disruption of
our protoplanets when we set the accretion feedback time-scale
to 103 and 104 yr. We also see a very rapid disruption when we
set the initial pebble to gas ratio at Z = 3 per cent. Setting Z =
0.3 per cent suppresses the total available pebble mass, preventing a
disruption event. This shows crudely that disruption events are less
likely in low-metallicity environments. After disruption, accreted
grains not incorporated into the core are redistributed to the disc.
This restocks the reservoir of large grains for pebble accretion on
to subsequent protoplanets. In these simulations, disruption events
release between 10 and 40 Earth masses of metals back into the
disc.

Our setup is conservative in that we assume a massive and initially
metal free protoplanet in order to reduce uncertainty in the initial
conditions; in reality we expect a factor of two initial metal en-
hancement of the protoplanet (Boley & Durisen 2010). The fact that
disruption occurs in this conservative case demonstrates that core
growth feedback provides a powerful mechanism for destroying GI
protoplanets.3 On the other hand, our large grains and short feedback
time-scales (choices made for numerical convenience), help to speed
up the disruption. We address these assumptions further in Section 6.

4.2 Inside the protoplanets

Figs 6–8 show different views of the protoplanet from the tacc =
1000 yr simulation in Fig. 5 at 681 yr. Figs 6 and 7 show density
slices from this protoplanet in the x–y and x–z planes. We can see
that the density rises from 10−11 to 10−9 g cm−3 between the outer
and inner regions. The overplotted black arrows in each figure show
the velocity field. Fig. 7 shows that low-density gas from the core
heated via feedback is escaping through the mid-plane. Fig. 8 shows
a zoom view of internal temperature, centred on the maximum
central density of the protoplanet. Including core feedback heats
gas in the centre of the protoplanet: once this heating becomes
slightly anisotropic, hot gas begins to escape preferentially through
low-density channels and bubbles up to the surface. This process
forms a low-density gas trail behind the core as seen in Fig. 8. In
this figure the core is orbiting in a clockwise direction with a period
of ∼20 yr.

3Additional simulations not presented in this paper found that increasing
the initial protoplanet metallicity makes disruption more efficient.
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Figure 5. The effect of including feedback from solid cores built through
dust accretion. Top panel: orbital separation of each core, cores are released
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slices from this protoplanet in the x–y and x–z planes. We can see
that the density rises from 10−11 to 10−9 g cm−3 between the outer
and inner regions. The overplotted black arrows in each figure show
the velocity field. Fig. 7 shows that low-density gas from the core
heated via feedback is escaping through the mid-plane. Fig. 8 shows
a zoom view of internal temperature, centred on the maximum
central density of the protoplanet. Including core feedback heats
gas in the centre of the protoplanet: once this heating becomes
slightly anisotropic, hot gas begins to escape preferentially through
low-density channels and bubbles up to the surface. This process
forms a low-density gas trail behind the core as seen in Fig. 8. In
this figure the core is orbiting in a clockwise direction with a period
of ∼20 yr.

3Additional simulations not presented in this paper found that increasing
the initial protoplanet metallicity makes disruption more efficient.
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• 重力不安定で原始惑星が形成されると、ペブル集積
によりダストが円盤から原始惑星の周りにやってき
て、ダストが10 cmくらいまで大きくなると原始惑
星に集積し、コアを作る 

• ペブル集積が速ければコアがすぐ作られ、周りの
ガスを加熱して原始惑星が破壊される 

• 例えば重力不安定による原始惑星形成から
1700年で15地球質量くらいのコアが残る 

• 土星は100地球質量くらいなので、ガスの解放
が一部であれば土星も形成可能 

• ペブル集積が抑えられたりダスト成長が遅けれ
ば、コア成長によって原始惑星は破壊されない 

• 円盤初期で観測されているギャップを作る惑星を形
成することは可能

↓コア質量←コア質量

↑コア質量
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ratio have been established were all part of larger star-forming complexes. Determining the HDO/H2O ratio toward
three isolated protostars allows comparison of the water chemistry in isolated and clustered regions to determine the
influence of local cloud environment.

We present ALMA Band 6 observations of the HDO 31,2–22,1 and 21,1–21,2 transitions at 225.897 GHz and 241.562 GHz
along with the first ALMA Band 5 observations of the H18

2 O 31,3–22,0 transition at 203.407 GHz. The high angular
resolution observations (0.3′′-1.3′′) allow the study of the inner warm envelope gas. Model-independent estimates for
the HDO/H2O ratios are obtained and compared with previous determinations of the HDO/H2O ratio in the warm gas
toward low-mass protostars. We successfully detect the targeted water transitions toward the three sources with S/N ¿
5. We determine the HDO/H2O ratio toward L483, B335 and BHR71–IRS1 to be (2.2± 0.4)×10−3, (1.7± 0.3)×10−3,
and (1.8±0.4)×10−3, respectively, assuming Tex = 124 K. The degree of water deuteration of these isolated protostars
are a factor of 2–4 higher relative to Class 0 protostars that are members of known nearby clustered star-forming
regions.

The results indicate that the water deuterium fractionation is influenced by the local cloud environment. This effect
can be explained by variations in either collapse timescales or temperatures, which depends on local cloud dynamics
and could provide a new method to decipher the history of young stars.

Accepted by A&A
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We report the discovery of the oldest stellar substructure in the Orion star forming region (OSFR), the Orion relic
filament. The relic filament is physically associated with the OSFR as demonstrated by Gaia DR2 photometry and
astrometry, as well as targeted radial velocity follow-up observations of a bright sub-sample of proper-motion selected
candidate members. Gaia DR2 parallaxes place the Orion relic filament in the more distant part of the OSFR, ≈
430pc from the Sun. Given its age, velocity dispersion, spatial extent, and shape, it is not possible for the Orion relic
filament to have formed as a single stellar cluster, even taking into account residual gas expulsion. The relic filament is
also too young to be a tidal stream, since Galactic tides act on much longer time scales of order 100 Myr. It therefore
appears likely that the structure formed from a molecular cloud filament similar to Orion A in the OSFR and retained
its morphology despite decoupling from its natal gas. Hence, the Orion relic filament bears witness to the short-lived
evolutionary phase between gas removal and dispersion due to shears and tides, and provides crucial new insights into
how stars are formed in molecular clouds.
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The formation of cold gas giants similar to Jupiter and Saturn in orbit and mass is a great challenge for planetesimal-
driven core accretion models because the core growth rates far from the star are low. Here we model the growth and
migration of single protoplanets that accrete planetesimals and gas. We integrated the core growth rate using fits in
the literature to N -body simulations, which provide the efficiency of accreting the planetesimals that a protoplanet
migrates through. We take into account three constraints from the solar system and from protoplanetary discs: (1)
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the masses of the terrestrial planets and the comet reservoirs in Neptune’s scattered disc and the Oort cloud are
consistent with a primordial planetesimal population of afew Earth masses per AU, (2) evidence from the asteroid
belt and the Kuiper belt indicates that the characteristic planetesimal diameter is 100 km, and (3) observations
of protoplanetary discs indicate that the dust is stirred by weak turbulence; this gas turbulence also excites the
inclinations of planetesimals. Our nominal model built on these constraints results in maximum protoplanet masses of
0.1 Earth masses. Ignoring constraint (1) above, we show that even a planetesimal population of 1,000 Earth masses,
corresponding to 50 Earth masses per AU, fails to produce cold gas giants (although it successfully forms hot and
warm gas giants). We conclude that a massive planetesimal reservoir is in itself insufficient to produce cold gas giants.
The formation of cold gas giants by planetesimal accretion additionally requires that planetesimals are small and that
the turbulent stirring is very weak, thereby violating all three above constraints.
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The hydrogen fluoride (HF) molecule is seen in absorption in the interstellar medium (ISM) along many lines of sight.
Surprisingly, it is observed in emission toward the Orion Bar, which is an interface between the ionized region around
the Orion Trapezium stars and the Orion molecular cloud. We aim to understand the origin of HF emission in the
Orion Bar by comparing its spatial distribution with other tracers. We examine three mechanisms to explain the HF
emission: thermal excitation, radiative dust pumping, and chemical pumping. We used a Herschel/HIFI strip map of
the HF J = 1→ 0 line, covering 0.5′ by 1.5′ that is oriented perpendicular to the Orion Bar. We used the RADEX
non-local thermodynamic equilibrium (non-LTE) code to construct the HF column density map. We use the Meudon
PDR code to explain the morphology of HF. The bulk of the HF emission at 10 km s−1 emerges from the CO-dark
molecular gas that separates the ionization front from the molecular gas that is deeper in the Orion Bar. The excitation
of HF is caused mainly by collisions with H2 at a density of 105 cm−3 together with a small contribution of electrons
in the interclump gas of the Orion Bar. Infrared pumping and chemical pumping are not important. We conclude
that the HF J = 1→ 0 line traces CO-dark molecular gas. Similarly, bright photodissociation regions associated with
massive star formation may be responsible for the HF emission observed toward active galactic nuclei.
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We report high angular resolution observations of linearly polarized dust emission towards the Class 0 young stellar
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ratio have been established were all part of larger star-forming complexes. Determining the HDO/H2O ratio toward
three isolated protostars allows comparison of the water chemistry in isolated and clustered regions to determine the
influence of local cloud environment.

We present ALMA Band 6 observations of the HDO 31,2–22,1 and 21,1–21,2 transitions at 225.897 GHz and 241.562 GHz
along with the first ALMA Band 5 observations of the H18

2 O 31,3–22,0 transition at 203.407 GHz. The high angular
resolution observations (0.3′′-1.3′′) allow the study of the inner warm envelope gas. Model-independent estimates for
the HDO/H2O ratios are obtained and compared with previous determinations of the HDO/H2O ratio in the warm gas
toward low-mass protostars. We successfully detect the targeted water transitions toward the three sources with S/N ¿
5. We determine the HDO/H2O ratio toward L483, B335 and BHR71–IRS1 to be (2.2± 0.4)×10−3, (1.7± 0.3)×10−3,
and (1.8±0.4)×10−3, respectively, assuming Tex = 124 K. The degree of water deuteration of these isolated protostars
are a factor of 2–4 higher relative to Class 0 protostars that are members of known nearby clustered star-forming
regions.

The results indicate that the water deuterium fractionation is influenced by the local cloud environment. This effect
can be explained by variations in either collapse timescales or temperatures, which depends on local cloud dynamics
and could provide a new method to decipher the history of young stars.
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We report the discovery of the oldest stellar substructure in the Orion star forming region (OSFR), the Orion relic
filament. The relic filament is physically associated with the OSFR as demonstrated by Gaia DR2 photometry and
astrometry, as well as targeted radial velocity follow-up observations of a bright sub-sample of proper-motion selected
candidate members. Gaia DR2 parallaxes place the Orion relic filament in the more distant part of the OSFR, ≈
430pc from the Sun. Given its age, velocity dispersion, spatial extent, and shape, it is not possible for the Orion relic
filament to have formed as a single stellar cluster, even taking into account residual gas expulsion. The relic filament is
also too young to be a tidal stream, since Galactic tides act on much longer time scales of order 100 Myr. It therefore
appears likely that the structure formed from a molecular cloud filament similar to Orion A in the OSFR and retained
its morphology despite decoupling from its natal gas. Hence, the Orion relic filament bears witness to the short-lived
evolutionary phase between gas removal and dispersion due to shears and tides, and provides crucial new insights into
how stars are formed in molecular clouds.
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The formation of cold gas giants similar to Jupiter and Saturn in orbit and mass is a great challenge for planetesimal-
driven core accretion models because the core growth rates far from the star are low. Here we model the growth and
migration of single protoplanets that accrete planetesimals and gas. We integrated the core growth rate using fits in
the literature to N -body simulations, which provide the efficiency of accreting the planetesimals that a protoplanet
migrates through. We take into account three constraints from the solar system and from protoplanetary discs: (1)
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• 微惑星によるコア集積で木星や土星のような冷たい巨大ガス惑星を形成することは、コア成長速度が中心星から遠
いほど遅いので難しい 

• 微惑星とガスを降着する1つの原始惑星の成長と軌道移動を考えた 
• コア成長速度は先行研究のN体計算の結果を用いた 
• 太陽系と原始惑星系円盤の観測から3つの制限を考慮した 
• (1) 地球型惑星と彗星の総質量が初期の微惑星総質量と一致すること(1 auあたり数地球質量) 
• (2) 小惑星帯とカイパーベルトから、微惑星の特徴的な直径は100 kmであること 
• (3) 円盤観測から、ダストは弱い乱流によりかき乱されていること(同時に微惑星の傾きも増加させる) 

• 考慮したのは、原始惑星のタイプI軌道移動、微惑星の降着、ガス乱流と微惑星同士の散乱による離心率と傾きの進
化、ガス降着(10地球質量で開始)、円盤進化(粘性降着率、サイズ) 

• 円盤の粘性加熱は無視できるものとする



• 降着効率 
• turbulent stirring parameter 
　　　　　 もしくは 

• 木星、土星形成領域に注目すると、
降着効率は0.0001から0.03程度 

• 降着効率を上げるには 
• 乱流を弱くする(左→右) 
• 星への降着率を下げる(下→上) 
• 原始惑星の軌道移動が遅くな
るから

ratio have been established were all part of larger star-forming complexes. Determining the HDO/H2O ratio toward
three isolated protostars allows comparison of the water chemistry in isolated and clustered regions to determine the
influence of local cloud environment.
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2 O 31,3–22,0 transition at 203.407 GHz. The high angular
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the HDO/H2O ratios are obtained and compared with previous determinations of the HDO/H2O ratio in the warm gas
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and (1.8±0.4)×10−3, respectively, assuming Tex = 124 K. The degree of water deuteration of these isolated protostars
are a factor of 2–4 higher relative to Class 0 protostars that are members of known nearby clustered star-forming
regions.

The results indicate that the water deuterium fractionation is influenced by the local cloud environment. This effect
can be explained by variations in either collapse timescales or temperatures, which depends on local cloud dynamics
and could provide a new method to decipher the history of young stars.
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The formation of cold gas giants similar to Jupiter and Saturn in orbit and mass is a great challenge for planetesimal-
driven core accretion models because the core growth rates far from the star are low. Here we model the growth and
migration of single protoplanets that accrete planetesimals and gas. We integrated the core growth rate using fits in
the literature to N -body simulations, which provide the efficiency of accreting the planetesimals that a protoplanet
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Fig. 1. Accretion efficiency of a protoplanet accreting planetesimals of radius 50 km and for weak turbulent stirring (� = 10�4, left plots) and
very weak turbulent stirring (� = 10�5, right plots) as a function of the distance from the star and the protoplanet mass. The three rows show the
accretion efficiency for three different increasing (top to bottom) values of the mass accretion rate through the disc; the gas surface density in turn
defines the equilibrium inclination of the planetesimals and the transition of the protoplanet from an accreting predator (exterior of the red line)
to a non-accreting shepherd (interior of the red line). The parameter region of core formation in the solar system (the box made by 5 and 20 AU
and by 1 and 10 ME ) is marked with dashed lines. The accretion efficiency beyond 5 AU lies at a value of a few percent or lower for the case of
weak turbulent stirring, while lowering the turbulent stirring to � = 10�5 increases the efficiency by approximately a factor 3. The efficiency overall
increases with decreasing gas accretion through the disc because more slowly migrating planets accrete a higher fraction of the planetesimals that
they migrate through (even though the planetesimal inclinations increase slightly as the gas drag is reduced).

gas accretion rate, Ṁ = 10�6
M� yr�1, Ṁ = 10�7

M� yr�1, and
Ṁ = 10�8

M� yr�1. We considered here a very large disc size,
such that Ṁ is inwards and constant out to 100 AU. We recall
that we ignored viscous heating; the inclusion of viscous heating
would heat the inner regions of the protoplanetary disc and hence
decrease the migration rate, which would in turn make the pro-
toplanets more prone to shepherding. The considered accretion
rates represent an evolutionary sequence in which the accretion
rate decreases with increasing age of the protoplanetary disc.
The stellar accretion rate affects the planetesimal accretion effi-
ciency mainly through the gas surface density, which in turn
scales the migration rate and the inclination of the planetesimals
in equilibrium between turbulent stirring and gas damping.

The accretion efficiency for planetesimals of 50 km in radius
lies in the range between 0.0001 and 0.03 in the region of giant
planet formation in the solar system (the region between 5 and
20 AU in distance from the star and 1 and 10 ME in mass
is marked with dotted lines in the plots). Lowering the turbu-
lent stirring coefficient to � = 10�5 increases the efficiency by
approximately a factor three. This increase comes mainly from
↵pla / ĩ

�1
0 (Eq. (10) for ĩ0 � R̃p) and ĩ0 / �2/3 (Eq. (12)), which

combine to make E / ��2/3 (Eq. (9)). This scaling slightly over-
predicts the actual increase when lowering � from 10�4 to 10�5

because of saturation effects in Eq. (10) towards the 2D limit.
The efficiency increases with decreasing stellar mass accretion

rate because more slowly migrating protoplanets accrete a larger
fraction of the planetesimal flux.

The transition from predator to shepherd is marked with a
thick red line in Fig. 1. This transition depends on the gas drag
timescale and on the migration speed. The transition to shep-
herding generally occurs at around 1 AU from the star in the
final decade of core growth (M ⇡ 1–10 ME). Cores with lower
mass transition to shepherding farther out.

4.2. Growth map

We calculated a large number of growth tracks, defined by the
starting position r0 and starting time t0 of the protoplanet. We
started the protoplanets at a mass of 10�3

ME, a value that may
even be reached by the most massive planetesimals formed by the
streaming instability (Liu et al. 2019). We considered four dif-
ferent combinations of the beginning and final stellar accretion
rate: (Ṁ0, Ṁ3) = (10�7, 3 ⇥ 10�9), (10�6, 10�8), (10�6, 3 ⇥ 10�9),
and (10�6, 10�9). The planetesimals were assumed to form at
t = 0 following the primordial gas surface density profile. With a
planetesimal metallicity of Zpla = 0.01, these protoplanetary disc
models contain 187 ME, 965 ME, 432 ME, and 208 ME of plan-
etesimals, respectively. The planetesimals were assumed to be
50 km in radius and the turbulent stirring coefficient was chosen
at its nominal value of � = 10�4 for all four growth maps.
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with fpla = 10 would have a collision timescale of 1–5 Myr in the
5–10 AU region. Moreover, the characteristic planetesimal size
of 100 km observed in the modern solar system indicates that
the primordial planetesimal population did not undergo an exten-
sive fragmentation process to smaller and more easily accreted
planetesimals.

2.6. Regions of zero migration?

By injecting artificial regions of zero-migration in the cold
regions of the protoplanetary disc that trap protoplanets and
planetesimals, Coleman & Nelson (2016) showed that this
approach allows the formation of cold Jupiters through plan-
etesimal accretion in the outer disc. Their models successfully
produced cold Jupiters because protoplanets and planetesimals
gathered in these convergence zones. However, the mechanism
for the emergence of long-lived zero-migration zones in the for-
mation region of cold gas giants is not clear, but it might be
related to pressure bumps that arise in non-ideal magnetohy-
drodynamics (MHD) simulations of protoplanetary discs (Flock
et al. 2015; Riols & Lesur 2019).

3. Governing equations

The main focus of our paper is the simulation of the growth
of single migrating protoplanets by planetesimal accretion. Our
approach is similar to that of Johansen et al. (2019), who pre-
sented core growth tracks for cores accreting small pebbles
alone, but we ignore the contribution of pebbles to core accre-
tion here. We compare the results obtained here to those of
pebble-driven core accretion models in the conclusions (and in
Appendix A).

3.1. Planetesimal accretion

We followed the parametrisations of Tanaka & Ida (1999), based
on analytical fits to N-body simulations, for the planetesimal
accretion rate. We briefly summarise these equations here. The
equations are normalised with respect to the local dynamics near
the protoplanet orbiting at a distance r from the star. Distances
are thus normalised by the Hill radius RH of the protoplanet,
while times are normalised by the synodic period TK/hp. Here
TK is the Keplerian period and hp = RH/r = [M/(3M?)]1/3 is
the reduced Hill radius. The physical radius of the protoplanet
is given by R̃p = Rp/RH in these units. We ignored the contri-
bution of the gas envelope to the cross section of the protoplanet
because the cross section would increase significantly only above
a core mass of 5 ME for our nominal planetesimal radii of 50 km
(D’Angelo et al. 2014) and because the accretion rate only scales
as the square root of the effective capture radius for the relevant
planetesimal inclinations considered here (see Eq. (10)).

The migration timescale is calculated as

⌧mig =
r

|dr/dt| , (2)

where r is the semi-major axis of the protoplanet and dr/dt is the
migration speed (see Sect. 3.3 below). The normalised migration
timescale is given by

⌧̃mig = ⌧migh
2
p/TK, (3)

where TK = 2⇡/⌦ is the orbital period. This normalisation is a
consequence of the radial position equation ṙ = vr = r/⌧mig.

The gas drag timescale of the planetesimals is

⌧gas =
2Mpla

CD⇡R2
pla⇢gvK

, (4)

where Mpla is the planetesimal mass, CD is the drag coeffi-
cient, ⇢g is the gas density, and vK is the Keplerian speed
of the protoplanet. We set CD = 0.5 for simplicity; this non-
linear drag regime is valid for planetesimals larger than a few
kilometers (Weidenschilling 1977). The normalised gas-drag
timescale, which enters the damping equations for eccentricity
and inclination, is then given by

⌧̃gas = ⌧gas/TK. (5)

Tanaka & Ida (1999) found a critical migration timescale for
shepherding,

⌧̃mig,c = 0.81
✓q

1 + 0.45(⌧̃gas)2/3 + 1
◆2
. (6)

Protoplanets with ⌧̃mig > ⌧̃mig,c are considered to be shepherds
and stop their accretion of planetesimals. These shepherding
bodies nevertheless continue to migrate into regions of higher
gas density, which in turn increases the gas drag on the plan-
etesimals and hence reinforces the shepherding behaviour (the
run-away shepherding effect).

The accretion rate of the protoplanet is given by

Ṁ = EṀpla = E2⇡rṙ⌃pla. (7)

Here E is the accretion efficiency and Ṁpla is the flux of plan-
etesimals that cross the orbit of the migrating protoplanet. The
migration speed is parameterised through the inverse of the
normalised migration timescale,

˙̃
bp = ⌧̃

�1
mig. (8)

The accretion efficiency is then parameterised as

E = ↵pla
˙̃
b
�pla�1
p . (9)

The parameters ↵pla and �pla are fits to numerical simulations.
Tanaka & Ida (1999) found the expressions

↵pla = 2.5

s
R̃p

1 + 0.37ĩ
2
0/R̃p
, (10)

�pla = 0.79
⇣
1 + 10ĩ

2
0

⌘�0.17
. (11)

Here ĩ0 is the inclination of the planetesimal population, divided
by hp to convert this into Hill sphere units.

3.2. Planetesimal inclinations

Tanaka & Ida (1999) showed that a protoplanet easily excites
the eccentricities of the planetesimals that it migrates towards,
but the inclination of a planetesimal is hardly changed prior to
the first scattering by the protoplanet. Therefore the planetesi-
mal inclination is an important parameter in the accretion rate.
We mainly set the inclination from the balance between the stir-
ring by the turbulent gas and damping by gas drag, but for our
experiments with a very or extremely weak turbulent stirring, we
also included the inclination excitation by mutual planetesimal
scatterings (see below).
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Ida et al. (2008) used a non-dimensional parameter � to quan-
tify the stirring by the turbulent gas and find the equilibrium
eccentricity through

edrag = 0.013 f
1/3
g

✓ �
10�4

◆2/3 ✓
R

50 km

◆1/3

⇥
 

⇢•
2 ⇥ 103 kg m�3

!1/3 ✓
r

10 AU

◆11/12
. (12)

Here fg is the gas surface density profile relative to the minimum
mass solar nebula (⌃g = 2.4 ⇥ 104 kg m�2(r/AU)�1.5 is used as a
reference value by Ida et al. 2008). We set i0 = edrag because
turbulent density fluctuations appear to excite eccentricities and
inclinations equally well (Yang et al. 2012).

The turbulent stirring parameter � that appears in Eq. (12)
gives the scaling factor of the random-walk excitation of the
planetesimal eccentricity. Ida et al. (2008) suggested that � ⇠ ↵t
(where ↵t here denotes the turbulent diffusion coefficient, in
contrast to the ↵ value that controls the viscous evolution of
the protoplanetary disc), or � ⇠ ↵1/2

t H/r (where H/r is the disc
aspect ratio). Observations of the thickness of the dust layer in
the protoplanetary disc around the young star HL Tau suggest a
turbulent diffusion coefficient of a few times 10�4 (Pinte et al.
2016), but the interpretation depends on the assumed Stokes
number of the sedimented pebbles. The radial scale height of
pebble rings observed in the Disk Substructures at High Angular
Resolution Project (DSHARP) indicates a diffusion coefficient
⇠10�3 (Dullemond et al. 2018). The physical origin of this weak
turbulence is unknown; the vertical shear instability and active
surface layer turbulence both yield turbulent diffusion coeffi-
cients in excess of 10�3 in the mid-plane (Stoll & Kley 2016;
Yang et al. 2018). We here assumed a relatively low value of
� = 10�4 as the nominal value because this is consistent with
observations and likely represents a lower limit to the realistic
span of values. This value of � also yields planetesimal incli-
nations similar those measured in simulations of the stirring of
planetesimals in the dead zone by density waves propagating
down from turbulent surface layers (Gressel et al. 2012). How-
ever, in Sect. 4.3 we show the change in our results when we
adopt even lower values of the stirring coefficient.

Ida et al. (2008) also argued that the highest eccentricity
induced by mutual planetesimal scatterings is reached when
the random velocity becomes comparable to the escape speed
because this situation favours collisions over strong scattering.
The resulting eccentricity only depends on the planetesimal
escape speed and on the Keplerian speed,

eacc =
vesc

vK
= 0.0046

✓
R

50 km

◆

⇥
 

⇢•
2 ⇥ 103 kg m�3

!1/2 ✓
r

10 AU

◆1/2
. (13)

Our nominal value of � = 10�4 in Eq. (12) therefore represents
the lower end of the range where mutual scatterings are less
important than turbulent stirring, for a planetesimal radius of
50 km. We therefore ignored for simplicity inclination excitation
by planetesimal scatterings for the main simulations in Sect. 4,
but we included it for consistency in our experiments with lower
values of � presented in Sect. 4.3.

3.3. Planetary migration

We used a combined expression for planetary migration that
captured the nominal type I migration of low-mass cores and

the transition to migration modified by gap formation (based on
Kanagawa et al. 2018). This migration prescription and its con-
sequences for planet formation are discussed in Ida et al. (2018)
and in Johansen et al. (2019). The migration is proportional
to the gas surface density and initially to the planetary mass,
but the migration rate drops as the inverse of the planetary mass
after the protoplanet reaches a gap-opening mass of approxi-
mately 20 ME. The turbulent viscosity, which determines the
gap-opening mass, was set to a low value of ↵t = 10�4.

3.4. Gas accretion

Johansen et al. (2019) allowed gas accretion to commence after
the core reached the pebble isolation mass; here we instead
assumed that a core mass of 10 ME marks the transition to gas
accretion. This simplified approach guarantees a core mass that
is comparable to those inferred from the giant planets in the
solar system (Guillot 2005; Wahl et al. 2017), while it allows us
emphasise the core formation process rather than the physics of
gas accretion. The expressions that we use for the gas accretion
rate are discussed in detail in Ida et al. (2018) and Johansen et al.
(2019). We chose a low opacity in the gas envelope to facilitate
rapid gas accretion; the gas accretion timescale of a Jupiter-mass
planet is generally a few hundred thousand years in this model.

3.5. Evolution of the protoplanetary disc

The protoplanetary disc is evolved as a standard viscous ↵ disc
with ↵ = 0.01. The disc surface density profile follows a (nega-
tive) power law out to a characteristic radius beyond which the
profile is exponentially tapered. We used analytical expressions
for the evolution of the mass accretion rate onto the star and
of the characteristic disc radius, anchored by choosing the ini-
tial gas mass flux onto the star, Ṁ0, and the final gas mass flux
after 3 Myr of disc evolution, Ṁ3, after which the protoplanetary
disc is assumed to photoevaporate. The choice of the final accre-
tion rate effectively sets the initial characteristic disc size; a high
value of Ṁ3 implies a large initial disc size and vice versa (see
Johansen et al. 2019).

We ignored viscous heating of the protoplanetary disc, moti-
vated by simulations showing that this heating is weak in discs
accreting by magnetic stresses (Mori et al. 2019). We therefore
considered only stellar irradiation to set the fixed gas tempera-
ture profile, using the irradiated temperature profile given in Ida
et al. (2016). This temperature approach yields a disc aspect ratio
H/r = 0.024 at 1 AU that increases with distance as a power law
of index 2/7. The smooth disc profile precludes any regions of
outwards migration in the disc, but such regions are limited to the
inner few AU from the star in any case (unless the turbulent vis-
cosity is high, see Cossou et al. 2014; Bitsch & Johansen 2016)
and hence do not affect the growth tracks for cold gas giants,
which are the focus of this paper.

4. Growth of single migrating protoplanets
4.1. Accretion efficiency

We start by calculating the efficiency of accreting planetesimals
of 50 km in radius (100 km in diameter) using the Tanaka & Ida
(1999) parametrisation for two different values of the turbulent
stirring (weak stirring with � = 10�4 and very weak stirring with
� = 10�5) as a function of the distance from the star and the
mass of the protoplanet in Fig. 1. The planetesimal inclinations
were calculated taking only the turbulent stirring by the gas into
account. The results are shown for three values of the stellar
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Here fg is the gas surface density profile relative to the minimum
mass solar nebula (⌃g = 2.4 ⇥ 104 kg m�2(r/AU)�1.5 is used as a
reference value by Ida et al. 2008). We set i0 = edrag because
turbulent density fluctuations appear to excite eccentricities and
inclinations equally well (Yang et al. 2012).

The turbulent stirring parameter � that appears in Eq. (12)
gives the scaling factor of the random-walk excitation of the
planetesimal eccentricity. Ida et al. (2008) suggested that � ⇠ ↵t
(where ↵t here denotes the turbulent diffusion coefficient, in
contrast to the ↵ value that controls the viscous evolution of
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� = 10�4 as the nominal value because this is consistent with
observations and likely represents a lower limit to the realistic
span of values. This value of � also yields planetesimal incli-
nations similar those measured in simulations of the stirring of
planetesimals in the dead zone by density waves propagating
down from turbulent surface layers (Gressel et al. 2012). How-
ever, in Sect. 4.3 we show the change in our results when we
adopt even lower values of the stirring coefficient.

Ida et al. (2008) also argued that the highest eccentricity
induced by mutual planetesimal scatterings is reached when
the random velocity becomes comparable to the escape speed
because this situation favours collisions over strong scattering.
The resulting eccentricity only depends on the planetesimal
escape speed and on the Keplerian speed,
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Our nominal value of � = 10�4 in Eq. (12) therefore represents
the lower end of the range where mutual scatterings are less
important than turbulent stirring, for a planetesimal radius of
50 km. We therefore ignored for simplicity inclination excitation
by planetesimal scatterings for the main simulations in Sect. 4,
but we included it for consistency in our experiments with lower
values of � presented in Sect. 4.3.

3.3. Planetary migration

We used a combined expression for planetary migration that
captured the nominal type I migration of low-mass cores and

the transition to migration modified by gap formation (based on
Kanagawa et al. 2018). This migration prescription and its con-
sequences for planet formation are discussed in Ida et al. (2018)
and in Johansen et al. (2019). The migration is proportional
to the gas surface density and initially to the planetary mass,
but the migration rate drops as the inverse of the planetary mass
after the protoplanet reaches a gap-opening mass of approxi-
mately 20 ME. The turbulent viscosity, which determines the
gap-opening mass, was set to a low value of ↵t = 10�4.

3.4. Gas accretion

Johansen et al. (2019) allowed gas accretion to commence after
the core reached the pebble isolation mass; here we instead
assumed that a core mass of 10 ME marks the transition to gas
accretion. This simplified approach guarantees a core mass that
is comparable to those inferred from the giant planets in the
solar system (Guillot 2005; Wahl et al. 2017), while it allows us
emphasise the core formation process rather than the physics of
gas accretion. The expressions that we use for the gas accretion
rate are discussed in detail in Ida et al. (2018) and Johansen et al.
(2019). We chose a low opacity in the gas envelope to facilitate
rapid gas accretion; the gas accretion timescale of a Jupiter-mass
planet is generally a few hundred thousand years in this model.

3.5. Evolution of the protoplanetary disc

The protoplanetary disc is evolved as a standard viscous ↵ disc
with ↵ = 0.01. The disc surface density profile follows a (nega-
tive) power law out to a characteristic radius beyond which the
profile is exponentially tapered. We used analytical expressions
for the evolution of the mass accretion rate onto the star and
of the characteristic disc radius, anchored by choosing the ini-
tial gas mass flux onto the star, Ṁ0, and the final gas mass flux
after 3 Myr of disc evolution, Ṁ3, after which the protoplanetary
disc is assumed to photoevaporate. The choice of the final accre-
tion rate effectively sets the initial characteristic disc size; a high
value of Ṁ3 implies a large initial disc size and vice versa (see
Johansen et al. 2019).

We ignored viscous heating of the protoplanetary disc, moti-
vated by simulations showing that this heating is weak in discs
accreting by magnetic stresses (Mori et al. 2019). We therefore
considered only stellar irradiation to set the fixed gas tempera-
ture profile, using the irradiated temperature profile given in Ida
et al. (2016). This temperature approach yields a disc aspect ratio
H/r = 0.024 at 1 AU that increases with distance as a power law
of index 2/7. The smooth disc profile precludes any regions of
outwards migration in the disc, but such regions are limited to the
inner few AU from the star in any case (unless the turbulent vis-
cosity is high, see Cossou et al. 2014; Bitsch & Johansen 2016)
and hence do not affect the growth tracks for cold gas giants,
which are the focus of this paper.

4. Growth of single migrating protoplanets
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We start by calculating the efficiency of accreting planetesimals
of 50 km in radius (100 km in diameter) using the Tanaka & Ida
(1999) parametrisation for two different values of the turbulent
stirring (weak stirring with � = 10�4 and very weak stirring with
� = 10�5) as a function of the distance from the star and the
mass of the protoplanet in Fig. 1. The planetesimal inclinations
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A70, page 5 of 13



• 色は円盤が3 Myrで散逸したあとの
最終的な原始惑星質量 

• 縦軸(左)は原始惑星が微惑星を降着し
始める時間、縦軸(右)はそれに対応す
る星の降着率 

• 横軸は原始惑星が微惑星を降着し始
める位置 

• 白の等高線は原始惑星の最終的な位
置 

• 左上以外は、hot & warmなガス巨大
惑星が形成されてしまう 

• 黄線は円盤サイズ 
• 赤線はガスのToomre Q 
• 左上: 標準モデル、右上: 降着率↑、
下2つ: 初期降着率↑円盤サイズ↓

ratio have been established were all part of larger star-forming complexes. Determining the HDO/H2O ratio toward
three isolated protostars allows comparison of the water chemistry in isolated and clustered regions to determine the
influence of local cloud environment.

We present ALMA Band 6 observations of the HDO 31,2–22,1 and 21,1–21,2 transitions at 225.897 GHz and 241.562 GHz
along with the first ALMA Band 5 observations of the H18

2 O 31,3–22,0 transition at 203.407 GHz. The high angular
resolution observations (0.3′′-1.3′′) allow the study of the inner warm envelope gas. Model-independent estimates for
the HDO/H2O ratios are obtained and compared with previous determinations of the HDO/H2O ratio in the warm gas
toward low-mass protostars. We successfully detect the targeted water transitions toward the three sources with S/N ¿
5. We determine the HDO/H2O ratio toward L483, B335 and BHR71–IRS1 to be (2.2± 0.4)×10−3, (1.7± 0.3)×10−3,
and (1.8±0.4)×10−3, respectively, assuming Tex = 124 K. The degree of water deuteration of these isolated protostars
are a factor of 2–4 higher relative to Class 0 protostars that are members of known nearby clustered star-forming
regions.

The results indicate that the water deuterium fractionation is influenced by the local cloud environment. This effect
can be explained by variations in either collapse timescales or temperatures, which depends on local cloud dynamics
and could provide a new method to decipher the history of young stars.
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A stellar relic filament in the Orion star forming region
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We report the discovery of the oldest stellar substructure in the Orion star forming region (OSFR), the Orion relic
filament. The relic filament is physically associated with the OSFR as demonstrated by Gaia DR2 photometry and
astrometry, as well as targeted radial velocity follow-up observations of a bright sub-sample of proper-motion selected
candidate members. Gaia DR2 parallaxes place the Orion relic filament in the more distant part of the OSFR, ≈
430pc from the Sun. Given its age, velocity dispersion, spatial extent, and shape, it is not possible for the Orion relic
filament to have formed as a single stellar cluster, even taking into account residual gas expulsion. The relic filament is
also too young to be a tidal stream, since Galactic tides act on much longer time scales of order 100 Myr. It therefore
appears likely that the structure formed from a molecular cloud filament similar to Orion A in the OSFR and retained
its morphology despite decoupling from its natal gas. Hence, the Orion relic filament bears witness to the short-lived
evolutionary phase between gas removal and dispersion due to shears and tides, and provides crucial new insights into
how stars are formed in molecular clouds.
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Exploring the conditions for forming cold gas giants through planetesimal accretion

Anders Johansen1 and Bertram Bitsch2

1 Lund Observatory; 2 Max Planck Institute for Astronomy

E-mail contact: anders at astro.lu.se

The formation of cold gas giants similar to Jupiter and Saturn in orbit and mass is a great challenge for planetesimal-
driven core accretion models because the core growth rates far from the star are low. Here we model the growth and
migration of single protoplanets that accrete planetesimals and gas. We integrated the core growth rate using fits in
the literature to N -body simulations, which provide the efficiency of accreting the planetesimals that a protoplanet
migrates through. We take into account three constraints from the solar system and from protoplanetary discs: (1)
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Fig. 2. Growth maps for protoplanet growth by planetesimal accretion, with gas accretion commencing after 10 ME is reached. The maps show the
final mass (i.e. the mass reached when the disc has dissipated after 3 Myr) as continuous colours and the final positions as white contour lines as
a function of the starting position of the protoplanet and the starting time. We additionally show the size of the protoplanetary disc (yellow line)
and the Toomre Q of the gas (red contour lines). The panels show the results for four values of the initial mass accretion rate through the disc and
the mass accretion rate after 3 Myr. The instantaneous stellar mass accretion rate is shown on the right axis. Each panel is also labelled with the
total mass of the planetesimals in the models; we assume here that 1% of the initial gas surface density profile is converted into planetesimals at
t = 0. The nominal model (upper left) achieves protoplanet growth only up to 0.1 ME, approximately the mass of Mars. The three other models,
where planetesimals form at the gravitationally unstable phase of protoplanetary disc evolution, successfully form hot and warm gas giants interior
of 2 AU, but are not able to form any cold gas giants in the 5–10 AU region (see inset in the upper right panel).

The growth maps in Fig. 2 indicate the final mass of the plan-
ets in continuous colours and the final positions as white contour
lines. The final mass decreases for protoplanets starting at later
times because the time left for growing the planet is shorter. Pro-
toplanets starting their growth close to the star or late in the disc
evolution migrate slowly enough to become planetesimal shep-
herds; hence the final mass drops to zero at late starting times.
The yellow line marks the size of the protoplanetary disc and the
red contours show the self-gravity parameter Q = cs⌦/(⇡G⌃g)
(Safronov 1960; Toomre 1964), where cs is the sound speed of
the gas, ⌦ is the Keplerian frequency, and ⌃g is the gas surface
density.

The protoplanetary disc model shown in the upper left corner
contains approximately twice the mass in planetesimals of the
minimum mass solar nebula (Hayashi 1981), consistent with the
constraints on the primordial planetesimal populations discussed
in the introduction. This model entirely fails to form any gas
giants. Because the planetesimal accretion efficiency is at most
a few percent, the total planetesimal mass of ⇡187 ME is insuffi-
cient to form a core of 10 ME. The most massive protoplanets
grow to approximately 0.1 ME (comparable to Mars) in this
model.

When the initial mass accretion rate is increased by a factor
10 to 10�6

M� yr�1, the model shown in the upper right corner of
Fig. 2 yields a protoplanetary disc that starts with a self-gravity
parameter Q below 1.5 in a large region from 3 to 30 AU. The
disc initially has a characteristic size of 20 AU, beyond which the

power-law gas surface density transitions to an exponential taper-
ing. This model successfully produces gas-giant planets that end
in orbits up to 2 AU from the star, but fails to form any analogues
of Jupiter and Saturn in the 5–10 AU region.

The two lower plots of Fig. 2 show versions of the protoplan-
etary disc with an initially high accretion rate, but with smaller
initial disc sizes (9 and 4 AU) and lower final accretion rates
(Ṁ3 = 3 ⇥ 10�9

M� yr�1 and Ṁ3 = 10�9
M� yr�1). The reduction

in initial disc size pushes the final positions of the gas giants that
are formed even closer to the star. Protoplanets can grow even
outside of the initial disc size because we assumed that planetes-
imals also form at an abundance of 1% relative to the gas in the
exponentially tapered regions.

4.3. Boosting planetesimal accretion

We tested ways to boost core growth by planetesimal accretion by
decreasing the size of the planetesimals, decreasing the migra-
tion speed, increasing the initial mass of the protoplanets, and
decreasing the inclinations of the planetesimals. We illustrate the
growth tracks of protoplanets starting at 5, 10, 15, and 20 AU
in Fig. 3 in what we call the massive planetesimal population
model (the model at the top right of Fig. 2: initial size of 20 AU,
initial stellar accretion rate of 10�6

M� yr�1, and 965 ME of plan-
etesimals) for two different planetesimal sizes (50 and 5 km),
for a case where the migration speed is reduced, and for a case
with a more massive initial protoplanet. We also overplot the
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Fig. 2. Growth maps for protoplanet growth by planetesimal accretion, with gas accretion commencing after 10 ME is reached. The maps show the
final mass (i.e. the mass reached when the disc has dissipated after 3 Myr) as continuous colours and the final positions as white contour lines as
a function of the starting position of the protoplanet and the starting time. We additionally show the size of the protoplanetary disc (yellow line)
and the Toomre Q of the gas (red contour lines). The panels show the results for four values of the initial mass accretion rate through the disc and
the mass accretion rate after 3 Myr. The instantaneous stellar mass accretion rate is shown on the right axis. Each panel is also labelled with the
total mass of the planetesimals in the models; we assume here that 1% of the initial gas surface density profile is converted into planetesimals at
t = 0. The nominal model (upper left) achieves protoplanet growth only up to 0.1 ME, approximately the mass of Mars. The three other models,
where planetesimals form at the gravitationally unstable phase of protoplanetary disc evolution, successfully form hot and warm gas giants interior
of 2 AU, but are not able to form any cold gas giants in the 5–10 AU region (see inset in the upper right panel).

The growth maps in Fig. 2 indicate the final mass of the plan-
ets in continuous colours and the final positions as white contour
lines. The final mass decreases for protoplanets starting at later
times because the time left for growing the planet is shorter. Pro-
toplanets starting their growth close to the star or late in the disc
evolution migrate slowly enough to become planetesimal shep-
herds; hence the final mass drops to zero at late starting times.
The yellow line marks the size of the protoplanetary disc and the
red contours show the self-gravity parameter Q = cs⌦/(⇡G⌃g)
(Safronov 1960; Toomre 1964), where cs is the sound speed of
the gas, ⌦ is the Keplerian frequency, and ⌃g is the gas surface
density.

The protoplanetary disc model shown in the upper left corner
contains approximately twice the mass in planetesimals of the
minimum mass solar nebula (Hayashi 1981), consistent with the
constraints on the primordial planetesimal populations discussed
in the introduction. This model entirely fails to form any gas
giants. Because the planetesimal accretion efficiency is at most
a few percent, the total planetesimal mass of ⇡187 ME is insuffi-
cient to form a core of 10 ME. The most massive protoplanets
grow to approximately 0.1 ME (comparable to Mars) in this
model.

When the initial mass accretion rate is increased by a factor
10 to 10�6

M� yr�1, the model shown in the upper right corner of
Fig. 2 yields a protoplanetary disc that starts with a self-gravity
parameter Q below 1.5 in a large region from 3 to 30 AU. The
disc initially has a characteristic size of 20 AU, beyond which the

power-law gas surface density transitions to an exponential taper-
ing. This model successfully produces gas-giant planets that end
in orbits up to 2 AU from the star, but fails to form any analogues
of Jupiter and Saturn in the 5–10 AU region.

The two lower plots of Fig. 2 show versions of the protoplan-
etary disc with an initially high accretion rate, but with smaller
initial disc sizes (9 and 4 AU) and lower final accretion rates
(Ṁ3 = 3 ⇥ 10�9

M� yr�1 and Ṁ3 = 10�9
M� yr�1). The reduction

in initial disc size pushes the final positions of the gas giants that
are formed even closer to the star. Protoplanets can grow even
outside of the initial disc size because we assumed that planetes-
imals also form at an abundance of 1% relative to the gas in the
exponentially tapered regions.

4.3. Boosting planetesimal accretion

We tested ways to boost core growth by planetesimal accretion by
decreasing the size of the planetesimals, decreasing the migra-
tion speed, increasing the initial mass of the protoplanets, and
decreasing the inclinations of the planetesimals. We illustrate the
growth tracks of protoplanets starting at 5, 10, 15, and 20 AU
in Fig. 3 in what we call the massive planetesimal population
model (the model at the top right of Fig. 2: initial size of 20 AU,
initial stellar accretion rate of 10�6

M� yr�1, and 965 ME of plan-
etesimals) for two different planetesimal sizes (50 and 5 km),
for a case where the migration speed is reduced, and for a case
with a more massive initial protoplanet. We also overplot the
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ratio have been established were all part of larger star-forming complexes. Determining the HDO/H2O ratio toward
three isolated protostars allows comparison of the water chemistry in isolated and clustered regions to determine the
influence of local cloud environment.

We present ALMA Band 6 observations of the HDO 31,2–22,1 and 21,1–21,2 transitions at 225.897 GHz and 241.562 GHz
along with the first ALMA Band 5 observations of the H18

2 O 31,3–22,0 transition at 203.407 GHz. The high angular
resolution observations (0.3′′-1.3′′) allow the study of the inner warm envelope gas. Model-independent estimates for
the HDO/H2O ratios are obtained and compared with previous determinations of the HDO/H2O ratio in the warm gas
toward low-mass protostars. We successfully detect the targeted water transitions toward the three sources with S/N ¿
5. We determine the HDO/H2O ratio toward L483, B335 and BHR71–IRS1 to be (2.2± 0.4)×10−3, (1.7± 0.3)×10−3,
and (1.8±0.4)×10−3, respectively, assuming Tex = 124 K. The degree of water deuteration of these isolated protostars
are a factor of 2–4 higher relative to Class 0 protostars that are members of known nearby clustered star-forming
regions.

The results indicate that the water deuterium fractionation is influenced by the local cloud environment. This effect
can be explained by variations in either collapse timescales or temperatures, which depends on local cloud dynamics
and could provide a new method to decipher the history of young stars.

Accepted by A&A
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A stellar relic filament in the Orion star forming region

Tereza Jerabkova1,2,3, Henri M.J. Boffin1, Giacomo Beccari1, and Richard I. Anderson1,4

1 European Southern Observatory, Karl-Schwarzschild-Straße 2, 85748 Garching bei München, Germany; 2 Helmholtz
Institut für Strahlen und Kernphysik, Universität Bonn, Nussallee 14-16, 53115 Bonn, Germany; 3 Astronomical
Institute, Charles University in Prague, V Holesovickach 2, CZ-180 00 Praha 8, Czech Republic; 4 Département
d’Astronomie, Université de Genève, 51 Ch des Maillettes, 1290 Sauverny, Switzerland

E-mail contact: tjerabkova at gmail.com

We report the discovery of the oldest stellar substructure in the Orion star forming region (OSFR), the Orion relic
filament. The relic filament is physically associated with the OSFR as demonstrated by Gaia DR2 photometry and
astrometry, as well as targeted radial velocity follow-up observations of a bright sub-sample of proper-motion selected
candidate members. Gaia DR2 parallaxes place the Orion relic filament in the more distant part of the OSFR, ≈
430pc from the Sun. Given its age, velocity dispersion, spatial extent, and shape, it is not possible for the Orion relic
filament to have formed as a single stellar cluster, even taking into account residual gas expulsion. The relic filament is
also too young to be a tidal stream, since Galactic tides act on much longer time scales of order 100 Myr. It therefore
appears likely that the structure formed from a molecular cloud filament similar to Orion A in the OSFR and retained
its morphology despite decoupling from its natal gas. Hence, the Orion relic filament bears witness to the short-lived
evolutionary phase between gas removal and dispersion due to shears and tides, and provides crucial new insights into
how stars are formed in molecular clouds.

Accepted by MNRAS

http://arxiv.org/pdf/1909.04056

Exploring the conditions for forming cold gas giants through planetesimal accretion

Anders Johansen1 and Bertram Bitsch2

1 Lund Observatory; 2 Max Planck Institute for Astronomy

E-mail contact: anders at astro.lu.se

The formation of cold gas giants similar to Jupiter and Saturn in orbit and mass is a great challenge for planetesimal-
driven core accretion models because the core growth rates far from the star are low. Here we model the growth and
migration of single protoplanets that accrete planetesimals and gas. We integrated the core growth rate using fits in
the literature to N -body simulations, which provide the efficiency of accreting the planetesimals that a protoplanet
migrates through. We take into account three constraints from the solar system and from protoplanetary discs: (1)

28
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• 太陽系と原始惑星系円盤の観測からの3つの制限を考慮すると、原始惑
星の最大質量は0.1 地球質量にしかなれない 

• 微惑星総質量を増やして星への降着率も増やすと、hot & warmな巨大
ガス惑星が作られてしまう 

• 微惑星総質量を増やして、乱流を非常に弱くして、微惑星サイズも小さ
く(半径5 km)すれば木星や土星のコアを形成することができる 

• この結論は3つの制限を全て無視してしまっている 
• 成長中の原始惑星同士の相互作用が必要か？ 
• 円盤の粘性加熱を考慮しないといけないか？ 
• 外側への軌道移動が必要か？ 
• ペブル降着によって形成されたのか？
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Massive Planetesimal Population model (Mpla = 965 ME)
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Fig. 3. Growth tracks of protoplanets accreting planetesimals of two different radii (blue and red lines), with reduced migration (yellow lines) and
starting with a higher protoplanet mass (blue dash-dotted lines). The growth tracks are started at either 5, 10, 15, or 20 AU. We used here the
massive planetesimal population model that contains 965 ME of planetesimals formed at t = 0 and assumed that the protoplanets start to grow
immediately thereafter. Growth tracks starting at 5 AU generally become warm gas giants, ending in final orbits around 1 AU. Protoplanets starting
farther out experience only moderate growth due to the low planetesimal accretion efficiencies there. Lowering the migration rate has a net positive
effect for the growth track starting at 5 AU, but the more distant protoplanets experience a decreased growth rate when they migrate more slowly
because the flux of planetesimals past migrating the protoplanet is reduced. The more massive protoplanets experience rapid migration towards
the regions of high accretion efficiency close to the star, but the adoption of initially more massive protoplanets does not help in forming cold gas
giants.

current positions of the giant planets in the solar system. Start-
ing at 5 AU and with planetesimals of 50 km, we can only form
Jupiter-mass planets ending in (warm) 1 AU orbits. Starting far-
ther out at 10 AU, smaller planetesimals help in promoting the
growth of the protoplanet, but the nominal planetesimal radius
of 50 km and the smaller planetesimals with radius 5 km both
fail to produce protoplanets beyond 1 ME in mass.

In order to explore the role of the migration rate on the
outcome of planet formation, we produced additional growth
tracks with the migration multiplied by a reduction factor fmig =
0.2 for all protoplanet masses. We also ignored the transition
to shepherding in this experiment because shepherding might
be suppressed when multiple protoplanets scatter planetesimals
between them (Kokubo & Ida 2000; Thommes et al. 2003). The
result is shown with yellow curves in Fig. 3. The reduced migra-
tion has a weak positive effect on the growth tracks starting at
5 AU; they now produce gas giants in 2–3 AU orbits. The effect
is overall negative farther out, however. Lowering the migration
speed leads to a higher efficiency of accreting planetesimals, but
the flux of planetesimals that the protoplanets migrates over is
also reduced, which reduces the overall growth rate.

In Fig. 3 we show with dash-dotted blue lines the growth
tracks when we started with a larger protoplanet mass of Mp,0 =
0.1 ME. These protoplanets experience rapid migration towards
the star. This has the positive effect of bringing the protoplanets
into the regions of higher accretion efficiency closer to the star,
but increasing the protoplanet mass does not help to create giant
planets in cold orbits.

We show the final planet mass as a function of the final posi-
tion forming in the massive planetesimal population model in
Fig. 4 for lower values of the turbulent stirring �. We assumed
again that the protoplanets start growing immediately at t = 0.
We include here the inclination stirring by mutual scattering
(Eq. (13)) and by torques from the turbulent gas (Eq. (12),
multiplied by 0.5 because i ⇡ 0.5e is typical for excitation by
scattering). The planetesimal inclination is set as the larger of the
two expressions. We tested three values of the turbulent stirring
coefficient � (weak turbulence: � = 10�4, very weak turbulence:
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Fig. 4. Final planetary mass as a function of the final planetary orbit
for protoplanets starting to accrete at t = 0 in the massive planetesimal
population model with two different planetesimal radii (50 and 5 km)
and three values of the turbulent stirring coefficient (10�4, 10�5, and
10�6). The solid blue line (� = 10�4/Rpla = 50 km) corresponds to a cut
at t0 = 0 of the upper right panel of Fig. 2. The planetesimal inclina-
tions are here set as the maximum of the inclinations given by turbulent
stirring and by mutual planetesimal scattering. Planetesimals with a
nominal radius of 50 km can only form Jupiter-mass planets interior
of 3 AU, even when the turbulent stirring is very weak with � = 10�5

or extremely weak with � = 10�6, because of inclination stirring by
mutual planetesimal scattering. Lowering the planetesimal radius to
5 km allows the formation of Jupiter analogues when the turbulent
stirring coefficient is � = 10�5 or � = 10�6.

� = 10�5, and extremely weak turbulence: � = 10�6) and two
planetesimal sizes (50 and 5 km). The outermost Jupiter-mass
planet shifts from 2 to 3 AU when the turbulence strength is
decreased from weak to very weak or extremely weak. In the
latter two cases the inclination is mainly set by the escape speed
of the planetesimals. Lowering the planetesimal radius to 5 km
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E-mail contact: adam.g.ginsburg at gmail.com

We report the discovery of maser emission in the two lowest rotational transitions of CS toward the high-mass
protostar W51 e2e with ALMA and the JVLA. The masers from CS J=1–0 and J=2–1 are neither spatially nor
spectrally coincident (they are separated by ∼150 AU and ∼30 km s−1), but both appear to come from the base of
the blueshifted outflow from this source. These CS masers join a growing list of rarely-detected maser transitions that
may trace a unique phase in the formation of high-mass protostars.

Accepted by AJ

http://arxiv.org/pdf/1909.11089

Gas velocity structure of the Orion A Integral Shaped Filament

Valentina González Lobos1 and Amelia M. Stutz1,2

1 Departmento de Astronomı́a, Facultad de Ciencias F́ısicas y Matemáticas, Universidad de Concepción, Concepción,
Chile; 2 Max-Planck-Institute for Astronomy, Königstuhl 17, 69117 Heidelberg, Germany

E-mail contact: vgonzalezl at udec.cl

We present analysis of the gas kinematics of the Integral Shaped Filament (ISF) in Orion A using four different
molecular lines, 12CO (1-0), 13CO (1-0), NH3 (1,1), and N2H+ (1-0). We describe our method to visualize the position-
velocity (PV) structure using the intensity-weighted line velocity centroid, which enables us to identify structures that
were previously muddled or invisible. We observe a north to south velocity gradient in all tracers that terminates in a
velocity peak near the center of the Orion Nebula Cluster (ONC), consistent with the previously reported ”wave-like”
properties of the ISF. We extract the velocity dispersion profiles and compare the non-thermal line widths to the gas
gravitational potential. We find supersonic Mach number profiles, yet the line widths are consistent with the gas
being deeply gravitationally bound. We report the presence of two 12CO velocity components along the northern
half of the ISF; if interpreted as circular rotation, the angular velocity is ω = 1.4Myr−1. On small scales we report
the detection of N2H+ and NH3 ”twisting and turning” structures, with short associated timescales that give the
impression of a torsional wave. Neither the nature of these structures nor their relation to the larger scale wave is
presently understood.

Accepted by MNRAS

https://arxiv.org/pdf/1909.02589

Gaia 19ajj: A Young Star Brightening Due to
Enhanced Accretion + Reduced Extinction

Lynne A. Hillenbrand1, Bo Reipurth2, Michael Connelley2, Roc M. Cutri3 and Howard Isaacson4,5

1 Department of Astronomy, California Institute of Technology, USA; 2 Institute for Astronomy, University of Hawaii
at Manoa, USA; 3 IPAC, California Institute of Technology, USA; 4 Astronomy Department, University of California,
Berkeley, USA; 5 University of Southern Queensland, Australia

E-mail contact: lah at astro.caltech.edu

We report on the source Gaia 19ajj, identifying it as a young star associated with a little-studied star-forming region
seen along a complex line-of-sight through the Gum Nebula. The optical lightcurve recently recorded by Gaia exhibits
a slow and unsteady 5.5 mag rise over about 3 years, while the mid-infrared lightcurve from NEOWISE over the
same time period shows a 1.2 mag rise having similar structure. Available color information is inconsistent with pure
extinction reduction as the cause for the photometric brightening. Optical spectroscopic characteristics in the current
bright phase include: little in the way of absorption except for the hallmark LiI 6707 Å signature of youth plus weak
e.g. Ca I and notably Ba II; strong wind/outflow in Ca II, Mg I b, Na I D, Hα, K I, O I; jet signatures in [O I], [S
II], [Ca II], [Fe II], and [Ni II]; and narrow rest-velocity emission in neutral species such as Fe I, Ni I, and Mg I. The
infrared spectrum is also characterized by outflow and emission, including: a hot He I wind, jet lines such as [Fe II]
and H2; and weak narrow rest-velocity atomic line emission. The 12CO bandheads are weakly in emission, but there
is also broad H2O absorption. Gaia 19ajj exhibited a previous bright state in the 2010-2012 time frame. The body
of photometric and spectroscopic evidence suggests that the source bears resemblance to V2492 Cyg (PTF 10nvg)
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and PV Cep, both of which similarly experience bright phases that recur on long timescales, with large-amplitude
photometric variations and emission-dominated spectra. We interpret the behavior of Gaia 19ajj as caused by cycles
of enhanced disk accretion accompanied by reduced extinction.

Accepted by Astronomical Journal (AJ)

http://arxiv.org/pdf/1910.05790

The New EXor Outburst of ESO-Hα 99 observed by Gaia ATLAS and TESS

Klaus W. Hodapp1, Bo Reipurth1, Bertil Pettersson2, John Tonry3, Larry Denneau3, Patrick J. Vallely4,
Benjamin J. Shappee3, James D. Armstrong5, Michael S. Connelley1, C. S. Kochanek4, Michael
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We report photometry and spectroscopy of the outburst of the young stellar object ESO-Hα 99. The outburst was
first noticed in Gaia alert Gaia18dvc and later by ATLAS. We have established the outburst light curve with archival
ATLAS “Orange” filter photometry, Gaia data, new V -band photometry, and J , H , and Ks photometry from IRIS
and UKIRT. The brightness has fluctuated several times near the light curve maximum. The TESS satellite observed
ESO-Hα 99 with high cadence during one of these minor minima and found brightness fluctuations on timescales of
days and hours. Imaging with UKIRT shows the outline of an outflow cavity, and we find one knot of H2 1 − 0 S(1)
emission, now named MHO 1520, on the symmetry axis of this nebula, indicating recent collimated outflow activity
from ESO-Hα 99. Its pre-outburst SED shows a flat FIR spectrum, confirming its early evolutionary state and its
similarity to other deeply embedded objects in the broader EXor class. The pre-outburst luminosity is 34 L⊙, a
much higher luminosity than typical EXors, indicating that ESO-Hα 99 may be a star of intermediate mass. Infrared
and optical spectroscopy show a rich emission line spectrum, including HI lines, strong red CaII emission, as well as
infrared CO bandhead emission, all characteristic EXors in the broadest sense. Comparison of the present spectra
with an optical spectrum obtained in 1993, presumably in the quiescent state of the object, shows that during the
present outburst the continuum component of the spectrum has increased notably more than the emission lines. The
Hα equivalent width during the outburst is down to one half of its 1993 level, and shock-excited emission lines are
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and PV Cep, both of which similarly experience bright phases that recur on long timescales, with large-amplitude
photometric variations and emission-dominated spectra. We interpret the behavior of Gaia 19ajj as caused by cycles
of enhanced disk accretion accompanied by reduced extinction.
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toward 39 Class 0 and Class I sources in the Perseus molecular cloud. N2H+ and HCO+ are destroyed via gas-phase
reactions with CO and H2O, respectively, thus tracing the CO and H2O snowline locations. A snowline location at
a much larger radius than that expected from the current luminosity suggests that an accretion burst has occurred
in the past which has shifted the snowline outward. We identified 18/18 Class 0 and 9/10 Class I post-burst sources
from N2H+, and 7/17 Class 0 and 1/8 Class I post-burst sources from HCO+. The accretion luminosities during the
past bursts are found to be ∼ 10 − 100 L⊙. This result can be interpreted as either evolution of burst frequency or
disk evolution. In the former case, assuming that refreeze-out timescales are 1000 yr for H2O and 10,000 yr for CO,
we found that the intervals between bursts increases from 2400 yr in the Class 0 to 8000 yr in the Class I stage. This
decrease in the burst frequency may reflect that fragmentation is more likely to occur at an earlier evolutionary stage
when the young stellar object is more prone to instability.
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We present 1.3mm ALMA observations of polarized dust emission toward the wide-binary protostellar system BHR
71 IRS1 and IRS2. IRS1 features what appears to be a natal, hourglass-shaped magnetic field. In contrast, IRS2
exhibits a magnetic field that has been affected by its bipolar outflow. Toward IRS2, the polarization is confined
mainly to the outflow cavity walls. Along the northern edge of the redshifted outflow cavity of IRS2, the polarized
emission is sandwiched between the outflow and a filament of cold, dense gas traced by N2D+, toward which no dust
polarization is detected. This suggests that the origin of the enhanced polarization in IRS2 is the irradiation of the
outflow cavity walls, which enables the alignment of dust grains with respect to the magnetic field—but only to a
depth of ∼ 300 au, beyond which the dust is cold and unpolarized. However, in order to align grains deep enough in
the cavity walls, and to produce the high polarization fraction seen in IRS2, the aligning photons are likely to be in the
mid- to far-infrared range, which suggests a degree of grain growth beyond what is typically expected in very young,
Class 0 sources. Finally, toward IRS1 we see a narrow, linear feature with a high (10–20%) polarization fraction and
a well ordered magnetic field that is not associated with the bipolar outflow cavity. We speculate that this feature
may be a magnetized accretion streamer; however, this has yet to be confirmed by kinematic observations of dense-gas
tracers.
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exhibits a magnetic field that has been affected by its bipolar outflow. Toward IRS2, the polarization is confined
mainly to the outflow cavity walls. Along the northern edge of the redshifted outflow cavity of IRS2, the polarized
emission is sandwiched between the outflow and a filament of cold, dense gas traced by N2D+, toward which no dust
polarization is detected. This suggests that the origin of the enhanced polarization in IRS2 is the irradiation of the
outflow cavity walls, which enables the alignment of dust grains with respect to the magnetic field—but only to a
depth of ∼ 300 au, beyond which the dust is cold and unpolarized. However, in order to align grains deep enough in
the cavity walls, and to produce the high polarization fraction seen in IRS2, the aligning photons are likely to be in the
mid- to far-infrared range, which suggests a degree of grain growth beyond what is typically expected in very young,
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Recent ALMA observations may indicate a surprising abundance of sub-Jovian planets on very wide orbits in proto-
planetary discs that are only a few million years old. These planets are too young and distant to have been formed via
the Core Accretion (CA) scenario, and are much less massive than the gas clumps born in the classical Gravitational
Instability (GI) theory. It was recently suggested that such planets may form by the partial destruction of GI proto-
planets: energy output due to the growth of a massive core may unbind all or most of the surrounding pre-collapse
protoplanet. Here we present the first 3D global disc simulations that simultaneously resolve grain dynamics in the disc
and within the protoplanet. We confirm that massive GI protoplanets may self-destruct at arbitrarily large separations
from the host star provided that solid cores of mass around 10–20 Earth masses are able to grow inside them during
their pre-collapse phase. In addition, we find that the heating force recently analysed by Masset and Velasco Romero
(2017) perturbs these cores away from the centre of their gaseous protoplanets. This leads to very complicated dust
dynamics in the protoplanet centre, potentially resulting in the formation of multiple cores, planetary satellites, and
other debris such as planetesimals within the same protoplanet. A unique prediction of this planet formation scenario
is the presence of sub-Jovian planets at wide orbits in Class 0/I protoplanetary discs.
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Results from new BVRI photometric observations of the pre-MS stars V521 Cyg and FHO 27 collected during the
period from February 2015 to July 2019 are presented. These stars are embedded in the LDN 935, dubbed “The Gulf
of Mexico” in the active star-forming complex NGC 7000/IC 5070. Previous studies revealed them as variables with
large amplitude brightness variations. Our new observations show that the stars continue to exhibit strong photometric
variability and fading events in the brightness. On the basis of the new data received and the data available in the
literature, we were able to specify the periodicity in the brightness variations of V521 Cyg. In the case of FHO 27, we
found a significant peak in its periodogram corresponding to 893 days period.
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How water is delivered to planetary systems is a central question in astrochemistry. The deuterium fractionation of
water can serve as a tracer for the chemical and physical evolution of water during star formation and can constrain
the origin of water in Solar System bodies.

The aim is to determine the HDO/H2O ratio in the inner warm gas toward three low-mass Class 0 protostars selected
to be in isolated cores, i.e., not associated with any cloud complexes. Previous sources for which the HDO/H2O
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Recent ALMA observations may indicate a surprising abundance of sub-Jovian planets on very wide orbits in proto-
planetary discs that are only a few million years old. These planets are too young and distant to have been formed via
the Core Accretion (CA) scenario, and are much less massive than the gas clumps born in the classical Gravitational
Instability (GI) theory. It was recently suggested that such planets may form by the partial destruction of GI proto-
planets: energy output due to the growth of a massive core may unbind all or most of the surrounding pre-collapse
protoplanet. Here we present the first 3D global disc simulations that simultaneously resolve grain dynamics in the disc
and within the protoplanet. We confirm that massive GI protoplanets may self-destruct at arbitrarily large separations
from the host star provided that solid cores of mass around 10–20 Earth masses are able to grow inside them during
their pre-collapse phase. In addition, we find that the heating force recently analysed by Masset and Velasco Romero
(2017) perturbs these cores away from the centre of their gaseous protoplanets. This leads to very complicated dust
dynamics in the protoplanet centre, potentially resulting in the formation of multiple cores, planetary satellites, and
other debris such as planetesimals within the same protoplanet. A unique prediction of this planet formation scenario
is the presence of sub-Jovian planets at wide orbits in Class 0/I protoplanetary discs.
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of Mexico” in the active star-forming complex NGC 7000/IC 5070. Previous studies revealed them as variables with
large amplitude brightness variations. Our new observations show that the stars continue to exhibit strong photometric
variability and fading events in the brightness. On the basis of the new data received and the data available in the
literature, we were able to specify the periodicity in the brightness variations of V521 Cyg. In the case of FHO 27, we
found a significant peak in its periodogram corresponding to 893 days period.
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How water is delivered to planetary systems is a central question in astrochemistry. The deuterium fractionation of
water can serve as a tracer for the chemical and physical evolution of water during star formation and can constrain
the origin of water in Solar System bodies.

The aim is to determine the HDO/H2O ratio in the inner warm gas toward three low-mass Class 0 protostars selected
to be in isolated cores, i.e., not associated with any cloud complexes. Previous sources for which the HDO/H2O
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ratio have been established were all part of larger star-forming complexes. Determining the HDO/H2O ratio toward
three isolated protostars allows comparison of the water chemistry in isolated and clustered regions to determine the
influence of local cloud environment.

We present ALMA Band 6 observations of the HDO 31,2–22,1 and 21,1–21,2 transitions at 225.897 GHz and 241.562 GHz
along with the first ALMA Band 5 observations of the H18

2 O 31,3–22,0 transition at 203.407 GHz. The high angular
resolution observations (0.3′′-1.3′′) allow the study of the inner warm envelope gas. Model-independent estimates for
the HDO/H2O ratios are obtained and compared with previous determinations of the HDO/H2O ratio in the warm gas
toward low-mass protostars. We successfully detect the targeted water transitions toward the three sources with S/N ¿
5. We determine the HDO/H2O ratio toward L483, B335 and BHR71–IRS1 to be (2.2± 0.4)×10−3, (1.7± 0.3)×10−3,
and (1.8±0.4)×10−3, respectively, assuming Tex = 124 K. The degree of water deuteration of these isolated protostars
are a factor of 2–4 higher relative to Class 0 protostars that are members of known nearby clustered star-forming
regions.

The results indicate that the water deuterium fractionation is influenced by the local cloud environment. This effect
can be explained by variations in either collapse timescales or temperatures, which depends on local cloud dynamics
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We report the discovery of the oldest stellar substructure in the Orion star forming region (OSFR), the Orion relic
filament. The relic filament is physically associated with the OSFR as demonstrated by Gaia DR2 photometry and
astrometry, as well as targeted radial velocity follow-up observations of a bright sub-sample of proper-motion selected
candidate members. Gaia DR2 parallaxes place the Orion relic filament in the more distant part of the OSFR, ≈
430pc from the Sun. Given its age, velocity dispersion, spatial extent, and shape, it is not possible for the Orion relic
filament to have formed as a single stellar cluster, even taking into account residual gas expulsion. The relic filament is
also too young to be a tidal stream, since Galactic tides act on much longer time scales of order 100 Myr. It therefore
appears likely that the structure formed from a molecular cloud filament similar to Orion A in the OSFR and retained
its morphology despite decoupling from its natal gas. Hence, the Orion relic filament bears witness to the short-lived
evolutionary phase between gas removal and dispersion due to shears and tides, and provides crucial new insights into
how stars are formed in molecular clouds.

Accepted by MNRAS

http://arxiv.org/pdf/1909.04056

Exploring the conditions for forming cold gas giants through planetesimal accretion

Anders Johansen1 and Bertram Bitsch2

1 Lund Observatory; 2 Max Planck Institute for Astronomy

E-mail contact: anders at astro.lu.se

The formation of cold gas giants similar to Jupiter and Saturn in orbit and mass is a great challenge for planetesimal-
driven core accretion models because the core growth rates far from the star are low. Here we model the growth and
migration of single protoplanets that accrete planetesimals and gas. We integrated the core growth rate using fits in
the literature to N -body simulations, which provide the efficiency of accreting the planetesimals that a protoplanet
migrates through. We take into account three constraints from the solar system and from protoplanetary discs: (1)
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the masses of the terrestrial planets and the comet reservoirs in Neptune’s scattered disc and the Oort cloud are
consistent with a primordial planetesimal population of afew Earth masses per AU, (2) evidence from the asteroid
belt and the Kuiper belt indicates that the characteristic planetesimal diameter is 100 km, and (3) observations
of protoplanetary discs indicate that the dust is stirred by weak turbulence; this gas turbulence also excites the
inclinations of planetesimals. Our nominal model built on these constraints results in maximum protoplanet masses of
0.1 Earth masses. Ignoring constraint (1) above, we show that even a planetesimal population of 1,000 Earth masses,
corresponding to 50 Earth masses per AU, fails to produce cold gas giants (although it successfully forms hot and
warm gas giants). We conclude that a massive planetesimal reservoir is in itself insufficient to produce cold gas giants.
The formation of cold gas giants by planetesimal accretion additionally requires that planetesimals are small and that
the turbulent stirring is very weak, thereby violating all three above constraints.
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The hydrogen fluoride (HF) molecule is seen in absorption in the interstellar medium (ISM) along many lines of sight.
Surprisingly, it is observed in emission toward the Orion Bar, which is an interface between the ionized region around
the Orion Trapezium stars and the Orion molecular cloud. We aim to understand the origin of HF emission in the
Orion Bar by comparing its spatial distribution with other tracers. We examine three mechanisms to explain the HF
emission: thermal excitation, radiative dust pumping, and chemical pumping. We used a Herschel/HIFI strip map of
the HF J = 1→ 0 line, covering 0.5′ by 1.5′ that is oriented perpendicular to the Orion Bar. We used the RADEX
non-local thermodynamic equilibrium (non-LTE) code to construct the HF column density map. We use the Meudon
PDR code to explain the morphology of HF. The bulk of the HF emission at 10 km s−1 emerges from the CO-dark
molecular gas that separates the ionization front from the molecular gas that is deeper in the Orion Bar. The excitation
of HF is caused mainly by collisions with H2 at a density of 105 cm−3 together with a small contribution of electrons
in the interclump gas of the Orion Bar. Infrared pumping and chemical pumping are not important. We conclude
that the HF J = 1→ 0 line traces CO-dark molecular gas. Similarly, bright photodissociation regions associated with
massive star formation may be responsible for the HF emission observed toward active galactic nuclei.
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We report high angular resolution observations of linearly polarized dust emission towards the Class 0 young stellar
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