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Ø 原始星期の円盤質量、半径の領域ごとの違い。
Ø VANDAM Orionで質量（降着かダスト成⻑）、半径（謎）が縮⼩。質量はOri, Per, Tau > Oph。
Ø 連星率は重いほど、若いほど⾼い。Ori, Perで75 au（円盤）と3000 au（乱流）にピーク。
Ø Ophの円盤は1/3がMdust>10ME, Multiplicity Fraction=0.29, Companion Star Fraction=0.41。連星の⽅

が軽い円盤。
Ø 1 Class 0, 23 Class I, 7 Flat。ALMA, Band 7, 0.15"-7.2"。

（Class II/IIIはCox et al. 2017）
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ABSTRACT

We present a 0.1500 resolution (21 au) ALMA 870 µm continuum survey of 25 pointings containing 31
young stellar objects in the Ophiuchus molecular clouds. Using the dust continuum as a proxy for dust
mass and circumstellar disk radius in our sample, we report a mean mass of 2.8+2.1

�1.3 and 2.5+9.2
�1.1 M�

and a mean radii of 23.5+1.8
�1.2 and 16.5+2.8

�0.9 au, for Class I and Flat spectrum protostars, respectively.
In addition, we calculate the multiplicity statistics of the dust surrounding young stellar objects in
Ophiuchus. The multiplicity fraction (MF) and companion star fraction (CSF) of the combined Class
I and Flats based solely on this work is 0.25 ± 0.09 and 0.33 ± 0.10, respectively, which are consistent
with the values for Perseus and Orion. While we see clear di↵erences in mass and radius between
the Ophiuchus and Perseus/Orion protostellar surveys, we do not see any significant di↵erences in the
multiplicities of the various regions. We posit there are some di↵erences in the conditions for star
formation in Ophiuchus that strongly a↵ects disk size (and consequently disk mass), but does not
a↵ect system multiplicity, which could imply important variation in planet formation processes.

Keywords: protoplanetary disks — stars: formation — stars: pre-main sequence — radio interferom-
etry

1. INTRODUCTION

Molecular clouds form dense cores and eventually pro-
tostars when gravity overcomes the internal support
mechanisms, e.g., magnetic fields, thermal pressure, and
turbulence (e.g., McKee & Ostriker 2007). Each core
can form one star or a small system of stars. Observa-
tionally, embedded stars are characterized by their spec-
tral energy distributions (SEDS), specifically between
⇠2 µm to 24 µm (Lada 1987), as well as by their bolo-
metric temperature.
The youngest stage of this evolution is characterized

by the Class 0 protostars, which are deeply embedded,
have strong bipolar outflows, and are accreting from the
surrounding medium (Andre et al. 1993). After ⇠105 yr
(Dunham et al. 2014), the star reaches the Class I stage,
which features continued accretion onto the central pro-
tostar and a significant reduction in the envelope that
surrounds the system. Due to variations in inclination,
the observational di↵erential from Class 0 to I is sub-
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tle with many authors using a Tbol < 70 K for Class
0 sources (e.g., Dunham et al. 2014). As the proto-
stars evolve,they become less embedded and detectable
at micron wavelengths, as their SEDs become more flat-
tened and eventually their slopes turn negative by the
Class II stage (Tbol < 650 K). After ⇠107 yr the disks
have completely dissipated. In addition, there are often
transitional sources between Class I and II called Flat
Spectrum sources, named for their flat SEDs (in �F�).
Important to the evolution of the forming star and the

formation of planets is the circumstellar disk around the
the young stars themselves. Several open questions re-
main about these disks, including their mass and size
at the protostar stage and how their initial properties
vary in di↵erent star forming regions. In the last few
years, with the increased sensitivity of interferometers,
we have made the largest leaps in characterization of
the youngest disks, which previously had only been con-
strained in small numbers (e.g., Looney et al. 2000).
Recently, the VLA/ALMA Nascent Disk and Multi-

plicity (VANDAM) survey in Perseus identified a total
of 18 Class 0 disk candidates with radii less than 30 au
(Segura-Cox et al. 2018). However, the largest survey
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Figure 3. The multiplicity sources from our sample. Dotted contours are at -3� and solid contours are at 3�⇥ 2
p
22n for n 2 W.

Otherwise the same as Figure 1.

Figure 4. An example of the real and imaginary components of the binned visibilities of a resolved source (Oph-emb 9) in

our sample. This is shown solely to demonstrate the typical shape of the curve that shows evidence of a disk. The imaginary

component (bottom) is expected to be around zero. The real component (top) shows the extended envelope on the left (the

steady decline) with the resolved disk near the middle (the multiple bounces).

連星サンプル。
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ビジビリティの例。
振動が円盤。

Ø 円盤半径はdeconvolved 2σ。
Ø 円盤質量は光学的に薄いとして

（VANDAM Orionに合わせて
1.84 cm2 g-1）。

Ø Tdust=43 K (Lbol / 1Lsun)1/4。
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Orion of 14.9+3,8
�2.2 and 11.6+3.5

�1.9 M�, respectively, from
Tobin et al. (2020).
Following Tobin et al. (2020), we also estimate the

mean radii of our disks in Table 1 by again using the
cumulative distributions and fitting a Gaussian radius
CDF for our Class I and Flat sources. This allows us
to better include the unresolved sources in the estimate.
We find mean radii of 23.5+1.8

�1.2 and 16.5+2.8
�0.9 au, respec-

tively. This is in comparison to Tobin et al. (2020),
which finds 44.9+5.8

�3.4, 37.0
+4.9
�3.0, and 28.5+3.7

�2.3 au for Class
0, I, and Flats, respectively. We only have one Class 0
source (Oph-emb 1), which has an image Gaussian fit
radius of 15 au, so we did not use the CDF method
discussed above. We note that 15 au is much smaller
than the mean Class 0 radii in Orion, but with so few
Class 0 sources in Ophiuchus it is di�cult to draw any
firm conclusions. However, overall, the disk radii and
disk mass for Ophiuchus protostars seem to be smaller
than those in Orion without any clear trend with evo-
lution, whereas Orion and Perseus are consistent with
each other.

5.2. Multiplicity

To find multiplicity in our sample, we visually in-
spected our maps out to the FWHM of the primary
beam of ALMA. We define a companion protostar as any
source with a S/N & 4 or if the imfit task required two
sources to obtain an acceptable residual map (i.e., Oph-
emb 26). We infer source multiplicity from millimeter
emission. The detection of a source is dependent on 1)
dust structures surrounding the source, 2) dust opacity
and temperature, 3) resolution to resolve close systems,
and 4) the overall sensitivity of the observations.
We detect a total of 6 companions in our observations.

One of which is possibly a new multiple: Oph-emb 26.
We measured separations using the imfit central posi-
tions as listed in Table 1. We combine our observations
with those of Cieza et al. (2019), adding all detected
Class I/Flat sources. We use a criteria for triple sys-
tems wherein we measure distances from the primary,
obtaining only two separation distances. Overall, the
total sample includes 14 measured separations for young
multiple systems in Ophiuchus, see Table 2. Of the 14
total, 6 are from this paper, 4 are from Cieza et al.
(2019), and the last 4 are from the two triple systems,
VLA 1623 (Looney et al. (2000), Harris et al. (2018),
Hsieh et al. (2020)) and IRAS 16293 (Wootten 1989).
The best published analysis of multiplicity in proto-

stars to date is from the VANDAM Perseus collabora-
tion (Tobin et al. 2016). Although having a shorter
wavelength (9 mm) and wider field of view with the VLA
component, the VANDAM Perseus survey has compara-
ble spatial resolution (15 au) but lower mass sensitivity
(⇠10 M�: Tychoniec et al. 2020), which still allows us to
compare the inferred multiplicity between two star for-
mation regions that have a discrepancy in disk masses.

(The Cieza et al. (2019) multiples are at Band 6 with a
larger FWHM.)
The metrics commonly used for multiplicity are the

multiplicity fraction (MF) and companion star fraction
(CSF), which can be considered the probability that any
given system in the sample has companions (MF) and
the average number of companions (CSF). The quanti-
ties are defined by

MF =
B + T +Q+ ...

S +B + T +Q+ ...
(3)

and

CSF =
B + 2T + 3Q+ ...

S +B + T +Q+ ...
, (4)

where S, B, T, and Q refer to the number of single,
binary, triple, and quadruple systems.
Uncertainties for the two metrics are derived assum-

ing binomial distributions as �R = (R(1 � R)/Nsys)0.5,
where R is either the MF or CSF value and Nsys is the
number of systems. With those assumptions, the values
we obtain for only the combined Class I and F sources
in Ophiuchus surveyed in this paper are MF = 0.25 ±
0.09 and CSF = 0.33 ± 0.10, see Table 3. These are
consistent with the metrics of the combined Class I and
F sample of Perseus with a separation range of 20 to
1000 au from Tobin et al. (2021, in preparation), which
reported MF = 0.28 ± 0.08 and CSF = 0.28 ± 0.08,
see Table 3. In addition, these are all consistent with
the larger VANDAM Orion sample, which reports MF
= 0.16 ± 0.02 and CSF = 0.17 ± 0.03 (Tobin et al.,
2021 in preparation), which is at the same wavelength
band but with lower resolution (45 au) and sensitivity
(⇠1 M�). Furthermore, applying the same analysis to
the larger sample of protostellar Class I and F objects in
Ophiuchus, including Cieza et al. (2019) sources, gives
an MF of 0.11 ± 0.04 and an CSF of 0.14 ± 0.04 (see
Table 3), which is even more consistent with the Orion
sample. This may be due to the less restrictive sample
selection criteria of Tobin et al. (2021, in preparation)
and Cieza et al. (2019), where more C2D sources were
included in the former and all C2D sources were included
in the latter. The lack of known higher order systems
(on both smaller and larger scales) works against the
MF and CSF, driving down the ratio.
To delve further into why this was the case, we com-

pared the multiplicity separations in Perseus and Ophi-
uchus (shown in Figure 6 and Figure 7). We compared
the Perseus data with a cut-o↵ at the Ophiuchus field
of view limit. This was done primarily because it is ill-
advised to compare the bimodal Perseus data with the
unimodal Ophiuchus data. Furthermore, the bimodal
nature of the Perseus data only reveal themselves at
distances well outside what we could recover in a sin-
gle pointing. It is also very likely that there are two
di↵erent formation mechanisms reflected in the Perseus
data.
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We present a 0.1500 resolution (21 au) ALMA 870 µm continuum survey of 25 pointings containing 31
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�0.9 au, for Class I and Flat spectrum protostars, respectively.
In addition, we calculate the multiplicity statistics of the dust surrounding young stellar objects in
Ophiuchus. The multiplicity fraction (MF) and companion star fraction (CSF) of the combined Class
I and Flats based solely on this work is 0.25 ± 0.09 and 0.33 ± 0.10, respectively, which are consistent
with the values for Perseus and Orion. While we see clear di↵erences in mass and radius between
the Ophiuchus and Perseus/Orion protostellar surveys, we do not see any significant di↵erences in the
multiplicities of the various regions. We posit there are some di↵erences in the conditions for star
formation in Ophiuchus that strongly a↵ects disk size (and consequently disk mass), but does not
a↵ect system multiplicity, which could imply important variation in planet formation processes.
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1. INTRODUCTION

Molecular clouds form dense cores and eventually pro-
tostars when gravity overcomes the internal support
mechanisms, e.g., magnetic fields, thermal pressure, and
turbulence (e.g., McKee & Ostriker 2007). Each core
can form one star or a small system of stars. Observa-
tionally, embedded stars are characterized by their spec-
tral energy distributions (SEDS), specifically between
⇠2 µm to 24 µm (Lada 1987), as well as by their bolo-
metric temperature.
The youngest stage of this evolution is characterized

by the Class 0 protostars, which are deeply embedded,
have strong bipolar outflows, and are accreting from the
surrounding medium (Andre et al. 1993). After ⇠105 yr
(Dunham et al. 2014), the star reaches the Class I stage,
which features continued accretion onto the central pro-
tostar and a significant reduction in the envelope that
surrounds the system. Due to variations in inclination,
the observational di↵erential from Class 0 to I is sub-

Corresponding author: Frankie J. Encalada

fje2@illinois.edu

tle with many authors using a Tbol < 70 K for Class
0 sources (e.g., Dunham et al. 2014). As the proto-
stars evolve,they become less embedded and detectable
at micron wavelengths, as their SEDs become more flat-
tened and eventually their slopes turn negative by the
Class II stage (Tbol < 650 K). After ⇠107 yr the disks
have completely dissipated. In addition, there are often
transitional sources between Class I and II called Flat
Spectrum sources, named for their flat SEDs (in �F�).
Important to the evolution of the forming star and the

formation of planets is the circumstellar disk around the
the young stars themselves. Several open questions re-
main about these disks, including their mass and size
at the protostar stage and how their initial properties
vary in di↵erent star forming regions. In the last few
years, with the increased sensitivity of interferometers,
we have made the largest leaps in characterization of
the youngest disks, which previously had only been con-
strained in small numbers (e.g., Looney et al. 2000).
Recently, the VLA/ALMA Nascent Disk and Multi-

plicity (VANDAM) survey in Perseus identified a total
of 18 Class 0 disk candidates with radii less than 30 au
(Segura-Cox et al. 2018). However, the largest survey
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Figure 5. Cumulative distribution from Tobin et al. (2020) with data added from this paper (and the non-overlapped sources

from Williams et al. (2019)). The key di↵erence is that the Ophiuchus Class I and flat spectrum masses are even lower than

the original figure.

Figure 6. Histograms comparing the companion frequency between binaries in Perseus (Fig. 26, top left, full sample from

Tobin et al. (2018)) and Ophiuchus. Left: The histogram shows the full Perseus binary sample outlined with dots and a subset

of that sample, named ”cuto↵”, in grey. Our Ophiuchus data, named ”paper”, are in blue with black error bars. The field of

view of the Ophiuchus data are at 1600 au, represented by the vertical dotted line. Right: Same as before but the Ophiuchus

data contain addition binaries from Cieza et al. (2019), VLA 1623 (Looney et al. (2000), Hsieh et al. (2020)) and IRAS 16293

(Wootten 1989) in orange.

Ø 同じ条件でもOph円盤が軽い。
Ø 可能性１）Ophサンプルは進化したClass I。

２）ダストが違う。３）星形成の初期条件が違う。
１）はOri Flatより軽いし、２）は報告がないので３）。

Ø カプランマイヤー推定でnon-detectionも考慮して平均質量。
Class I 2.8 ME, Flat 2.5 ME (cf. Ori. 14.9, 11.6 ME)。

Ø 半径も同様に23.5, 16.5 au (cf. Ori. 37.0, 28.5 au)。

連星距離（三重は主星からのみ）。
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Table 2. Binary Table

Binary Pair Separationa Ref.b

(au)

Oph-emb 10 A - B 100.9 1

Oph-emb 11 A - B 268.4 1

Oph-emb 11 A - C 396.8 1

Oph-emb 14 A - B 82.5 1

Oph-emb 26 A - B 16.7 1

Oph-emb 27 A - B 229.9 1

J162636.8-241552 4.6 2

J162648.5-242839 590.8 2

J162715.4-242640 35.4 2

J163152.1-245616 416.8 2

VLA 1623 A - B 167.1 3,4

VLA 1623 A1 - A2 26.5 4,5

IRAS 16293-2242 A - B 734.2 6

IRAS 16293-2242 A1 - A2 40.3 6

aHigher order systems were reduced to binaries with source A as the common companion. bAll distances adjusted to 140 pc.
1This paper. 2Cieza et al. (2019). 3Looney et al. (2000). 4Harris et al. (2018). 5Hsieh et al. (2020). 6Wootten (1989)

Table 3. Multiplicity Fraction and Companion Star Fraction

Samplea S:B:T:Q MF CSF Ref.

Ophiuchus Class I + Flats (Paper) 18:4:2:0 0.25 ± 0.09 0.33 ± 0.10 1

Ophiuchus Class I + Flats (Paper + Cieza) 72:7:2:0 0.11 ± 0.04 0.14 ± 0.04 1,2

Perseus Class I + Flats 21:8:0:0 0.28 ± 0.08 0.28 ± 0.08 3

Orion Class I + Flats 182:32:2:0 0.16 ± 0.02 0.17 ± 0.03 3

aThe sampled maximum separation range is 1000 au. 1This paper. 2Cieza et al. (2019). 3Tobin et al. (2021, in preparation)

in the 20-1000 au range using their probabilistic weighting which corrects for more crowded regions.Ø OphとOriはMFとCSFが近い。
Ø 今回⻑距離連星は観測できないがPerの双峰に

⽭盾しない。
Ø KS検定よりend pointに重みがあるAD検定で

同じ分布を棄却できない。
Ø 近接連星と円盤は関係していそうだが、違う。



Ø ASURA: 重⼒softening (Plummer)有りのN体SPH。
Ø Bridge: 惑星軌道＝太陽周りのケプラー＋惑星によるN体摂動。
Ø N体星団を含むN体銀河で銀河粒⼦による星団粒⼦（星）を摂動にBridgeを使って星団内の衝突を扱う。
Ø AMUSE+BridgeのSPH/N体ではコード間のデータコピーが重いので、ASURA+Bridge。
Ø PETAR: N体で短距離⼒をparticle-particle、⻑距離⼒をparticle-tree、⾼離⼼連星にも対応。
Ø CELIB: ⾼密度、⾼温、div v<0でKroupa IMFから質量を決めて星。0.2 pc以内のガス質量が半分以下な

ら決め直す。

テスト１：ガスに埋もれた星団（Bridgeの有無）
Ø スケール⻑0.5 pc, SFE=0.3, 844 Msunガスを105粒

⼦、Salpeterから103個の計362 Msunの星。
Ø 断熱進化で星形成も無し。
Ø bridge (摂動を計算する) timescaleが⻑いと星団中
⼼がガス中⼼からずれる、⾃由落下の1％がよい。

Ø ガス、星の密度分布はBridgeを⼊れても同じ。

Publications of the Astronomical Society of Japan, (2014), Vol. 00, No. 0 7
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Fig. 2. Energy error as a function of time for models with εg = 1000 au

performed using ASURA (model AG3S3) and ASURA+BRIDGE with dif-

ferent Bridge timesteps (models BG3S3T20, BG3S0T20, BG3S0T10, and

BG3S0T05).
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ing ASURA (model AG4S4) and ASURA+BRIDGE with different Bridge

timesteps (models BG4S0T40 and BG4S0T80)

.

3.1.4 Structures of embedded clusters

We compare the structures of gas and stellar distributions with

ASURA and ASURA+BRIDGE. In Fig. 4, we present the

density profiles of gas and stars at 10 Myr for all models. The

stellar density profiles are drawn using a method presented in

Casertano & Hut (1985). The density center of the stellar dis-

tribution is also determined using the method of Casertano &

Hut (1985), while the center of the gas distribution is defined

by the position of the densest gas particle. The data points are

smoothed every 10 points.

With εg = 10000 au, we find a core structure of gas due to

the softened gravity. In the case with εg = 1000 au, the gas

density continuously increases toward the center. We confirm

that the distribution of gas is identical for ASURA+BRIDGE

and ASURA.

The stellar distributions in the outer regions of the clusters

are also consistent for both codes. With a softening length for

star particles, however, we find an artificial core in the clus-

ter center, which is clear in the case of εs = 1000 au (see red

and blue curves in Fig. 4). This is seen in both ASURA

and ASURA+BRIDGE, if we set a softening length for stars.

Without softening, stars can scatter each other, and as a con-

sequence, the artificial clump disappears. With εs = 10000 au,

the core size of the gas distribution is similar to the softening

length, and therefore stellar distribution is not concentrated to

the cluster center for both models with/without softening. Thus,

simulations without gravitational softening are important to fol-

low the structure and the dynamical evolution of star clusters.

3.2 Test 2: Star cluster formation model

As the second test, we perform a series of simulations of star

cluster formation starting from turbulent molecular clouds that

have an initial mass and size the same as a model used in

Bonnell et al. (2003). We here include star formation and inves-

tigate the star formation history and the structures of the formed

clusters.

3.2.1 Initial conditions: Turbulent molecular clouds

As an initial condition, we adopt a homogeneous spherical

molecular cloud with a turbulent velocity field of k = −4 fol-

lowing Bonnell et al. (2003). The total gas mass (Mg) and ini-

tial radius (Rg) of the molecular cloud are 1000M! and 0.5 pc,

respectively. As a consequence, the initial density and the free-

fall time (tff) are 7.6× 10−4 cm−3 and 0.18Myr, respectively.

The ratio between the kinetic energy (|Ek|) to the potential en-

ergy (|Ep|) is unity. We generate the initial condition using

AMUSE (Portegies Zwart et al. 2013; Pelupessy et al. 2013;

Portegies Zwart & McMillan 2018). The initial gas temperature

is set to be 20 K, and the equation of state of the gas follows

P = (γ− 1)ρu, where P is the pressure, ρ is the density, and u

ASURAのみだと近いエン
カウントでエネルギー誤差
がジャンプ（保存しない）。
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Fig. 1. Gas and stellar distributions of initial condition (top left) and models AG3S3 (top middle), AG4S4 (top right), BG3S0T05 (bottom left), BG3S0T20

(bottom middle) and BG4S0T40 (bottom right) at 10 Myr. The density plots are a slice through the mid-plane of the gas density. Points show the stars and the

marker size depend on the stellar mass.

the Hermite integrator can maintain the energy error sufficiently

small even without softening length.

We also check the energy conservation with shorter Bridge

timesteps (models BG3S3T10 and BG3S3T05 for ∆t = 100

and 50, respectively). As the Bridge timestep decreases, the

energy conservation improves, and with ∆tB = 50 yr (model

BG3S3T05), the energy error shows a random walk behavior,

which is typical in integration with a tree scheme.

The energy conservation better than ASURA does not guar-

antee that the calculation with ASURA+BRIDGE is correct.

In the top middle and bottom middle panels in Fig. 1, we present

the snapshots of models AG3S3 and BG3S0T20 at 10 Myr, re-

spectively. We find that the cluster center in model BG3S0T20

shift from the center of gas distribution. This is caused by the

too large Bridge timestep. The bottom left panel shows the

snapshot for model BG3S0T05, in which the Bridge timestep

is a quarter of model BG3S0T20. In this model, we do not find

the shift of the stellar distribution. We will discuss the choice of

Bridge timesteps in the last paragraph of this section.

With a larger softening length for gas, the energy conser-

vation is better. The energy conservation with εs = εg =

10000 au using ASURA (model AG4S4) is shown in Fig. 3.

The snapshot at 10 Myr is shown in the top right panel of

Fig. 1. The energy conservation of model AG4S4 is better

than that of AG3S3 and does not evolve linearly with time,

thanks to the larger softening length. For comparison between

ASURA and ASURA+BRIDGE, we also show the snap-

shot of model BG4S0T40 at t = 10Myr in the bottom right

panel of Fig. 1. The energy error for models BG4S0T40 and

BG4S0T80 are presented in Fig. 3. The energy conservation of

ASURA+BRIDGE is better than ASURA, if we take a suffi-

ciently small Bridge timestep.

We estimate Bridge timesteps (∆tB) necessary for these

models by assuming that the timestep must be smaller than

∼ 1/100 of the free-fall time of gas. In the left panel of Fig. 4,

we present the density profile of gas and stars at the end of the

simulation (10 Myr) for the runs with εg = 10000 and 1000 au,

respectively. For εg = 10000 au, the highest gas density (num-

ber density of hydrogen) is ∼ 1× 106 cm−3, and the free-fall

time for this density is ∼ 5× 104 yr. Therefore, the necessary

timestep is estimated to be ∼ 500 yr. For εg = 1000 au, the gas

density reaches ∼ 1× 107 cm−3. The corresponding free-fall

time is ∼ 16000 yr, and the necessary timestep is estimated to

be ∼ 160 yr. These estimates are roughly consistent with the

energy conservation shown in Figs. 2 and 3. As is shown in the

bottom middle panel of Fig. 1 (model BG3S0T20), a too large

Bridge timestep causes a drift of stellar systems with respect to

the gas distribution.
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Abstract

Star clusters form via clustering star formation inside molecular clouds. In order to understand

the dynamical evolution of star clusters in their early phase, in which star clusters are still em-

bedded in their surrounding gas, we need an accurate integration of individual stellar orbits

without gravitational softening in the systems including both gas and stars, as well as modeling

individual stars with a realistic mass function. We develop a new tree-direct hybrid smoothed

particle hydrodynamics/N -body code, ASURA+BRIDGE, in which stars are integrated us-

ing a direct N -body scheme or PETAR, a particle-particle particle-tree scheme code, without

gravitational softening. In ASURA+BRIDGE, stars are assumed to have masses randomly

drawn from a given initial mass function. With this code, we perform star-cluster formation

simulations starting from molecular clouds without gravitational softening. We find that artificial

dense cores in star-cluster centers due to the softening disappear when we do not use soften-

ing. We further demonstrate that star clusters are built up via mergers of smaller clumps. Star

clusters formed in our simulations include some dynamically formed binaries with the minimum

semi-major axes of a few au, and the binary fraction is higher for more massive stars.

Key words: methods: numerical — stars: formation — ISM: clouds — open clusters and associations:

general — galaxies: star clusters: general

∗ JSPS Fellow

1 Introduction

Star clusters form via collective formation of stars in giant

molecular clouds (GMCs). Recent numerical studies have

© 2014. Astronomical Society of Japan.

Ø クラスター形成シミュレーションは0.1 Msunのシ
ンクだと1000 Msun (~散開星団)まで。

Ø さらに⼤質量はシンクにクラスターを⼊れる、星
の衝突なし。しかし⼤質量星の移動は重要。

Ø IMFから確率的に星質量を決めて、N体も⼊れて
>104 Msunさらに球状星団、銀河スケールへ。



Ø SFE per ff=c*=0.02、桁で変えても最終質量の差は10%。
Ø gas softening length=2.8x103, 7x103, 1.4x104 auも最終質量は変えない。
Ø 乱流場の種は最終質量を2倍変える。
Ø MFは与えたものになったし、星密度分布も分解能に依らない。
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gas is much shorter than the simulating timescale.

The random seeds for the initial turbulent velocity fields

make a large difference in the distribution of stars and final stel-

lar mass. In order to investigate such run-to-run variations, we

perform three runs for model High with different random seeds

for the initial turbulent velocity field up to 1 Myr. We show the

time evolution of the total stellar mass of these runs in Fig. 7.

As shown in this figure, one of them forms only ∼ 400M! stars

in total by 1 Myr, although the others form more than 600M!

stars. We in addition perform 5 and 10 runs for models Middle

and Low with different random seeds. The maximum mass is

twice as large as the minimum one. Irrespective of the mass res-

olution, models with the random seed which results in the for-

mation of less number of stars always form stars less than those

with the other seeds. Thus, the forming stellar mass slightly

depends on the mass resolution, but we can reproduce the vari-

ation depending on the turbulent velocity fields. We summarize

the averaged total masses at 1 Myr with standard deviations in

table 2.

We also show the results with a larger softening length and

lower threshold density for star formation (models Middle-l and

Low-l). In these models, star formation starts in earlier time (see

Fig. 6). However, the final stellar mass does not change much

from those with a smaller softening length especially in the case

of the lowest mass resolution.

3.2.4 Structures of formed star clusters

We investigate the structures of the formed star clusters in our

simulations and the dependence on the resolution. In Fig. 8, we

present the stellar mass functions obtained from our simulations

at 1 Myr. We confirm that formed stars follow the Kroupa mass

function we gave. Although we set the maximum mass of the

mass function to be 100M!, we did not find such a massive star

in this simulation set. This is simply due to the probability to

form such a massive star in ∼ 500M! star cluster is too low.

We compare the density profiles of formed clusters. In the

density profiles, we find a small difference in the resolution.

In Fig. 9, we present the density profiles of the runs with the

same random seed, but different mass resolution and softening

lengths. In the lowest resolution with a larger softening length

(model Low-l), the formed cluster has a density slightly lower

compared with the others. This is due to the large softening

length of gas, although we did not assume gravitational soften-

ing for stars. For the other models, the density profiles of the

formed clusters are identical.

We also investigate the run-to-run variations in the density

profiles of formed star clusters. In Fig. 10, we present the den-

sity profiles with different random seeds for the initial turbu-

lence for models Low, Middle, and High. For some runs, we

find sub-clusters, which are shown as spikes in the density pro-

files. In Fig. 11, we show a snapshot of a model that includes
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Fig. 6. Time evolution of the total stellar mass for the same random seed

for the initial turbulent velocity field of the molecular cloud for star cluster

formation model.
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Fig. 7. Run-to-run variation in stellar mass evolution for star cluster formation

models (model Low, Middle, and High). Thick curves in models Middle and

Low indicate the three models which have the three random seeds for the

turbulence used in model High.

a sub-cluster (Model Low, seed 7). Since the clusters form via

the merger of smaller clumps, we sometimes find a surviving

sub-cluster at 1 Myr.

3.3 Test 3: Star cluster complex model

We in addition present the results of a larger-scale simulation,

in which multiple star clusters, so-called star cluster complex,

form in a turbulent molecular cloud.

3.3.1 Initial condition and integration

We adopt an initial condition similar to Fujii & Portegies Zwart

(2016), which is also a homogeneous spherical molecular cloud

with turbulence similar to the model we adopted in the previous

subsection but more massive. We adopt the initial radius and

mass of the cloud as 10 pc and 4× 105M!, respectively. We

set the gas-particle mass to be 0.1M!. With this set-up, the

14 Publications of the Astronomical Society of Japan, (2014), Vol. 00, No. 0

Table 3. Model for star cluster complex formation

Name Mg mg Rg nini tff,ini αvir εg εs nth c! rmax ∆tB ∆tsoft rout

(M!) (M!) (pc) (cm−3) (Myr) (pc) (pc) (cm−3) (pc) (yr) (pc)

F16 4× 105 0.1 10 3800 0.83 1 0.07 0.0 5× 105 0.02 0.2 200 ∆tB/1024 10−3

From the left: model name, initial cloud mass (Mg), gas-particle mass (mg), initial cloud radius (Rg), initial cloud density (nini), initial free-fall time (tff,ini), initial virial

ratio (αvir), softening length for gas (εg) and stars (εs), star formation threshold density (nth), the maximum search radius (rmax), timestep for Bridge (∆tB), timestep for

PETAR (∆tsoft), cut-off radius for PETAR (rout).

−10 −5 0 5 10
x (pc)

−10

−5

0

5

10

y
(p
c)

F16

t =1.0Myr
1019

1020

1021

1022

1023

1024

1025

Σ
(c
m

−
2
)

−10 −5 0 5 10
x (pc)

−10

−5

0

5

10

y
(p
c)

Fig. 12. (Left) Snapshot at t = 1Myr for Model F16. White points indicate stars more massive than 1M! , blue points are massive stars with > 20M! . Red

crosses indicate the positions of binaries with a semi-major axis of < 1000 au. (Right) Snapshot of clusters detected using HOP algorithm

at t= 1Myr.
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Fig. 13. Time evolution of the total stellar mass formed in model F16.

3.3.4 Formed clusters

We detect star clusters using the HOP algorithm (Eisenstein &

Hut 1998) on AMUSE, which is an algorithm to separate sub-

structures based on their local stellar densities. We use a param-

eter set that is the same as those in Fujii (2019). We detect 25

clumps which includes more than 100 stars. In the right panel

of Fig. 12, we present the spatial distribution of the detected

clumps but only for those with more than 200 stars.

We also present the mass-radius relation of these clusters

in Fig. 18. The detected clumps have a mass range similar to

observed open clusters, but the density of the detected clusters

is one or two-order of magnitude higher than the observed ones

(see figure 2 in Portegies Zwart et al. 2010). Including any

feedback, the density later will drop due to the gas expulsion.

This implies that star clusters were born with a density much

higher than currently observed ones and became less dense after

the gas expulsion. We further investigate the evolution of star

clusters over gas expulsion using a code with feedback from

massive stars and discuss the effect of the feedback in Fujii et al.

(2021).

4 Summary

We developed ASURA+BRIDGE, a tree-direct hybrid N-

body/SPH code as a part of the SIRIUS project (see also Hirai

et al. 2020). In ASURA+BRIDGE, stellar particles are in-

tegrated using a sixth-order Hermite code or the PETAR code

(Wang et al. 2020a). The latter combines P3T (Oshino et al.

2011; Iwasawa et al. 2015) and SDAR methods (Wang et al.

2020c) so that close encounters and orbits of binaries can be

accurately evolved. Therefore, ASURA+BRIDGE can treat

stellar dynamics properly without any gravitational softening.

On the other hand, gas particles are integrated using ASURA,

which is an SPH code including cooling/heating models (Saitoh

et al. 2008, 2009).

We performed some test simulations of star cluster models

embedded in gas clouds. We found that the timestep for Bridge
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Abstract

Star clusters form via clustering star formation inside molecular clouds. In order to understand

the dynamical evolution of star clusters in their early phase, in which star clusters are still em-

bedded in their surrounding gas, we need an accurate integration of individual stellar orbits

without gravitational softening in the systems including both gas and stars, as well as modeling

individual stars with a realistic mass function. We develop a new tree-direct hybrid smoothed

particle hydrodynamics/N -body code, ASURA+BRIDGE, in which stars are integrated us-

ing a direct N -body scheme or PETAR, a particle-particle particle-tree scheme code, without

gravitational softening. In ASURA+BRIDGE, stars are assumed to have masses randomly

drawn from a given initial mass function. With this code, we perform star-cluster formation

simulations starting from molecular clouds without gravitational softening. We find that artificial

dense cores in star-cluster centers due to the softening disappear when we do not use soften-

ing. We further demonstrate that star clusters are built up via mergers of smaller clumps. Star

clusters formed in our simulations include some dynamically formed binaries with the minimum

semi-major axes of a few au, and the binary fraction is higher for more massive stars.

Key words: methods: numerical — stars: formation — ISM: clouds — open clusters and associations:

general — galaxies: star clusters: general
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1 Introduction

Star clusters form via collective formation of stars in giant

molecular clouds (GMCs). Recent numerical studies have

© 2014. Astronomical Society of Japan.

テスト２：星団形成
Ø 乱流分⼦雲、k=-4 (Bonnell+03), Mg=1000 Msun, 

Rg=0.5 pc, |Ek|=|Ep|, 20 K, P=(γ-1)ρu、uは内部E。
Ø 質量分解能をhigh0.002, middle0.01, low0.1 Msunとし

て⽐較。1 Myr=4 ffまで。

テスト３：複合星団
Ø 半径10 pc, 質量4x105 Msun, 分解能0.1 Msun。
Ø 0.75 Myrで星の数が~8000になるのでHermite 

schemeからPTEARに。星100個以上の星団が25個。
Ø 星団でできた⼤質量星が⾶び出す。（今はない

が）フィードバックを弱める。
Ø 平均⼒学エネルギーの0.1%以上の束縛エネルギーで連星とする。
Ø a=100-10 auまでできる。遠い連星系が崩れて、連星率は0.7-0.8 Myrで
下がる。

Ø 重いほど短周期で質量差⼤。観測では質量差は⼩さいが、1 Myr以降の
mass segregationが効きそう。

Ø 次の論⽂でフィードバックも⼊れてより⻑く。

乱流場の種の違い

Publications of the Astronomical Society of Japan, (2014), Vol. 00, No. 0 15
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Fig. 14. Semi-major axis (left) and period (right) distributions of binaries at 0.7, 0.8, 0.9, and 1 Myr for model F15.
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Fig. 16. Cumulative distributions of binary orbital periods (P ) in each pri-

mary mass range at 1 Myr for model F15.

must be shorter than the local free-fall time of gas, i.e., the

timestep for gas particles. If the Bridge timestep is larger than

the critical value, the stellar distribution drifts.

Thanks to the zero-softening treatment, we can properly fol-

low the dynamical evolution of star clusters. With softening,

stars form an artificial dense small core in the cluster center.

Without softening, on the other hand, stars are scattered due to

close encounters and as a consequence, the artificial core disap-

pears.

We also tested a model with star formation using a statisti-

cal manner (Hirai et al. 2020). We performed a series of sim-

ulations for initially homogeneous molecular clouds with tur-

bulent velocity fields. Although the total mass of the forming

clusters depends on the random seed for the initial turbulence,

our results are consistent with a similar simulation using a sink-

particle scheme.

The dependence of our results on the resolution is also

tested. The total mass of the forming stars slightly depends on

the resolution, i.e., simulations with higher resolution result in

the formation of more stars. The total stellar mass does not

strongly depend on the local star formation rate which we as-

sume for our star formation scheme. This is because the thresh-

old density for star formation is sufficiently high and the lo-

cal dynamical time (free-fall time) is short enough compared

with the dynamical timescale of the entire system (Saitoh et al.

2008).

The radial density distribution of the formed star clusters

does not strongly depend on the mass resolution of gas either,

but slightly depends on the softening length of gas. This result

suggests that we can adopt a relatively low resolution of gas

(mgas∼0.1M!) for this kind of simulations if we are interested

in the structure and dynamical evolution of star clusters formed
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kink

Planet

Fig. 2. Selected 12CO J = 2 � 1 synthetic channel maps for the three simulation snapshots (0.3, 1.0 and 3.0 MJup, from top to bottom), with the
planets at Rp = 100 au radius, and �p = 45� azimuth, marked as green circles. The disc is inclined at �45� with respect to the plane of the sky.
The thin grey line is the projected circular orbit of the planet. The solid lines are centroid velocity contours extracted from the simulations at the
velocity channel indicated on the top header. The dashed lines show the same but for the Keplerian best-fit model. Small arrows indicate kink-like
features identified by visual inspection. In the bottom row a zoom-in around planets is made for better comparison of centroid velocities and their
deviation from Keplerian rotation as a function of planet mass.
Article number, page 4 of 20

Ø 原始惑星は円盤内構造を作り得るが、直接観測例は少ないし、それ以外の検出⽅法は天体ごと。
Ø FARGO3D 流体シミュレーション。tail disk, Rc=100 au, Σc=0.03 g cm-2, γ=1, α=10-3, M*=1Msun。

R=15-700 au, |z|=0-240 au。0.6Hでスムージングした2D重⼒場, Mp=0.3, 1.0, 3.0 MJ, Rp=100 au。
円筒状の速度と静⽔圧平衡。

Ø POLARIS, L*=1.9 Lsun, Teff=4000 K。ダストはintrinsic density 3.5 g cm-3, q=-3.5, 5 nmから1 mm。
Ø CO J=2-1, XCO=5x10-5 if T>20 K and z/R<0.3 else 5x10-11。
Ø d=100 pc, i=45°でチャンネルマップ。
Ø φP=-90°から90°。
Ø -5から5 km/s, 0.1 km/s, pix=3.1 au。

Ø フィットツールDisc Minerを開発。
Ø 上下２層z=Rの冪。
Ø 光学的に厚いラインプロファイルにも対応。
Ø IpとLwはRとzの冪。Lsは⼀様。

Ø 与えたパラメーターは再現。

A. F. Izquierdo et al.: The Disc Miner I

features from circumstellar discs using molecular line emission.
The open source version of the discminer will be released with
the second paper of the Disc Miner series.

Just as previous fitting methods that dig into the kinemat-
ics of discs (e.g. Teague et al. 2018b; Casassus & Pérez 2019),
our package is based on parametric descriptions of the physi-
cal and geometrical properties that make up a simplified disc of
gas3. The discminer, however, provides for the first time a simul-
taneous representation of line profiles and velocities by fitting
individual intensity channel maps rather than projected velocity
maps (see Fig. 3). To do so, the line intensity is modelled con-
sidering the following attributes,

(i) We assume that the disc emission comes from two thin (up-
per and lower) surfaces. Their vertical location is described
by two parametric prescriptions of the form z = f (R).

(ii) A Keplerian velocity field �k = f (R, z; M?, �sys), which is
used to determine the shift in velocity space of the emission
from any given pixel.

(iii) A kernel to shape the line intensity profile as a function of the
disc coordinates. The kernel combines peak intensity (Ip),
line-width (Lw) and line-slope (Ls) information, which are
also parametric prescriptions of the form A = f (R, z). See
further details in Sec. 3.2.

(iv) Inclination and position angle of the disc. These are used for
geometrical projection of intensities and line-of-sight veloc-
ities on the plane of the sky.

The model is then coupled with a Markov chain Monte Carlo
(MCMC) random sampler, emcee (Foreman-Mackey et al. 2013),
which e�ciently walks over a vast range of parameters to deter-
mine the subset of them that best reproduces the projected line
intensity of the input disc, often encoded in a three-dimensional
ppv cube. We configure the MCMC sampler to maximise a �2

log-likelihood defined as,

�2 = �0.5
nchX

j

npixX

i

w�2
i

h
Im(ri, � j) � Id(ri, � j)

i2
, (1)

where the index i runs over the pixel location in (x, y)sky coordi-
nates, and the index j runs over the input velocity channels. The
�2 kernel is the di↵erence between the model intensity, Im, and
the input intensity, Id, whose uncertainty is encompassed in the
weighting factor w which is computed using residual intensity
from line-free velocity channels.

3.2. Line intensity profile

In this work, we assume a generalised bell function for the line
profile kernel,

Im(R, z; �ch) = Ip

 
1 +

�����
�ch � �kl.o.s

Lw

�����
2Ls

!�1

, (2)

where Ip is the peak intensity, �ch is the channel velocity and
�kl.o.s is the Keplerian line-of-sight velocity. The choice of this
kernel is motivated by the fact that at the cost of only one addi-
tional parameter (Ls), it performs better than a Gaussian function
at reproducing optically thick lines (such as those from 12CO
transitions) which are flat at the top and decay rapidly towards
the wings. The linewidth (Lw) of the generalised bell function is
3 The model is aimed to be computationally cheap so it is suitable for
parameter space exploration and for analysis of large datasets, while
still possessing a reasonable degree of realism.

the half width of the profile at half power. The additional (di-
mensionless) parameter, the line slope (Ls), controls how steep
the signal drops at the wings and in turn it also determines the
spectral extent of the plateau on the top of the profile. It is easy to
deduce from the first derivative of the bell function that the slope
of a line tangent to either points of the (normalised) profile, at
half power, is the ratio 2Ls/Lw.

For simplicity, we parametrise the peak intensity (Ip) and
linewidth (Lw) as powerlaws of the disc cylindrical coordinates
(R, z), which reproduce reasonably well the overall line pro-
files of the synthetic observations (see Sec. 4). The lineslope
(Ls) is allowed to vary but it is assumed uniform everywhere.
Note that the model attributes perform well at describing the ob-
served emission on the upper and lower surfaces of the input disc
only, and hence any extrapolation to other scale-heights should
be done with caution.

3.3. Best-fit model of the simulation

To reveal deviations from Keplerian rotation, we use the dis-
cminer to fit Keplerian channel maps on the simulated synthetic
observations. In particular, we obtain three best-fit models, one
for each planet mass (0.3, 1.0 and 3.0 MJup) at 0� azimuth. To
achieve this, we first use the prototyping tool4 of the discminer
to find a reasonable set of seeding parameters for emcee. We then
let 256 walkers evolve over 1000 steps in a first trial, and allow
them to fully converge to the final parameters over another 1500
steps. Since our simulations are noise-free the weighting factor
w in Eq. 1 equals one everywhere. Each run takes about six hours
on a 48-core machine with a clock rate of 2.3 GHz per core.

Table 1 presents a summary of the functional forms consid-
ered for the model attributes and the best-fit parameters obtained
for the three snapshots. Figure 4 shows the best-fit attributes
computed for the 0.3 MJup snapshot, deprojected on the upper
and lower emitting surfaces of the disc, and the vertical loca-
tion of both the surfaces (see parameter walkers in Appendix B).
We notice slight variations in the best-fit parameters of the other
two (1.0 and 3.0 MJup) snapshots due to the combined e↵ect of
the planet mass and the depth of the gap it carves. More specifi-
cally, the stellar mass (M?) retrieved by the model increases with
planet mass (M? = 1.013, 1.025 M�, respectively), while the
emission surfaces are shallower due to the increasingly deeper
gaps (e.g., z0 = 15.59, 14.35 au for the 1.0 and 3.0 MJup upper
surfaces). Nevertheless, these variations have negligible impact
on the detection and quantification of planet perturbations.

Taken together, the parameters retrieved by the model con-
verge notably well to the features we knew beforehand from the
input simulations. The mass of the star (1 M�), the disc inclina-
tion (�45�), and the height of the lower surface tracing the back
side of the CO freeze-out region, are all closely reproduced even
when a planet is present. This makes the discminer well suited
also for future studies of the three-dimensional structure of discs
using molecular line emission.

4. Finding the kinematical footprints of planets

4.1. Intrinsic deviations from Keplerian rotation

Before analysing observables, it is worth looking at the pristine
simulation velocities to understand the posterior e↵ect of radia-

4 This is an interactive tool which allows the user to compare in real
time the input data against the model channel maps given a set of at-
tributes and parameters.
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ABSTRACT

Context. The study of disc kinematics has recently opened up as a promising method to detect unseen planets. However, a systematic,
statistically meaningful analysis of such an approach remains missing in the field.
Aims. The aim of this work is to devise an automated, statistically robust, technique to identify and quantify kinematical perturbations
induced by the presence of planets in a gas disc, and to accurately infer the location of the planets.
Methods. We produce hydrodynamical simulations of planet-disc interactions with di↵erent planet masses, 0.3, 1.0 and 3.0 MJup, at
a radius of Rp = 100 au in the disc, and perform radiative transfer calculations of CO to simulate observables for a disc inclination
of �45�, and for 13 planet azimuths. We then fit the synthetic data cubes with a Keplerian model of the channel-by-channel emission
using the discminer package. Lastly, we compare the synthetic cubes with the best-fit model to extract deviations from Keplerian
rotation and quantify both large-scale and localised intensity, linewidth and velocity fluctuations triggered by the embedded planets,
and to provide strong constraints on their location in the disc. We assess the statistical significance of the detections using the peak
and variance of the planet-driven velocity fluctuations.
Results. Our findings suggest that a careful inspection of line intensity profiles to analyse gas kinematics in discs is a robust method
to reveal embedded, otherwise unseen planets, as well as the location of gas gaps. We claim that a simultaneous study of line-of-
sight velocities and intensities is crucial to understand the origin of the observed velocity perturbations. In particular, the combined
contribution of the upper and lower emitting surfaces of the disc plays a central role in setting the observed gas velocities. This joint
e↵ect is especially prominent and hard to predict at the location of a gap/cavity, which can lead to artificial deviations from Keplerian
rotation depending on how the disc velocities are retrieved. Furthermore, regardless of their origin, gas gaps alone are capable of
producing kink-like features on intensity channel maps, often attributed to the presence of planets. Our technique, based on line
centroid di↵erences, takes all this into account to capture only the strongest, localised, planet-driven perturbations. It does not get
confused by axisymmetric velocity perturbations that may result from non-planetary mechanisms. The method can detect all three
simulated planets, at all azimuths, with an average accuracy of ±3� in azimuth and ±8 au in radius. As expected, velocity fluctuations
driven by planets increase in magnitude as a function of the planet mass. Furthermore, owing to disc structure and line-of-sight
projection e↵ects, planets at azimuths close to ±45� yield the highest velocity fluctuations, whereas those at limiting cases, 0� and
±90�, drive the lowest. The observed peak velocities typically range within 40�70 m s�1, 70�170 m s�1 and 130�450 m s�1 for 0.3, 1.0
and 3.0 MJup planets, respectively. Our analysis indicates that the variance of peak velocities is boosted near planets due to organised
gas motions prompted by the localised gravitational well of planets. We propose an approach that exploits this velocity coherence to
provide, for the first time, statistically significant detections of localised planet-driven perturbations in the gas disc kinematics.

Key words. planet-disc interactions – planets and satellites: detection – protoplanetary discs – radiative transfer

1. Introduction

In order to detect young planets it is imperative to understand
the footprints they can stamp on protoplanetary discs, their for-
mation place. Recent observations in concert with theoretical ef-
forts suggest that dust substructures, mostly rings and gaps, but
also cavities, spirals and asymmetric features, are possibly ubiq-
uitous in protoplanetary discs (ALMA Partnership et al. 2015;
Isella et al. 2016; Pérez et al. 2016; Long et al. 2018; Andrews
et al. 2018). In multiple cases, embedded planets may play a key
role in shaping some of these substructures observed in infrared
and (sub–)mm wavelengths (see e.g., Benisty et al. 2015; Dip-
ierro et al. 2015; Pinilla et al. 2018; Zhang et al. 2018; Ubeira

Gabellini et al. 2019; Facchini et al. 2020). However, planet-disc
interactions are far from being the only driving mechanism qual-
ified to produce dust signatures in young discs. Magnetic, hydro-
dynamic and gravitational instabilities can also lead to dust sub-
structure (Armitage 2011; Andrews 2020), meaning that look-
ing at the dust emission alone is generally insu�cient to unam-
biguously claim for the presence of planets. On top of that, ther-
mal and accretion emission from young planets is hard to de-
tect through direct imaging, whose range of action is currently
narrowed to massive planets and low dust extinction scenarios
(Testi et al. 2015; Sanchis et al. 2020). To date, PDS 70 is the
only system with convincing detection of forming planets by di-
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Fig. 6. Line centroid (top), peak intensity (middle) and linewidth (bottom) residuals for the (1.0 MJup, �p = 45�) snapshot. The azimuthal scans
on the left run along constant radii contours, in disc coordinates, whose colours represent their closeness to the radial location of the planet, with
blue being the closest. The solid black contour runs along the projected distance of the planet (Rp = 100 au) and the dashed black line shows the
azimuth of the planet.

cancelled out because it is orthogonal to the line-of-sight. The
equivalent occurs around �p = 0� azimuths for the radial com-
ponent of the perturbation. Nevertheless, interpreting the high
velocity fluctuations observed at intermediate angles is less ob-
vious. The observed fluctuations at these angles do not depend

on the intrinsic magnitude of the perturbation only, but also on
the scale-height at which the perturbation is measured and hence
on the structure of the disc itself. This e↵ect is further discussed
in Section 5.3.
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Fig. 7. Folded (magnitude of) line centroid residuals as a function of azimuth, varying the analysis radius (in colours), for di↵erent planet masses
(0.3, 1.0 and 3.0 MJup, from left to right), and azimuths (0�, 45�, and 90� from top to bottom). The solid black contour runs along the projected
distance of the planet (Rp = 100 au), and the dashed black line corresponds to the azimuth of the planet.

Now, is it possible to determine not only the presence, but
also the actual location of the planets out of the just-gathered in-
formation? From Fig. 7 it appears so, especially for those planets
at azimuths smaller than 90�, where the perturbation is obvious
to the eye. However, line centroid residuals from less massive
planets, such as the 0.3 MJup included in our analysis, may be
particularly challenging to detect just by visual inspection be-
cause the localised signature, intrinsic of the planet, is small and
can easily get confused with other asymmetric, although more
extended perturbations. Also, planets of any mass, near the sym-
metry axis of the disc, � = 90�, are equally challenging because
their signature is no longer localised to the eye. In the next sub-
section, we provide two statistical methods that conveniently ex-
amine line centroid residuals and do not rely on visual inspection
to robustly infer the location of embedded planets in discs.

4.4. Statistical methods to detect planets

In order to detect an embedded planet through kinematical anal-
ysis one should be able to spatially isolate the velocity fluctua-
tions that the planet induces on the gas disc, but also to provide a
robust measurement of their magnitude. Here we present two sta-
tistical methods to detect and quantify planet-driven kinematical
perturbations using synthetic observations of simulations with

di↵erent planet masses and azimuths (see Sec. 2). Both methods
make use of the folded centroid residuals presented in Sec. 4.3.

From inspection of Fig. 7, a first natural approach would be
to determine the location of the global maximum centroid resid-
ual, which is apparently well correlated with the azimuthal and
radial location of the planet. Following this idea, we extract the
peak velocity residual for each radius in the disc, as a function
of the azimuth where it occurs. From the resulting distribution
of velocity residuals, we compute a 3� threshold below which
residuals are discarded from the analysis. The inferred location
of the planet is assumed to be the median azimuth and the me-
dian radius of the leftover peak residuals, as illustrated in Fig-
ure 8. This procedure is what we call the Global Peak detection
method. In Appendix B.2, we show the dependence of peak fluc-
tuations as functions of planet mass by fitting �� = aMb power-
laws, for each planet azimuth, with a and b free parameters. Note
that there are substantial di↵erences between the observed fluc-
tuations at negative and positive planet azimuths. As explained
later in Sec. 5.3, the reason is that the disc vertical structure and
the gap, combined with projection e↵ects, are important, and
their contribution to the observed velocity fluctuations depends
on the location of the planet.

Typically, after comparing the inferred and the actual loca-
tion of planets, the Global Peak method is accurate within ±3�
in azimuth and ±8 au in radius, but its significance, which in
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Fig. 8. Left panel: peak residuals and their azimuthal location for the (1.0 MJup, �p = 45�) snapshot. Right panel: peak residuals rearranged as a
function of their radial distance. The subpanel on the right shows the peak residual distribution (green line) and 1, 2 and 3� significance thresholds
(dotted lines). The solid black lines are the azimuthal and radial location of the global peak, while the dashed black lines show the actual location
of the planet.

all cases is between 3� and 7�, might be a weak spot in noisy
scenarios. This leads us to introduce a rather di↵erent method,
based on the assumption that the strongest velocity fluctuations
driven by planets should be, at the same time, localised and co-
herent, which in other words implies that the velocity field, as
well as its observables, should vary smoothly as one approaches
to the planet. If this is true, besides large velocity residuals there
should be also a higher density of peak velocity residuals around
the planet compared to undisturbed regions of the disc. This
is pictured in Figure 9, where we find clusters of peak residu-
als, independently for each spatial coordinate (R, �), using a K-
means clustering algorithm (MacQueen 1967; Lloyd 1982). The
K-means algorithm subdivides the input residuals into a prede-
fined number of clusters in such a way that the centre of each
cluster is the closest centre to all the residuals in the cluster. Said
di↵erently, the input data is iteratively partitioned into Voronoi
cells until convergence is reached, which in this case means un-
til the sum of squared distances from the data to the centre of
their clusters is minimised. Note that the minimisation distance
used by the iterative procedure to identify clusters in Fig. 9, top
panel, is defined in the 2D (azimuth, velocity residual) space, but
in practice the azimuthal distance dominates over the distance in
velocity residuals so that the clustering is similar to a binning
in azimuth (the same applies for the radial clustering). However,
unlike simple manual binning, the bin boundaries are in this case
irregular, and the bin centres tend to be near the densest accumu-
lation of points, which is ideal for localising coherent veloci-
ties. We adopt 10 clusters such that the azimuthal/radial extent
of the localised perturbation from the planets (��p ⇡ 20� �50�,
�R ⇡ 50 � 100 au, at a radius of 100 au) is always within one
to three clusters. Next, the cluster with the highest velocity vari-
ance is attributed to the planet-driven perturbation as long as it
meets the requirement of being above the standard 3� thresh-
old, which is referred to the variances of the background clus-
ters. In this case, the retrieved azimuthal location of the planet is
the azimuth of the centre of the cluster with the peak variance.
The same recipe is followed to infer the radial location of the

planet6. This method, the Variance Peak, is equally accurate as
the Global Peak method when it comes to determining the loca-
tion of planets. However, it strikingly boosts the significance of
the detection thanks to the coherent nature of velocities around
planets.

The absolute value of peak residuals in the Global Peak
method, and the peak variances in the Variance Peak method are
presented in Figure 10. Unsurprisingly, regardless of the planet
azimuth, peak fluctuations and peak variances increase steadily
with the mass of the planet. Also, due to projection e↵ects, the
highest peaks are reached at intermediate angles (30�, 45�, 60�).
As per the detected radial locations, all of them are approxi-
mately within R = 100±10 au except for the �p = 90� snapshots
where there is a higher dispersion of peak residuals, making it
more challenging for the technique to find the radial location of
the planet. Interestingly, note that for the same � = 90� snap-
shots, the azimuthal location of all planets is reasonably well
determined, as opposed to the first impression left by Fig. 7, bot-
tom row, where velocity residuals were anything but localised to
the naked eye.

More interesting, however, is to discuss the statistical sig-
nificance of both methods. Even though both approaches work
well at inferring the location of planets for all masses and az-
imuths, the Variance Peak is far more robust than the Global
Peak method. As illustrated in Figure 11, the significance of the
Variance Peak detections are in almost all cases larger (or even
much larger) than 10�, whereas the Global Peak detections are
always between 3�7�. Again, this is thanks to the coherence
of the velocity field around planets leading to a significant accu-
mulation of peak residuals to which the Variance Peak method is
fairly sensitive. The Global Peak method, on the other hand, is
not sensitive to the bulk of velocity residuals around planets, but
is limited to only the highest of them.

Note that massive planets such as the 3.0 MJup planet in our
sample do not always yield the highest detection significance.
The reason behind this is mainly that the velocity perturbation
6 Note from Fig. 9 that, around planets, peak velocity residuals trace
planet-driven spiral wakes and part of the circumplanetary material.
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Fig. 9. Top row. Left panel: KDE contours derived from K-means clusters of peak velocity residuals for the (1.0 MJup, �p = 45�) snapshot. The
contours enclose 33 and 95 per cent of the peak residuals. The white crosses are the cluster centres retrieved by the K-means algorithm. Right
panel: spectral variance of peak residuals for each cluster on the left. In the subpanel attached on the right we show 1, 2 and 3� significance
thresholds. The yellow line highlights the azimuthal location of the peak variance and the dashed line the actual location of the planet. The green
cross is the peak variance significant enough to be attributed to the planet perturbation. Bottom row. 2D visualisation of the detection using the
Variance Peak method, for three planets (0.3, 1.0 and 3.0 MJup), all at �p = 45� azimuth and Rp = 100 au radius. The green circles and crosses are
the actual and inferred location of the planets, respectively. The highlighted sectors are the azimuthal and radial clusters with the highest spectral
variance extracted by the method. The boundaries of the sectors mark the maximum spatial coverage of the clusters. The circles show the location
of the observed peak velocity residuals, whose magnitude is indicated by their size. The red circles are residuals within the azimuthal or radial
peak variance clusters. The solid (���) and dashed (�R) contours trace spiral wakes and radial planet perturbations, and correspond to 60 per cent
peak velocity fluctuations extracted from the simulation velocities.

from massive planets is so spatially extended that some of the
velocity residuals associated with the planet are actually con-
tributing to the background residuals, which in turn reduces the
significance of the detected global/variance peaks. We softened
this e↵ect in the Variance Peak method by allowing more than
one cluster to be considered as part of the planet perturbation
so that the background is better constrained prior calculation of
the significance of the detection. In any case, the fact that the
least massive planets in our sample (0.3, 1.0 MJup) are in almost

all cases robustly detected is encouraging, given that such low
masses are virtually unspottable by empirical methods.

5. Discussion

5.1. Comparison with other methods

The fitting methods encompassed in the discminer have proven
to be e↵ective at describing the large-scale structure of discs but
also to be accurate at detecting localised signatures on intensity
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ABSTRACT

We present CFHT photometry and IRTF spectroscopy of low-mass candidate members
of Serpens South and Serpens Core (⇠430 pc, ⇠0.5 Myr), identified using a novel combi-
nation of photometric filters, known as the W-band method. We report SC182952+011618,
SS182959-020335 and SS183032-021028 as young, low-mass Serpens candidate members,
with spectral types in the range M7-M8, M5-L0 and M5-M6.5 respectively. Best-fit effective
temperatures and luminosities imply masses of < 0.12M� for all three candidate cluster mem-
bers. We also present Hubble Space Telescope imaging data (F127M, F139M and F850LP)
for six targets in Serpens South. We report the discovery of the binary system SS183044-
020918AB. The binary components are separated by ⇡45 AU, with spectral types of M7-M8
and M8-M9, and masses of 0.08–0.1 and 0.05–0.07 M�. We discuss the effects of high dust
attenuation on the reliability of our analysis, as well as the presence of reddened background
stars in our photometric sample.

Key words: brown dwarfs – stars: low-mass – binaries: general

1 INTRODUCTION

Nearby young star-forming regions, such as Perseus (Bally et al.
2008), Taurus-Auriga (Kenyon et al. 2008), Serpens South (Guter-
muth et al. 2008) & Chamaeleon (Luhman 2008), have been exten-
sively surveyed with the goal of discovering low-mass members.
A key motivating factor for such a survey is to improve the under-
standing of the statistical properties of stellar populations.

The initial mass function (IMF) is an empirical function that

? E-mail: dubber@roe.ac.uk
† Visiting Astronomer at the Infrared Telescope Facility, which is operated
by the University of Hawaii under Cooperative Agreement No. NCC 5-538
with the National Aeronautics and Space Administration, Office of Space
Science, Planetary Astronomy Program.

describes the distribution of stellar masses at formation. Discov-
ering low-mass members of star-forming regions constrains the
substellar IMF in such clusters, which can then be directly com-
pared to the substellar IMF in the local solar neighbourhood (Kirk-
patrick et al. 2019). The IMF may be environmentally dependent
(e.g van Dokkum & Conroy 2010; Lu et al. 2013; Gennaro et al.
2018; Hosek et al. 2019), meaning investigations of its form in spe-
cific regions are crucial. Furthermore, different theories predict dif-
ferent values of the minimum mass (e.g Larson 1992; Whitworth
et al. 2007), highlighting the importance of finding the lowest-mass
members in every region.

There are other motivations to push detection thresholds
into the planetary-mass regime in young star-forming regions.
Planetary-mass brown dwarfs are often targets of atmospheric in-
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of Serpens South and Serpens Core (⇠430 pc, ⇠0.5 Myr), identified using a novel combi-
nation of photometric filters, known as the W-band method. We report SC182952+011618,
SS182959-020335 and SS183032-021028 as young, low-mass Serpens candidate members,
with spectral types in the range M7-M8, M5-L0 and M5-M6.5 respectively. Best-fit effective
temperatures and luminosities imply masses of < 0.12M� for all three candidate cluster mem-
bers. We also present Hubble Space Telescope imaging data (F127M, F139M and F850LP)
for six targets in Serpens South. We report the discovery of the binary system SS183044-
020918AB. The binary components are separated by ⇡45 AU, with spectral types of M7-M8
and M8-M9, and masses of 0.08–0.1 and 0.05–0.07 M�. We discuss the effects of high dust
attenuation on the reliability of our analysis, as well as the presence of reddened background
stars in our photometric sample.

Key words: brown dwarfs – stars: low-mass – binaries: general

1 INTRODUCTION

Nearby young star-forming regions, such as Perseus (Bally et al.
2008), Taurus-Auriga (Kenyon et al. 2008), Serpens South (Guter-
muth et al. 2008) & Chamaeleon (Luhman 2008), have been exten-
sively surveyed with the goal of discovering low-mass members.
A key motivating factor for such a survey is to improve the under-
standing of the statistical properties of stellar populations.

The initial mass function (IMF) is an empirical function that

? E-mail: dubber@roe.ac.uk
† Visiting Astronomer at the Infrared Telescope Facility, which is operated
by the University of Hawaii under Cooperative Agreement No. NCC 5-538
with the National Aeronautics and Space Administration, Office of Space
Science, Planetary Astronomy Program.

describes the distribution of stellar masses at formation. Discov-
ering low-mass members of star-forming regions constrains the
substellar IMF in such clusters, which can then be directly com-
pared to the substellar IMF in the local solar neighbourhood (Kirk-
patrick et al. 2019). The IMF may be environmentally dependent
(e.g van Dokkum & Conroy 2010; Lu et al. 2013; Gennaro et al.
2018; Hosek et al. 2019), meaning investigations of its form in spe-
cific regions are crucial. Furthermore, different theories predict dif-
ferent values of the minimum mass (e.g Larson 1992; Whitworth
et al. 2007), highlighting the importance of finding the lowest-mass
members in every region.

There are other motivations to push detection thresholds
into the planetary-mass regime in young star-forming regions.
Planetary-mass brown dwarfs are often targets of atmospheric in-

© 2019 The Authors
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Serpens South/Coreの低質量
（<~0.1 Msun）メンバー候補の
可視⾚外撮像と分光。
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ABSTRACT

Solar-type stars exhibit their highest levels of magnetic activity during their early convective pre-
main sequence (PMS) phase of evolution. The most powerful PMS flares, super-flares and mega-flares,
have peak X-ray luminosities of log(LX) = 30.5�34.0 erg s�1 and total energies log(EX) = 34�38 erg.
Among > 24, 000 X-ray selected young (t . 5 Myr) members of 40 nearby star-forming regions from
our earlier Chandra MYStIX and SFiNCs surveys, we identify and analyze a well-defined sample of
1,086 X-ray super-flares and mega-flares, the largest sample ever studied. Most are considerably more
powerful than optical/X-ray super-flares detected on main sequence stars. This study presents energy
estimates of these X-ray flares and the properties of their host stars. These events are produced by
young stars of all masses over evolutionary stages ranging from protostars to diskless stars, with the
occurrence rate positively correlated with stellar mass. Flare properties are indistinguishable for disk-
bearing and diskless stars indicating star-disk magnetic fields are not involved. A slope ↵ ' 2 in the
flare energy distributions dN/dEX / E�↵

X is consistent with those of optical/X-ray flaring from older
stars and the Sun. Mega-flares (log(EX) > 36.2 erg) from solar-mass stars have occurrence rate of
1.7+1.0

�0.6 flares/star/year and contribute at least 10 � 20% to the total PMS X-ray energetics. These
explosive events may have important astrophysical e↵ects on protoplanetary disk photoevaporation,
ionization of disk gas, production of spallogenic radionuclides in disk solids, and hydrodynamic escape
of young planetary atmospheres. Our following paper details plasma and magnetic loop modeling of
the > 50 brightest X-ray mega-flares.

1. INTRODUCTION

1.1. Pre-Main Sequence Super-flares and Mega-flares

X-ray imaging studies of nearby star forming regions,
such as the Taurus clouds and Orion Nebula, typically
show that highly variable X-ray emission is a ubiquitous
characteristic of pre-main sequence (PMS) stars (Feigel-
son & Decampli 1981; Montmerle et al. 1983; Getman
et al. 2005; Güdel et al. 2007). The emission arises from
magnetic reconnection events similar to, but much more
powerful and frequent than, flares on the contemporary
Sun. Reviews relating to PMS X-ray emission are pro-
vided by Feigelson & Montmerle (1999), Güdel (2004),
Feigelson et al. (2007), Gregory et al. (2010), Stelzer
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(2017), Feigelson (2018), Sciortino et al. (2019) and Ar-
giro� (2019).
Though PMS X-ray flares were surprising at first, the

existence of strong magnetic dynamos in the interiors
of fully convective, rapidly rotating stars, followed by
eruption of field lines and violent magnetic reconnection
above the stellar surface, is reasonable. The X-ray emis-
sion seems to be independent of the presence or absence
of protoplanetary disks despite astrophysical calcula-
tions that star-disk magnetic field lines may be involved
in X-ray emitting flares (Hayashi et al. 1996; Shu et al.
1997; Aarnio et al. 2010; López-Santiago et al. 2016;
Colombo et al. 2019). A factor of two reduced X-ray
activity level in accreting versus non-accreting systems
(Flaccomio et al. 2003; Preibisch et al. 2005; Telleschi
et al. 2007a) could have several possible causes: cooling
of active regions by accreting material, attenuation of
X-rays by accreting columns and/or inner disks, coronal
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Chandraで40の星形成領域内
24000の若い星（t<5 Myr）の
1086のX線スーパーフレア。主
系列より強い。原始星から円盤
無しまで含み、重いほどフレア
がある。円盤の有無で違いはな
く、円盤ー星の磁場は関わって
いない。エネルギーの分布は進
化した星と同じ。
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ABSTRACT

Context. Herbig Ae/Be stars (HAeBes) have so far been studied based on relatively small samples that are scattered throughout the
sky. Their fundamental stellar and circumstellar parameters and statistical properties were derived with heterogeneous approaches
before Gaia.
Aims. Our main goal is to contribute to the study of HAeBes from the largest sample of such sources to date, for which stellar and
circumstellar properties have been determined homogeneously from the analysis of the spectral energy distributions (SEDs) and Gaia
EDR3 parallaxes and photometry.
Methods. Multiwavelength photometry was compiled for 209 bona fide HAeBes for which Gaia EDR3 distances were estimated.
Using the Virtual Observatory SED Analyser (VOSA), photospheric models were fit to the optical SEDs to derive stellar parameters,
and the excesses at infrared (IR) and longer wavelengths were characterized to derive several circumstellar properties. A statistical
analysis was carried out to show the potential use of such a large dataset.
Results. The stellar temperature, luminosity, radius, mass, and age were derived for each star based on optical photometry. In addition,
their IR SEDs were classified according to two di↵erent schemes, and their mass accretion rates, disk masses, and the sizes of the inner
dust holes were also estimated uniformly. The initial mass function fits the stellar mass distribution of the sample within 2 <M⇤/M� <
12. In this aspect, the sample is therefore representative of the HAeBe regime and can be used for statistical purposes when it is taken
into account that the boundaries are not well probed. Our statistical study does not reveal any connection between the SED shape from
the Meeus et al. (2001) classification and the presence of transitional disks, which are identified here based on the SEDs that show
an IR excess starting at the K band or longer wavelengths. In contrast, only ⇠28% of the HAeBes have transitional disks, and the
related dust disk holes are more frequent in HBes than in HAes (⇠ 34% vs 15%). The relatively small inner disk holes and old stellar
ages estimated for most transitional HAes indicate that photoevaporation cannot be the main mechanism driving disk dissipation in
these sources. In contrast, the inner disk holes and ages of most transitional HBes are consistent with the photoevaporation scenario,
although these results alone do not unambiguously discard other disk dissipation mechanisms.
Conclusions. The complete dataset is available online through a Virtual Observatory-compliant archive, representing the most recent
reference for statistical studies on the HAeBe regime. VOSA is a complementary tool for the future characterization of newly identified
HAeBes.

Key words. Protoplanetary disks – Stars: pre-main sequence – Stars: variables: T Tauri, Herbig Ae/Be – Stars: fundamental param-
eters – Astronomical data bases – Virtual observatory tools

1. Introduction

The seminal work by Herbig (1960) defined the massive counter-
parts of T Tauri stars (TTs) as emission line objects with spec-
tral type A or earlier that are located in obscured regions and
illuminate bright and close nebulosities. This definition was sub-
sequently nuanced. Currently, Herbig Ae/Be stars (HAeBes) are
known as young (. 10 Myr), optically visible pre-main-sequence
(PMS) stars with emission lines in their spectra, typical spectral
types A and B, stellar masses that typically range between ⇠ 2
and ⇠ 12 M�, and infrared (IR) excesses associated with circum-
stellar disks. The initial list with dozens of sources (Herbig 1960)
was extended with new catalogs (e.g., Finkenzeller & Mundt

1984; Herbig & Bell 1988; The et al. 1994; Carmona et al. 2010;
Chen et al. 2016), and more than 200 HAeBes are known today.
This is far fewer than the thousands of TTs that are known, and
this discrepancy can be partially explained by the shape of the
initial mass function (IMF), which favors the formation of less
massive objects and the faster evolution of massive stars. Sta-
tistical studies of HAeBes are generally less reliable than those
for TTs because they are not based on complete samples in dif-
ferent star-forming regions but on small, scattered subsamples
within the lists mentioned above and assume di↵erent stellar and
circumstellar characterizations.

Many works have studied the stellar characterization of
HAeBes (see, e.g., Montesinos et al. 2009, and references
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Gaiaと⾚外SEDを使って
Herbig Ae/Beの星と星周のパ
ラメーターを統計的、等質的
に調べる。
28%が遷移円盤を持ち、⽳は
Beが34%、Aeが15%。
Aeは年齢が⾼いが⽳が⼩さい
ので光蒸発では説明できない。
Beは光蒸発と⽭盾しない。


