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ABSTRACT

Variability in young stellar objects (YSOs) can be caused by various time-dependent phenomena
associated with star formation, including accretion rates, geometric changes in the circumstellar disks,
stochastic hydromagnetic interactions between stellar surfaces and inner disk edges, reconnections
within the stellar magnetosphere, and hot/cold spots on stellar surfaces. We uncover and characterize
⇠1700 variables from a sample of ⇠5400 YSOs in nearby low-mass star-forming regions using mid-IR
light curves obtained from the 6.5-years NEOWISE All Sky Survey. The mid-IR variability traces a
wide range of dynamical, physical, and geometrical phenomenon. We classify six types of YSO mid-IR
variability based on their light curves: secular variability (Linear, Curved, Periodic) and stochastic
variability (Burst, Drop, Irregular). YSOs in earlier evolutionary stages have higher fractions of
variables and higher amplitudes for the variability, with the recurrence timescale of FUor-type outbursts
(defined here as�W1 or�W2> 1 mag followed by inspection of candidates) of⇠1000 years in the early
embedded protostellar phase. Known eruptive young stars and subluminous objects show fractions of
variables similar to the fraction (⇠ 55%) found in typical protostars, suggesting that these two distinct
types are not distinct in variability over the 6.5-year timescale. Along with brightness variability, we
also find a diverse range of secular color variations, which can be attributed to a competitive interplay
between the variable accretion luminosity of the central source and the variable extinction by material
associated with the accretion process.

1. INTRODUCTION

The rich variability of young stellar objects has been
characterized since before the objects had been iden-
tified as young (Joy 1945). Recent and ongoing ex-
periments in time-domain astronomy are providing an
unbiased evaluation of this variability, usually at opti-
cal wavelengths (e.g., ASAS-SN, Shappee et al. 2014;
ZTF, Bellm 2014; TESS, Ricker et al. 2015; WASP,
Rigon et al. 2017, and many others). Time domain ex-
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periments at IR-to-mm wavelengths are more rare but
complementary to optical surveys (e.g. Carpenter et al.
2001; Lucas et al. 2017; Herczeg et al. 2017). These
longer wavelength emission surveys probe heavily ex-
tincted and colder objects as well as di↵erent physical
processes, often using dust as the physics laboratory.
The variability of young stellar objects, revealed pri-

marily by the optical surveys, comes in many flavors,
each tracing di↵erent physics and locations in the sys-
tem (e.g. Herbst et al. 1994; Hillenbrand & Findeisen
2015). Long accretion bursts, tracing instabilities in the
disk, last for years or even decades and are seen as en-

ar
X

iv
:2

10
7.

10
75

1v
1 

 [a
st

ro
-p

h.
SR

]  
22

 Ju
l 2

02
1

Ø NEOWISEはClass 0-IIIをカバー。
Ø 0.5-6.5年のMIR測光。1700/5400 (原始星0/Iの55%, 円盤IIの33%, PMS IIIの15%)で変光。

Ø WISE W1 3.4 µm, W2 4.6 µm, W3 12 µm, W4 22 µm, 6"-12"、
半年毎に全天, 14 epochs, 10-20 exposures/epoch~数⽇。

Ø W2で5 epochs, 不確かさ<0.2 mag, 座標が既知のものを使⽤。

Ø 光度曲線全体の偏差/観測誤差>3、ΔW2>3σで変光同定。
Ø Lomb-Scargle periodogram解析と線形フィット。
Ø 雑⾳による誤報率が線形フィットで低ければ線形。

Ø 変光ß突発降着、⾮⼀様円盤、磁気リコネクション、連星、星の⾼温低温スポット。
Ø 全光度の変化を⾒るならMIR。
Ø Spitzer+WISEで若いほど原始星アウトバーストが多い。



Secular (29%)
Ø Linear。負勾配が多いà減衰が⻑い。
Ø 周期3-13年Curved。
Ø 周期<3年Periodic。

Stochastic (71%)
Ø 数epochs（1-2年）のみの変光。
Ø (med - min or max)>0.8(max -

min) Burst or Drop。
Ø その他Irregular。
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ABSTRACT

Variability in young stellar objects (YSOs) can be caused by various time-dependent phenomena
associated with star formation, including accretion rates, geometric changes in the circumstellar disks,
stochastic hydromagnetic interactions between stellar surfaces and inner disk edges, reconnections
within the stellar magnetosphere, and hot/cold spots on stellar surfaces. We uncover and characterize
⇠1700 variables from a sample of ⇠5400 YSOs in nearby low-mass star-forming regions using mid-IR
light curves obtained from the 6.5-years NEOWISE All Sky Survey. The mid-IR variability traces a
wide range of dynamical, physical, and geometrical phenomenon. We classify six types of YSO mid-IR
variability based on their light curves: secular variability (Linear, Curved, Periodic) and stochastic
variability (Burst, Drop, Irregular). YSOs in earlier evolutionary stages have higher fractions of
variables and higher amplitudes for the variability, with the recurrence timescale of FUor-type outbursts
(defined here as�W1 or�W2> 1 mag followed by inspection of candidates) of⇠1000 years in the early
embedded protostellar phase. Known eruptive young stars and subluminous objects show fractions of
variables similar to the fraction (⇠ 55%) found in typical protostars, suggesting that these two distinct
types are not distinct in variability over the 6.5-year timescale. Along with brightness variability, we
also find a diverse range of secular color variations, which can be attributed to a competitive interplay
between the variable accretion luminosity of the central source and the variable extinction by material
associated with the accretion process.

1. INTRODUCTION

The rich variability of young stellar objects has been
characterized since before the objects had been iden-
tified as young (Joy 1945). Recent and ongoing ex-
periments in time-domain astronomy are providing an
unbiased evaluation of this variability, usually at opti-
cal wavelengths (e.g., ASAS-SN, Shappee et al. 2014;
ZTF, Bellm 2014; TESS, Ricker et al. 2015; WASP,
Rigon et al. 2017, and many others). Time domain ex-
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periments at IR-to-mm wavelengths are more rare but
complementary to optical surveys (e.g. Carpenter et al.
2001; Lucas et al. 2017; Herczeg et al. 2017). These
longer wavelength emission surveys probe heavily ex-
tincted and colder objects as well as di↵erent physical
processes, often using dust as the physics laboratory.
The variability of young stellar objects, revealed pri-

marily by the optical surveys, comes in many flavors,
each tracing di↵erent physics and locations in the sys-
tem (e.g. Herbst et al. 1994; Hillenbrand & Findeisen
2015). Long accretion bursts, tracing instabilities in the
disk, last for years or even decades and are seen as en-

ar
X

iv
:2

10
7.

10
75

1v
1 

 [a
st

ro
-p

h.
SR

]  
22

 Ju
l 2

02
1

有意な線形

の続き



点の⾊は時刻

降着
（減光も増える）

減光優勢
⾚化

戻る

内壁が⾼くなり⾚化

内壁が降着

戻るØ FUor（ΔW1, W2>3 mag, linear）から間隔を推定。
N: 観測原始星数=735-1059
t: 観測時間=6.5 yr
k: 観測FUor数=2-9
τ: バースト間隔
τ=Nt/(k+1)=500-2300 yr

Ø Dropは不均⼀物質、Burstは粘性磁気不安定。Linearは
円盤上の降着率変化。Periodic, Curvedは連星や内円盤
の⾼さ変化。

Ø 変光率は0/I, II, IIIで55, 33, 15%、強度変化も0/Iが~3倍
⾼いà進化。

Ø FUor/EXorの60%, VeLLO/LLSの55%à6.5年スケール
で同じ。
しかしFUor/EXorはほぼSecular、VeLLO/LLSは半分が
Irregularà変光では分けられない。
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ABSTRACT

Variability in young stellar objects (YSOs) can be caused by various time-dependent phenomena
associated with star formation, including accretion rates, geometric changes in the circumstellar disks,
stochastic hydromagnetic interactions between stellar surfaces and inner disk edges, reconnections
within the stellar magnetosphere, and hot/cold spots on stellar surfaces. We uncover and characterize
⇠1700 variables from a sample of ⇠5400 YSOs in nearby low-mass star-forming regions using mid-IR
light curves obtained from the 6.5-years NEOWISE All Sky Survey. The mid-IR variability traces a
wide range of dynamical, physical, and geometrical phenomenon. We classify six types of YSO mid-IR
variability based on their light curves: secular variability (Linear, Curved, Periodic) and stochastic
variability (Burst, Drop, Irregular). YSOs in earlier evolutionary stages have higher fractions of
variables and higher amplitudes for the variability, with the recurrence timescale of FUor-type outbursts
(defined here as�W1 or�W2> 1 mag followed by inspection of candidates) of⇠1000 years in the early
embedded protostellar phase. Known eruptive young stars and subluminous objects show fractions of
variables similar to the fraction (⇠ 55%) found in typical protostars, suggesting that these two distinct
types are not distinct in variability over the 6.5-year timescale. Along with brightness variability, we
also find a diverse range of secular color variations, which can be attributed to a competitive interplay
between the variable accretion luminosity of the central source and the variable extinction by material
associated with the accretion process.

1. INTRODUCTION

The rich variability of young stellar objects has been
characterized since before the objects had been iden-
tified as young (Joy 1945). Recent and ongoing ex-
periments in time-domain astronomy are providing an
unbiased evaluation of this variability, usually at opti-
cal wavelengths (e.g., ASAS-SN, Shappee et al. 2014;
ZTF, Bellm 2014; TESS, Ricker et al. 2015; WASP,
Rigon et al. 2017, and many others). Time domain ex-
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periments at IR-to-mm wavelengths are more rare but
complementary to optical surveys (e.g. Carpenter et al.
2001; Lucas et al. 2017; Herczeg et al. 2017). These
longer wavelength emission surveys probe heavily ex-
tincted and colder objects as well as di↵erent physical
processes, often using dust as the physics laboratory.
The variability of young stellar objects, revealed pri-

marily by the optical surveys, comes in many flavors,
each tracing di↵erent physics and locations in the sys-
tem (e.g. Herbst et al. 1994; Hillenbrand & Findeisen
2015). Long accretion bursts, tracing instabilities in the
disk, last for years or even decades and are seen as en-
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ABSTRACT

Numerous protoplanetary discs show distinct spiral arms features. While possibly caused by a
range of processes, detailed pattern analysis points at close stellar flybys as cause for some of them.
Surprisingly, these discs reside in young low-mass clusters, where close stellar flybys are expected to
be rare. This fact motivated us to take a fresh look at the frequency of close flybys in low-mass
clusters. In the solar neighbourhood, low-mass clusters have smaller half-mass radii than their more
massive counterparts. We show that this observational fact results in the mean and central stellar
density of low-mass clusters being approximately the same as in high-mass clusters, which is rarely
reflected in theoretical studies. We perform N-body simulations of the stellar dynamics in young
clusters obeying the observed mass-radius relation. Taking the mean disc truncation radius as a proxy
for the degree of influence of the environment, we find that the influence of the environment on discs
is more or less the same in low- and high-mass clusters. Even the fraction of small discs (< 10 au) is
nearly identical. Our main conclusion is that the frequency of close flybys seems to have been severely
underestimated for low-mass clusters. A testable prediction of this hypothesis is that low-mass clusters
should contain 10%–15% of discs smaller than 30 au truncated by flybys. These truncated discs should
be distinguishable from primordially small discs by their steep outer edge.

Keywords: protoplanetary disks — local interstellar matter

1. INTRODUCTION

The observed diversity in the structure of protoplanetary discs (for example, Andrews 2020; van der Marel et al.
2021) and the planetary systems (for example, Kaltenegger 2017; Miguel et al. 2020, and references therein), triggers a
renewed interest in the question of the e↵ect of the environment on planet formation (recent examples being, Cai et al.
2018; Winter et al. 2020; Adibekyan et al. 2021; Dai et al. 2021). One way how the environment influences a forming
planetary system is close stellar flybys. These stellar flybys can potentially truncate or even completely destroy the
protoplanetary discs, thus influencing the total size and frequency of planetary systems (for example, Scally & Clarke
2001; Adams et al. 2006a; Olczak et al. 2006; Steinhausen & Pfalzner 2014; Rosotti et al. 2014; Portegies Zwart 2016;
Vincke & Pfalzner 2016; Concha-Ramı́rez et al. 2019; Jiménez-Torres 2020; Concha-Ramı́rez et al. 2021). Close stellar
flybys are expected to be most common in the central areas of high-mass clusters but rare in low-mass associations.
Finding signs of the stellar flybys seemed for a long time elusive, as only a handful of objects showed the characteristic
spiral arm patterns. The situation changed when the ALMA telescope allowed for the first time to produce highly
resolved imaging of protoplanetary discs. Suddenly, characteristic spiral structures are abundantly observed (Meru
et al. 2017; Long et al. 2018; Dong et al. 2018; Andrews et al. 2018b). Spiral structures can either be induced by
a companion or a stellar flyby, so that undetected companions can be the reason behind the pattern. However, the
repeated interaction with a bound companion generates more compact spirals.

s.pfalzner@fz-juelich
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Ø ⼩質量星形成領域の円盤で渦状腕やtruncationがよく⾒つかるが、flybyは稀と思われていた。
Ø それを確かめるためにクラスターをシミュレーション。
Ø 環境的影響は>104/pc‒3で顕著。半質量半径を1.3 pcに固定すると>1000個の⼤質量クラスターで

のみ可能。しかし太陽系近傍ではMc∝Rhm1.6-2.1なので、⼩質量ほど⾼密度になる。

4 Pfalzner & Govind

��

Figure 2. The two top panels show the mass vs half-mass radius for stellar groups in the solar neighbourhood. a) shows a
modified version of Fig.1a) in Pfalzner et al. (2016) for the data given by Lada & Lada (2003). b) illustrates the same but
for the data given in Kuhn et al. (2019), excluding the data for Tr14 and M17, as they will likely develop into long-lived open
clusters. The bottom panel shows the corresponding mean stellar density vs estimated total cluster mass corresponding to a) as
a blue dashed line and to b) as a black drawn line. The green dashed line shows the mean stellar density assuming a half-mass
radius of 1.3 pc independent of the cluster mass as, for example, used in the simulations by Vincke & Pfalzner (2016).

グレーより上は⻘が
⾚より多い。
King W=9プロファ
イル。

クラスター質量と半径の相関
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(Received August 24, 2021)

Submitted to ApJ
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Numerous protoplanetary discs show distinct spiral arms features. While possibly caused by a
range of processes, detailed pattern analysis points at close stellar flybys as cause for some of them.
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clusters obeying the observed mass-radius relation. Taking the mean disc truncation radius as a proxy
for the degree of influence of the environment, we find that the influence of the environment on discs
is more or less the same in low- and high-mass clusters. Even the fraction of small discs (< 10 au) is
nearly identical. Our main conclusion is that the frequency of close flybys seems to have been severely
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should contain 10%–15% of discs smaller than 30 au truncated by flybys. These truncated discs should
be distinguishable from primordially small discs by their steep outer edge.

Keywords: protoplanetary disks — local interstellar matter

1. INTRODUCTION

The observed diversity in the structure of protoplanetary discs (for example, Andrews 2020; van der Marel et al.
2021) and the planetary systems (for example, Kaltenegger 2017; Miguel et al. 2020, and references therein), triggers a
renewed interest in the question of the e↵ect of the environment on planet formation (recent examples being, Cai et al.
2018; Winter et al. 2020; Adibekyan et al. 2021; Dai et al. 2021). One way how the environment influences a forming
planetary system is close stellar flybys. These stellar flybys can potentially truncate or even completely destroy the
protoplanetary discs, thus influencing the total size and frequency of planetary systems (for example, Scally & Clarke
2001; Adams et al. 2006a; Olczak et al. 2006; Steinhausen & Pfalzner 2014; Rosotti et al. 2014; Portegies Zwart 2016;
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Ø シミュレーションは全星ができた状態で始め、2 Myr後にガスが無くなってクラスターが膨張。Nbody6++。
Ø King W=9に従って星を配置。星質量はあるIMFを使⽤。0.08-150 Msun。primordial singleのみ。
Ø ビリアル平衡を仮定してマクスウェル速度分布。
Ø モデルP: γ=1.7, K: γ=2.0, V: Rc=1.3 pc。
Ø flyby発⽣時の質量⽐と近星点距離を記録。シミュレーション後にトランケーションを評価。
Ø 初めは円盤半径は全て1000 au。

Close stellar flybys common in low-mass clusters 7

each star is recorded, meaning for each star, the mass ratio and periastron distance of each close flyby is listed. In
the second step, the truncation disc size for each of the close flyby events is calculated. Afterwards, we use the mean
value of the final truncation disc size to measure the cluster environment’s e↵ect on forming planetary systems.

3.2. Disc truncation

We start with the artificial situation of all disc having a size of 1000 au initially. This value is typical for the top-end
of the size of observed discs. (Andrews et al. 2018b). The reason is that we only intend to obtain a measure of the
influence of the environment rather than a realistic representation of the disc sizes in a specific cluster. Thus we obtain
the size that a standard disc is truncated to due to the close flybys of a particular cluster environment. This truncation
disc size is obtained the following way:
In this work, all encounters were assumed to be parabolic, prograde and coplanar, using the results of a parameter

study of star-disc encounters performed by Breslau et al. (2014). In this case, the truncation disc size rdisc after the
flyby can be approximated as

rdisc =

(
0.28 · rperi ·M�0.32

21 , if rdisc < rprevious
rprevious , if rdisc � rprevious

(3)

where rperi is the periastron distance between the two stars involved in a close flyby in au. M21 = M2/M1 is the mass
ratio of the two stars, with M1 being the mass of the disc-hosting star and M2 that of the perturber star. rprevious is
the disc size before the encounter.
Inclined or retrograde flybys are less e�cient to remove material from the disc, and the disc truncation radii are

therefore larger (Clarke & Pringle 1993; Bhandare et al. 2016). However, the di↵erence to coplanar flybys is not
extremely large. Applying the result for coplanar flybys means that the truncation radii have to be regarded as lower
limits. Similar, hyperbolic flybys are less e↵ective in disc truncation than parabolic ones. However, more eccentric
encounters are significantly more common in higher mass clusters. Since our study focuses on low-mass clusters,
approximating the flyby path as parabolic is likely justified. Moreover, we apply these simplifications in all simulations
identically, so the relative di↵erences between the diverse cluster environments should not be a↵ected. Here, only a
summary of the method has been provided; we refer the reader to Breslau et al. (2014) for more information on the
disc size determination during close stellar encounters.

3.3. Observational uncertainties

As mentioned in section 1, the exponent in the derived mass-radius relations for young stellar clusters in the
solar neighbourhood varies between �= 1.7 — 2.0 and that of the constant spans the range of C= 359 — 1263.
These variations are caused by the di↵erences in the sample of clusters considered, the observation being at di↵erent
wavelengths, and di↵erent cluster mass and size definitions. In some studies, the cluster size is defined as the maximum
extent of the cluster; in others, the half-mass or half-light radius. Similarly, the definition of cluster mass varies from
study to study. Some studies give the number of observed stars, while some correct for the IMF. Therefore, one finds
sometimes, even for the same clusters, di↵erences of up to a factor 2. A detailed discussion of the involved di�culties
can be found in (Pfalzner et al. 2016).
As Fig. 1c) shows these di↵erences in mass and radius translates into equivalent di↵erences in stellar density.

Therefore one could worry whether the specific mass-radius relations studied here are of any relevance. In this study,
we included two extreme cases in the sense that they cover the broad range of possible values for the mass-radius
relation. Set 1 of our simulations (P200-P10000) stands for the strongest dependence on the cluster mass, whereas
Set 2 covers the weakest case. In the following, we show the results from both sets, 1 and 2, and contrast them to
those of set 3, standing for a constant cluster size to illustrate the extent to which previous simulations might have
underestimated the e↵ect of close stellar flybys in low-mass clusters.
The mass-radius relation is only well constrained for clusters with N  2000 stars as there are many clusters in the

solar neighbourhood in this membership range. Clusters containing N � 2000 are rare in the solar neighbourhood.
There are only a handful of such member-rich young clusters. Therefore, the mass-radius relationship is probably only
applicable to clusters with N < 5000 stars. We discuss this issue in more detail in section 6.

M21=M2/M1, M1: host
Ø V以外は⼤⼩質量で同じ。
Ø ⼩質量Vは95%, Pは13%が1000 auのまま。
Ø Pは10-30%が30 au以下に。
Ø 配置をPlummer（〜⼩W）にしても同じ。
Ø スパイラルが⾒つかったTaurusで<30 auは

クラスター中⼼にいて、割合も合う。
Ø 端が鋭利なら光蒸発とも区別可能。
Ø 今まで知られていないのは⼩質量の10%だ

と統計的に不⾜、0.1 Myrで中⼼から離れる
ため。

100 au以下になるエンカウント
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Figure 7. Location of the members of the Taurus star forming region according to Luhman (2018). The systems showing
spiral arms attributed to stellar flybys (Cuello et al. 2019; Ménard et al. 2020) are indicated as blue circles. Note, that some
are located close to each other, so that they are better identified by their labels. The red symbols indicate the location of the
stars for which Andrews et al. (2018a) determined disc sizes. Discs with sizes smaller than 30 au are indicated as red crosses,
whereas discs with sizes exceeding 30 au are shown as circles. The disc sizes for RW Aur A & B were taken from Rodriguez
et al. (2018b)

.

including a population of tiny Class II gas disks. They suggest that the small sizes may result from processes such as
photoevaporation, disk winds, or truncation by orbiting low-mass companions.
The results presented here show that stellar interactions have the potential to produce such small discs even in

low-mass clusters. For our model P200, representative for low-mass clusters, we find that while most discs are larger
than 100 au, approximately 10%–30% of discs are considerably smaller than 100 au. This compares well with the
observed fraction of small-sized discs in low-mass star forming regions. Figure 7 also indicates the stars for which disc
sizes have been measured (red symbols), where the dots indicate disc sizes > 30 au and crosses discs with sizes < 30
au (Andrews et al. 2018b). It can be seen that most of these small discs are located in the relatively populated areas
in Taurus, which agrees well with the expectations from our simulations. Possibly, close stellar flybys should not be
excluded of hand as a cause for small discs in low-mass clusters.
In section 4 we saw that close stellar flyby should lead to ⇡ 13% of discs having sizes of  30 au. However, testing

for the portion of small disc sizes alone is not su�cient as these discs could equally just have formed small. However,
there is a way to distinguish the two reasons for small discs. The relevant property is the disc’s outer edge. Discs
that formed small should show a smooth decline in surface density all the way out. By contrast, truncated discs are
distinguishable by their sharp outer edge (see Fig. 8c). This distinct edge will eventually be smeared out due to
viscous spreading. However, it should be visible for at least 1-2 Myr. Therefore, the sharp outer edge should be most
pronounced in relatively young clusters (< 2 Myr), where viscous spreading has not had su�cient time to erase the
sharp edge over this period.
External photo-evaporation can also lead to disc truncation. The question arises whether small discs caused by

external photo-evaporation could be mistaken for those caused by close stellar flybys. Distinguishing small discs
caused by flybys from those caused by external photo-evaporation likely is not a major problem for two reasons. First,
most low-mass clusters contain no O- or B-stars that could cause external-photo-evaporation. Second, the shapes of
small discs produced by flybys and external photo-evaporation di↵er considerably in their visual appearance. The best
example for the discs that are a↵ected by external photo-evaporation are the proplyds in Orion (Ricci et al. 2008) with
their tadpole shape (see Fig. 8a).). By contrast, flybys lead to the characteristic spiral arms see Fig. 8b) that quickly

Close stellar flybys common in low-mass clusters 5

only not lower but indeed higher than in high-mass clusters. However, the question is whether these average densities
matters here. They are all well below the threshold density of n = 104/pc3 for a sizeable e↵ect on the discs. Therefore,
we look in Fig. 1 b) at the stellar mass distributions again, but this time with the half-mass radius chosen according to
observed relation given by eq. 1. It can be seen that for these observationally motivated cluster sizes, independent of
their mass, all clusters have areas where the central density exceeds the threshold density of n = 104/pc3. Actually, in
low-mass clusters, the relative area above this threshold is higher than in clusters of higher mass. Given the relatively
small number of stars in low-mass clusters, the actual number of stars in this area is also small. However, the fraction
of stars in the high-density area is higher in low-mass clusters than in high-mass clusters.

Besides, using the number density as a measure for a potential e↵ect of the environment has its limitations, and
its physical meaning is questionable, especially for low-mass clusters. What really matters is the probability for close
interactions or the mean distance travelled to have such an interaction. A star will have to have crossed the cluster
several times in low mass clusters before it has such close interaction. Nevertheless, motivated by the above estimates
of the theoretical central stellar densities in the observed low-mass clusters, we performed detailed simulations of the
encounter dynamics in such environments to obtain a better understanding of the flyby dynamics in low-mass clusters.
In the following section, we describe the numerical method, including the approximations made in this approach.

3. NUMERICAL METHOD

3.1. Cluster simulations

Our simulations start during the embedded phase assuming that star formation is completed. After a time temb, gas
expulsion is taking place, resulting in cluster expansion. Also, a standard method in cluster dynamics simulations (for
example, Lada et al. 1984; Scally & Clarke 2001; Banerjee & Kroupa 2017), it is in some sense a toy model as it avoids
the complexity and numerical challenges the formation of massive clusters still faces. Thus the simulation sets only in
when all stars are formed, and we take the mass-radius relations discussed in section 2 at face value. Naturally, any
high-mass cluster must go through a phase where it starts initially with a small number of stars and gradually grows to
its final size. However, such cluster formation simulations are still limited to clusters containing ⌧ 1000 stars, at the
least for the resolution required here. Therefore, we revert to the often used method of following the stellar dynamics
in the fully formed clusters instead. The limitations of this approach are discussed in section 5.
We perform simulations of the dynamics of clusters containing N stars using the simulation code Nbody6++. In the

simulations, a star is represented by a test particle with a given mass, position and velocity. The particles’ positions
are chosen so that the resulting stellar number density distribution obeys a King profiles (King 1966). The reason is
that King profiles seem to present young clusters well (Hillenbrand & Hartmann 1998; Harfst et al. 2010; Nürnberger
& Petr-Gotzens 2002); however, there is no general observational agreement whether W=7, W=8 or W=9 is the best
choice. Here we mostly use a King profile with W0 > 9, but also discuss in section 5 the role of the chosen profile for
our results.
The individual test particles are assigned masses following the initial mass function (IMF) by Kroupa (2001)

⇠(m) /

8
><

>:

m�0.3 0.01  m/M� < 0.08

m�1.3 0.08  m/M� < 0.5

m�2.3 0.5  m/M�,

(2)

with the lower mass limit set to 0.08M� (hydrogen burning limit) and an upper mass limit of 150M�, which is the
accepted upper mass limit (Figer 2005; Weidner & Kroupa 2006).
Initially, all cluster stars are single stars, meaning primordial binaries as excluded. This approximation is chosen

for simplicity in the consecutive processing of the e↵ect of flybys on disc size, where the inclusion of primordial
binaries would significantly increase the complexity. The absence of primordial binaries might lead to underestimating
ejections from the cluster due to strong few-body interactions (Heggie 1975; Hills 1975). For a more detailed discussion
of omitting binaries in this type of study, see Olczak et al. (2006). Besides, binaries can accelerate a cluster’s expansion
process and reduce the encounter rate faster (Kroupa 2001; Kaczmarek et al. 2011).
Potentially existing initial mass segregation in the clusters was neglected. The occurrence of mass segregation within

clusters is still under debate, whether it is primordial—found in the dense core phase of the cluster formation process
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ABSTRACT

Context. Molecular line surveys are among the main tools to probe the structure and physical conditions in protoplanetary disks
(PPDs), the birthplace of planets. The large radial and vertical temperature as well as density gradients in these PPDs lead to a
complex chemical composition, making chemistry an important step to understand the variety of planetary systems.
Aims. We aimed to study the chemical content of the protoplanetary disk surrounding GG Tau A, a well-known triple T Tauri system.
Methods. We used NOEMA with the new correlator PolyFix to observe rotational lines at ⇠2.6 to 4 mm from a few dozen molecules.
We analysed the data with a radiative transfer code to derive molecular densities and the abundance relative to 13CO, which we
compare to those of the TMC1 cloud and LkCa 15 disk.
Results. We report the first detection of CCS in PPDs. We also marginally detect OCS and find 16 other molecules in the GG Tauri
outer disk. Ten of them had been found previously, while seven others (13CN, N2H+, HNC, DNC, HC3N, CCS, and C34S) are new
detections in this disk.
Conclusions. The analysis confirms that sulphur chemistry is not yet properly understood. The D/H ratio, derived from DCO+/HCO+,
DCN/HCN, and DNC/HNC ratios, points towards a low temperature chemistry. The detection of the rare species CCS confirms that
GG Tau is a good laboratory to study the protoplanetary disk chemistry, thanks to its large disk size and mass.

Key words. astrochemistry – molecular data – protoplanetary disks – stars: individual: GG Tau A

1. Introduction

The chemical content in a protoplanetary disk (PPD) is thought
to be a combination of parent cloud inheritances and the product
of in situ reactions. PPDs are flared and layered, displaying
important radial and vertical temperature and density gradients
that result in a complex chemical structure and evolution. Each
layer in the disk has conditions suitable for di↵erent chemi-
cal reactions, leading to di↵erent molecular abundances. For
example, photo sensitive molecules such as CN and CCH are
believed to probe the upper most layer which is directly irra-
diated by stellar UV; CO and its isotopologues arise from the

layer just below it, while molecules are frozen on the dust
grains (millimetre-sized) settled in the cold disk midplane. So
far, more than thirty molecules have been detected in PPDs (see
Phuong et al. 2018 for a list, and the more recent detections of
H2CS by Le Gal et al. 2019, DNC by Loomis et al. 2020, SO by
Rivière-Marichalar et al. 2020, and SO2 by Booth et al. 2021).

In this Letter, we report the first deep survey of a PPD cover-
ing the 2.6 to 4.2 mm window, where fundamental transitions of
most simple molecules occur. We observed the GG Tau A system
with the NOEMA interferometer. GG Tau A is a triple T Tauri
system (Aa-Ab1/b2) with respective separations of 35 and 4.5 au
(Di Folco et al. 2014), located in the Taurus-Auriga star forming
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Ø PPDの化学は分⼦雲からとその場。GG Tau Aa-Ab1/b2の円盤は⼤きく、低温で重いので分⼦
化学向き。

Ø NOEMA, 2.6-4.2 mm, dv=0.2-0.3 km/s
N. T. Phuong et al.: An unbiased NOEMA 2.6 to 4 mm survey of the GG Tau ring

Fig. 2. From left to right, top to bottom: integrated intensity map of HCO+(1�0), CS(2�1), CN(1�0), HCN(1�0), HNC(1�0), N2H+, CCH, and
H13CO+ (1�0). The white ellipses mark the approximate inner and outer edges of the dust ring at 180 au and 260 au, respectively. The beam size
is indicated in the lower left corner and the colour scale is on the right is units of Jy beam�1 km s�1. The intensity was integrated in the velocity
range from 4.0 to 9.0 km s�1 with the threshold of 3�. Contour levels are spaced by 5� in the maps of HCO+ and CS(2�1), and 3� in the maps of
CN, HCN, HNC, N2H+, CCH, and H13CO+ (1�0).

Fig. 3. Same as Fig. 2, but for H2CO and HC3N, respectively. The con-
tour levels are spaced by 2�.

The CN, HCN, HNC, HCO+, CS, N2H+, and CCH lines were
detected at high S/N, as it can be seen in Fig. 2. All lines appear
optically thin, as illustrated by the hyperfine ratios of HCN, CN,
CCH, and N2H+ (see Fig. E.1), and also by the peak brightness
of HCO+ (5.5 K).

Some molecules observed with a su�ciently high angular
resolution (HCO+, HCN, and N2H+) display a clear east-west
asymmetry. In a tilted Keplerian disk, the maximum opacity
was obtained along the major axis, resulting in two symmetric
peaks. The observed asymmetry is most obvious in HCO+, sug-
gesting that it is related to the ‘hot spot’ detected at PA 120�
(Dutrey et al. 2014a; Tang et al. 2016; Phuong et al. 2020). Fur-
thermore, CCH may also be enhanced there, while the HNC map
suggests a (marginal) deficit at this position.

The apparent peak towards GG Tau for CN and CS emission
is due to the lower angular resolution of these data. Their RV dia-
grams (Figs. 4 and E.1) clearly show that no emission is coming
from inside about 200 au.

As is shown in Figs. 2–4, H13CO+, para-H2CO, HC3N, and
C34S molecules have been detected with moderate S/N. The RV
diagrams show that H13CO+ and N2H+ are more prominent in
the dense ring, while CCH and H2CO come only from the outer
disk, beyond 300 au out to about 600 au (see Fig. E.1). The non-
detection of the o-H2CO 6(1,5)�6(1,6) transition is consistent with
the expected temperature and an ortho-para ratio of 3.

The DNC, 13CS, 13CN, and CCS lines have been detected at
low S/N (⇠6�8�). Since the data are very noisy, in Fig. 4, we

Table 2. GG Tau parameters.

Geometry Law

Inclination 35� V(r) = 3.4 ( r
100 au )�0.5 (km s�1)

Orientation 7� T (r) = T0 ( r
200 au )�1.0 (K)

Systemic velocity 6.4 km s�1 ⌃(r) = ⌃250 ( r
250 au )�1.5 (cm�2)

Notes. The inner and outer radii are 180 and 600 au for detected
molecules, respectively, and 800 au for undetected molecules.

have chosen to only present their integrated spectra (top) and the
RV diagram (bottom) obtained after Keplerian velocity correc-
tion, which best illustrate the detectability.

Regarding the undetected molecules list, we may have
marginal detections (⇠2�3�) of OCS, and perhaps DCO+ and
DCN. However, could not detect 13C17O, N2D+, H13CN, HC15N,
HN13C, H15NC, HOC+, HCNH+, HCCCHO, SO, SO2, H2CS,
SiO, CCD, HDO, D2CO, c-C3H2, or CH3CN molecules.

3. Radiative transfer modelling with DiskFit

The data were compared in the uv-plane with visibilities pre-
dicted for a disk model using the radiative transfer code DiskFit
(Piétu et al. 2007). A description of DiskFit usage for GG Tau
can be found in the appendix of Phuong et al. (2020).

The geometric parameters (inclination, orientation) and the
physical power laws (velocity and temperature), derived from
previous papers, are given in Table 2. As in Phuong et al. (2018),
we kept the velocity and temperature laws as well as the power
index (p = 1.5) of the molecular surface density fixed. Only
⌃250, the value of the molecular surface density at 250 au, was
left free and varied during the minimisation process.

We assumed that all molecules, except sulphur-bearing
species, arise from the same layer as CO, so that they share
the same temperature profile, T (r) = 25 (r/200 au)�1.0 K.
Following Dutrey et al. (2017) on the Flying Saucer edge-on
disk, CS arises from the lower part of the molecular layer, closest
to the disk midplane. We thus decided to analyse sulphur-bearing
species with a lower temperature, namely the temperature profile
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Fig. 4. Integrated spectra (with Gaus-
sian fits in red and fit results are indi-
cated) and radial-velocity diagram of CS,
C34S(2�1), CCS, 13CS(2�1), 13CN, and
DNC obtained after making a Keplerian
velocity correction.

Table 3. Molecular surface density at 250 au derived with DiskFit.

Molecules Surface density Molecules Surface density
(cm�2) (cm�2)

13CO D 1.10 ⇥ 1016 (⇤) CS D (2.6 ± 0.03) ⇥ 1013

C18O D 2.42 ⇥ 1015 (⇤) 13CS D (2.6 ± 0.7) ⇥ 1011

13C17O U <1.2 ⇥ 1013 CCS D (1.5 ± 0.2) ⇥ 1012

CN D (7.7 ± 0.1) ⇥ 1013 OCS M (4.5 ± 2.3) ⇥ 1010

13CN D (2.8 ± 1.1) ⇥ 1012 p/o-H2CS U <8.2 ⇥ 1013/5.3 ⇥ 1012

CCH D (6.8 ± 0.1) ⇥ 1013 SO U <4.5 ⇥ 1012

N2H+ D (1.2 ± 0.1) ⇥ 1012 SO2 U <5.0 ⇥ 1012

N2D+ U <1.3 ⇥ 1011 SiO U <4.5 ⇥ 1011

HCN D (6.70 ± 0.04) ⇥ 1012 DCN M (1.9 ± 1.2) ⇥ 1011

H13CN U <1.6 ⇥ 1011 CCD U <1.0 ⇥ 1014

HC15N U <2.9 ⇥ 1011 HDO U <1.9 ⇥ 1010

HNC D (3.4 ± 0.03) ⇥ 1012 DNC D (2.7 ± 0.7) ⇥ 1011

HN13C U <1.7 ⇥ 1011 D2CO U <1.6 ⇥ 1010

HCO+ D (1.50 ± 0.01) ⇥ 1013 DCO+ M (2.2 ± 0.7) ⇥ 1011

H13CO+ D (4.0 ± 0.2) ⇥ 1011 p-H2CO D (3.6 ± 0.2) ⇥ 1012

HOC+ U <3.2 ⇥ 1010 c-C3H2 U <1.0 ⇥ 1012

HCNH+ U <2.2 ⇥ 1013 HC3N D (5.4 ± 1.1) ⇥ 1011

HCCCHO U <1.4 ⇥ 1017 CH3CN U <2.5 ⇥ 1011

C34S D (1.0 ± 0.1) ⇥ 1012

Notes. The temperature uncertainty only a↵ects the derived densities by
factors smaller than 2. D= detected, U= undetected, and M=marginal
detected T0 = 15 K for S-bearing species, and T0 = 25 K for all other
molecules. (⇤)The values are taken from Phuong et al. (2020).

derived from dust emission at millimetre wavelengths (T (r) =
15 (r/200 au)�1.0 K, Dutrey et al. 2014a). Because optically thin
1�0 line intensities scale roughly as ⌃/T above 10 K, the temper-
ature spread due to the specific molecular layer can only a↵ect
the derived surface density by a factor of 2 at most. The fac-
tor is even smaller for heavier molecules such as CCS, HC3N,
and OCS, since the observed lines are close to the brightest ones
expected at these temperatures. The molecular surface densities
are given in Table 3, with 3� upper limits for non-detections.
Assuming an exponent p = 1 only changes the surface densities
by less than 30% (see Table B.1).

Table 4. Molecular abundance with respect to 13CO: 105⇥(Xmol/X13CO).

Mol. TMC-1 LkCa 15 GG Tau Mol. TMC-1 LkCa 15 GG Tau

C18O 1.1 ⇥ 104 (1) 2.8 ⇥ 104 (7) 2.2 ⇥ 104 C34S . . . . . . 10 ± 1
CN 2250 (1) 3100 (8) 660 ± 30 CS 1500 (3) 520 (8) 230 ± 10
13CN . . . . . . 25 ± 10 13CS 11 (4) 2.8 (10) 2.2 ± 0.6
CCH 5960 (2) 1200 (8) 600 ± 30 CCS 240 (3) . . . 13 ± 2
N2H+ 7680 (1) 19.1 (9) 10.5 ± 0.5 OCS 1500 (1) . . . 0.4 ± 0.2

HCN 1500 (2) 300 (8) 57 ± 3 DCN 22 (6) 7.5 (9) 1.6 ± 1.0
HNC 1500 (2) . . . 29 ± 2 DNC 124 (6) 3.5 (9) 2.3 ± 1.1

HCO+ 596 (2) 350 (8) 125 ± 5 DCO+ 30 (5) 4.5 (11) 3.5 ± 0.2 (13)

H13CO+ 8.3 (1) 5.0 (12) 3.4 ± 0.2

H2CO 1500 (2) 13.6 (9) 33 ± 2 (⇤) HC3N 473 (2) 7.3 (12) 4.6 ± 0.9

Notes. (⇤)For para-H2CO only in GG Tau. Since estimating the uncer-
tainties from all of these di↵erent studies was very di�cult, we do not
quote them for TMC1 and LkCa15.
References. (1)Dutrey et al. (1997), (2)Omont (2007), (3)Cernicharo et al.
(2021), (4)Liszt & Ziurys (2012), (5)Butner et al. (1995), (6)Turner (2001),
(7)Qi et al. (2003), (8)Guilloteau et al. (2016), (9)Loomis et al. (2020),
(10)Le Gal et al. (2019), (11)Huang et al. (2017), (12)Chapillon et al. (2012),
(13)Phuong et al. (2018).

4. Discussion

4.1. Sulphur in protoplanetary disk: First detection of CCS

Beyond CS, only a few S-bearing species observed in molecular
clouds are detected in disks: H2S (Phuong et al. 2018), H2CS
(Le Gal et al. 2019), SO (Rivière-Marichalar et al. 2020), and
SO2 (although in a very atypical, warm disk, Booth et al. 2021).
In the GG Tau ring, we detected CCS, 13CS, and C34S but failed
to detect H2CS, SO, and SO2. Though OCS may be marginally
detected, however (see appendix).

The CCS surface density measured in the GG Tau ring,
(1.5± 0.2)⇥ 1012 cm�2, is of the order of the best previously
reported upper limits in TTS and HAe disks. Using the IRAM
array, Chapillon et al. (2012) reported upper limits (at 300 au)
of (0.9�1.4) ⇥ 1012 cm�2 in LkCa 15, GO Tau, DM Tau, and
MWC 480 disks, while Le Gal & MAPS Collaboration (2021)
through the ALMA Large Program MAPs, obtained limits
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R<200 auの分離はtidal cavity

Ø この８つは超微細構造の⽐とピーク
から光学的に薄い。

Ø 南東ホットスポットによる⾮対称

dprj半径対速度

⽩は連続波リング
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ABSTRACT

Context. Molecular line surveys are among the main tools to probe the structure and physical conditions in protoplanetary disks
(PPDs), the birthplace of planets. The large radial and vertical temperature as well as density gradients in these PPDs lead to a
complex chemical composition, making chemistry an important step to understand the variety of planetary systems.
Aims. We aimed to study the chemical content of the protoplanetary disk surrounding GG Tau A, a well-known triple T Tauri system.
Methods. We used NOEMA with the new correlator PolyFix to observe rotational lines at ⇠2.6 to 4 mm from a few dozen molecules.
We analysed the data with a radiative transfer code to derive molecular densities and the abundance relative to 13CO, which we
compare to those of the TMC1 cloud and LkCa 15 disk.
Results. We report the first detection of CCS in PPDs. We also marginally detect OCS and find 16 other molecules in the GG Tauri
outer disk. Ten of them had been found previously, while seven others (13CN, N2H+, HNC, DNC, HC3N, CCS, and C34S) are new
detections in this disk.
Conclusions. The analysis confirms that sulphur chemistry is not yet properly understood. The D/H ratio, derived from DCO+/HCO+,
DCN/HCN, and DNC/HNC ratios, points towards a low temperature chemistry. The detection of the rare species CCS confirms that
GG Tau is a good laboratory to study the protoplanetary disk chemistry, thanks to its large disk size and mass.

Key words. astrochemistry – molecular data – protoplanetary disks – stars: individual: GG Tau A

1. Introduction

The chemical content in a protoplanetary disk (PPD) is thought
to be a combination of parent cloud inheritances and the product
of in situ reactions. PPDs are flared and layered, displaying
important radial and vertical temperature and density gradients
that result in a complex chemical structure and evolution. Each
layer in the disk has conditions suitable for di↵erent chemi-
cal reactions, leading to di↵erent molecular abundances. For
example, photo sensitive molecules such as CN and CCH are
believed to probe the upper most layer which is directly irra-
diated by stellar UV; CO and its isotopologues arise from the

layer just below it, while molecules are frozen on the dust
grains (millimetre-sized) settled in the cold disk midplane. So
far, more than thirty molecules have been detected in PPDs (see
Phuong et al. 2018 for a list, and the more recent detections of
H2CS by Le Gal et al. 2019, DNC by Loomis et al. 2020, SO by
Rivière-Marichalar et al. 2020, and SO2 by Booth et al. 2021).

In this Letter, we report the first deep survey of a PPD cover-
ing the 2.6 to 4.2 mm window, where fundamental transitions of
most simple molecules occur. We observed the GG Tau A system
with the NOEMA interferometer. GG Tau A is a triple T Tauri
system (Aa-Ab1/b2) with respective separations of 35 and 4.5 au
(Di Folco et al. 2014), located in the Taurus-Auriga star forming
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N. T. Phuong et al.: An unbiased NOEMA 2.6 to 4 mm survey of the GG Tau ring

Fig. 2. From left to right, top to bottom: integrated intensity map of HCO+(1�0), CS(2�1), CN(1�0), HCN(1�0), HNC(1�0), N2H+, CCH, and
H13CO+ (1�0). The white ellipses mark the approximate inner and outer edges of the dust ring at 180 au and 260 au, respectively. The beam size
is indicated in the lower left corner and the colour scale is on the right is units of Jy beam�1 km s�1. The intensity was integrated in the velocity
range from 4.0 to 9.0 km s�1 with the threshold of 3�. Contour levels are spaced by 5� in the maps of HCO+ and CS(2�1), and 3� in the maps of
CN, HCN, HNC, N2H+, CCH, and H13CO+ (1�0).

Fig. 3. Same as Fig. 2, but for H2CO and HC3N, respectively. The con-
tour levels are spaced by 2�.

The CN, HCN, HNC, HCO+, CS, N2H+, and CCH lines were
detected at high S/N, as it can be seen in Fig. 2. All lines appear
optically thin, as illustrated by the hyperfine ratios of HCN, CN,
CCH, and N2H+ (see Fig. E.1), and also by the peak brightness
of HCO+ (5.5 K).

Some molecules observed with a su�ciently high angular
resolution (HCO+, HCN, and N2H+) display a clear east-west
asymmetry. In a tilted Keplerian disk, the maximum opacity
was obtained along the major axis, resulting in two symmetric
peaks. The observed asymmetry is most obvious in HCO+, sug-
gesting that it is related to the ‘hot spot’ detected at PA 120�
(Dutrey et al. 2014a; Tang et al. 2016; Phuong et al. 2020). Fur-
thermore, CCH may also be enhanced there, while the HNC map
suggests a (marginal) deficit at this position.

The apparent peak towards GG Tau for CN and CS emission
is due to the lower angular resolution of these data. Their RV dia-
grams (Figs. 4 and E.1) clearly show that no emission is coming
from inside about 200 au.

As is shown in Figs. 2–4, H13CO+, para-H2CO, HC3N, and
C34S molecules have been detected with moderate S/N. The RV
diagrams show that H13CO+ and N2H+ are more prominent in
the dense ring, while CCH and H2CO come only from the outer
disk, beyond 300 au out to about 600 au (see Fig. E.1). The non-
detection of the o-H2CO 6(1,5)�6(1,6) transition is consistent with
the expected temperature and an ortho-para ratio of 3.

The DNC, 13CS, 13CN, and CCS lines have been detected at
low S/N (⇠6�8�). Since the data are very noisy, in Fig. 4, we

Table 2. GG Tau parameters.

Geometry Law

Inclination 35� V(r) = 3.4 ( r
100 au )�0.5 (km s�1)

Orientation 7� T (r) = T0 ( r
200 au )�1.0 (K)

Systemic velocity 6.4 km s�1 ⌃(r) = ⌃250 ( r
250 au )�1.5 (cm�2)

Notes. The inner and outer radii are 180 and 600 au for detected
molecules, respectively, and 800 au for undetected molecules.

have chosen to only present their integrated spectra (top) and the
RV diagram (bottom) obtained after Keplerian velocity correc-
tion, which best illustrate the detectability.

Regarding the undetected molecules list, we may have
marginal detections (⇠2�3�) of OCS, and perhaps DCO+ and
DCN. However, could not detect 13C17O, N2D+, H13CN, HC15N,
HN13C, H15NC, HOC+, HCNH+, HCCCHO, SO, SO2, H2CS,
SiO, CCD, HDO, D2CO, c-C3H2, or CH3CN molecules.

3. Radiative transfer modelling with DiskFit

The data were compared in the uv-plane with visibilities pre-
dicted for a disk model using the radiative transfer code DiskFit
(Piétu et al. 2007). A description of DiskFit usage for GG Tau
can be found in the appendix of Phuong et al. (2020).

The geometric parameters (inclination, orientation) and the
physical power laws (velocity and temperature), derived from
previous papers, are given in Table 2. As in Phuong et al. (2018),
we kept the velocity and temperature laws as well as the power
index (p = 1.5) of the molecular surface density fixed. Only
⌃250, the value of the molecular surface density at 250 au, was
left free and varied during the minimisation process.

We assumed that all molecules, except sulphur-bearing
species, arise from the same layer as CO, so that they share
the same temperature profile, T (r) = 25 (r/200 au)�1.0 K.
Following Dutrey et al. (2017) on the Flying Saucer edge-on
disk, CS arises from the lower part of the molecular layer, closest
to the disk midplane. We thus decided to analyse sulphur-bearing
species with a lower temperature, namely the temperature profile
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Ø DiskFitでΣ150をフィット。S系以外CO温度（T0=25 K）、
CSは⾚道⾯近くなのでS系はダスト温度（T0=15 K）。こ
の仮定は軽い分⼦でもΣ150を2倍変える程度の影響。

Ø CCSを初検出。Σ150=1.5e12 cm‒2。３層気体粒⼦化学モデ
ルNautilusの予想より20倍⾼い。

Ø SO, SO2, HC3Nはモデルと合うが、H2Sはモデルの1%。
Ø H2Sがダスト粒⼦上で複雑な分⼦になるなど、S化学モデル

に不完全な点があることを⽰唆。

A&A 653, L5 (2021)

Fig. 4. Integrated spectra (with Gaus-
sian fits in red and fit results are indi-
cated) and radial-velocity diagram of CS,
C34S(2�1), CCS, 13CS(2�1), 13CN, and
DNC obtained after making a Keplerian
velocity correction.

Table 3. Molecular surface density at 250 au derived with DiskFit.

Molecules Surface density Molecules Surface density
(cm�2) (cm�2)

13CO D 1.10 ⇥ 1016 (⇤) CS D (2.6 ± 0.03) ⇥ 1013

C18O D 2.42 ⇥ 1015 (⇤) 13CS D (2.6 ± 0.7) ⇥ 1011

13C17O U <1.2 ⇥ 1013 CCS D (1.5 ± 0.2) ⇥ 1012

CN D (7.7 ± 0.1) ⇥ 1013 OCS M (4.5 ± 2.3) ⇥ 1010

13CN D (2.8 ± 1.1) ⇥ 1012 p/o-H2CS U <8.2 ⇥ 1013/5.3 ⇥ 1012

CCH D (6.8 ± 0.1) ⇥ 1013 SO U <4.5 ⇥ 1012

N2H+ D (1.2 ± 0.1) ⇥ 1012 SO2 U <5.0 ⇥ 1012

N2D+ U <1.3 ⇥ 1011 SiO U <4.5 ⇥ 1011

HCN D (6.70 ± 0.04) ⇥ 1012 DCN M (1.9 ± 1.2) ⇥ 1011

H13CN U <1.6 ⇥ 1011 CCD U <1.0 ⇥ 1014

HC15N U <2.9 ⇥ 1011 HDO U <1.9 ⇥ 1010

HNC D (3.4 ± 0.03) ⇥ 1012 DNC D (2.7 ± 0.7) ⇥ 1011

HN13C U <1.7 ⇥ 1011 D2CO U <1.6 ⇥ 1010

HCO+ D (1.50 ± 0.01) ⇥ 1013 DCO+ M (2.2 ± 0.7) ⇥ 1011

H13CO+ D (4.0 ± 0.2) ⇥ 1011 p-H2CO D (3.6 ± 0.2) ⇥ 1012

HOC+ U <3.2 ⇥ 1010 c-C3H2 U <1.0 ⇥ 1012

HCNH+ U <2.2 ⇥ 1013 HC3N D (5.4 ± 1.1) ⇥ 1011

HCCCHO U <1.4 ⇥ 1017 CH3CN U <2.5 ⇥ 1011

C34S D (1.0 ± 0.1) ⇥ 1012

Notes. The temperature uncertainty only a↵ects the derived densities by
factors smaller than 2. D= detected, U= undetected, and M=marginal
detected T0 = 15 K for S-bearing species, and T0 = 25 K for all other
molecules. (⇤)The values are taken from Phuong et al. (2020).

derived from dust emission at millimetre wavelengths (T (r) =
15 (r/200 au)�1.0 K, Dutrey et al. 2014a). Because optically thin
1�0 line intensities scale roughly as ⌃/T above 10 K, the temper-
ature spread due to the specific molecular layer can only a↵ect
the derived surface density by a factor of 2 at most. The fac-
tor is even smaller for heavier molecules such as CCS, HC3N,
and OCS, since the observed lines are close to the brightest ones
expected at these temperatures. The molecular surface densities
are given in Table 3, with 3� upper limits for non-detections.
Assuming an exponent p = 1 only changes the surface densities
by less than 30% (see Table B.1).

Table 4. Molecular abundance with respect to 13CO: 105⇥(Xmol/X13CO).

Mol. TMC-1 LkCa 15 GG Tau Mol. TMC-1 LkCa 15 GG Tau

C18O 1.1 ⇥ 104 (1) 2.8 ⇥ 104 (7) 2.2 ⇥ 104 C34S . . . . . . 10 ± 1
CN 2250 (1) 3100 (8) 660 ± 30 CS 1500 (3) 520 (8) 230 ± 10
13CN . . . . . . 25 ± 10 13CS 11 (4) 2.8 (10) 2.2 ± 0.6
CCH 5960 (2) 1200 (8) 600 ± 30 CCS 240 (3) . . . 13 ± 2
N2H+ 7680 (1) 19.1 (9) 10.5 ± 0.5 OCS 1500 (1) . . . 0.4 ± 0.2

HCN 1500 (2) 300 (8) 57 ± 3 DCN 22 (6) 7.5 (9) 1.6 ± 1.0
HNC 1500 (2) . . . 29 ± 2 DNC 124 (6) 3.5 (9) 2.3 ± 1.1

HCO+ 596 (2) 350 (8) 125 ± 5 DCO+ 30 (5) 4.5 (11) 3.5 ± 0.2 (13)

H13CO+ 8.3 (1) 5.0 (12) 3.4 ± 0.2

H2CO 1500 (2) 13.6 (9) 33 ± 2 (⇤) HC3N 473 (2) 7.3 (12) 4.6 ± 0.9

Notes. (⇤)For para-H2CO only in GG Tau. Since estimating the uncer-
tainties from all of these di↵erent studies was very di�cult, we do not
quote them for TMC1 and LkCa15.
References. (1)Dutrey et al. (1997), (2)Omont (2007), (3)Cernicharo et al.
(2021), (4)Liszt & Ziurys (2012), (5)Butner et al. (1995), (6)Turner (2001),
(7)Qi et al. (2003), (8)Guilloteau et al. (2016), (9)Loomis et al. (2020),
(10)Le Gal et al. (2019), (11)Huang et al. (2017), (12)Chapillon et al. (2012),
(13)Phuong et al. (2018).

4. Discussion

4.1. Sulphur in protoplanetary disk: First detection of CCS

Beyond CS, only a few S-bearing species observed in molecular
clouds are detected in disks: H2S (Phuong et al. 2018), H2CS
(Le Gal et al. 2019), SO (Rivière-Marichalar et al. 2020), and
SO2 (although in a very atypical, warm disk, Booth et al. 2021).
In the GG Tau ring, we detected CCS, 13CS, and C34S but failed
to detect H2CS, SO, and SO2. Though OCS may be marginally
detected, however (see appendix).

The CCS surface density measured in the GG Tau ring,
(1.5± 0.2)⇥ 1012 cm�2, is of the order of the best previously
reported upper limits in TTS and HAe disks. Using the IRAM
array, Chapillon et al. (2012) reported upper limits (at 300 au)
of (0.9�1.4) ⇥ 1012 cm�2 in LkCa 15, GO Tau, DM Tau, and
MWC 480 disks, while Le Gal & MAPS Collaboration (2021)
through the ALMA Large Program MAPs, obtained limits
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Ø dark cloud TMC1、遷移円盤LkCa 15と⽐較。
Ø ラジカル（CN, CCH）がLkCa 15より少ないの

はGG TauのリングがUVを遮断するから。
Ø CCSがTMC1より少ないのはCCSがCSになる

⼀⽅で、円盤でS+からCCSを作る経路の効率
が悪いから。
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RESUMEN

En la región de formación estelar NGC 2264 hay objetos catalogados como anfitri-

ones de discos transicionales de acuerdo al modelaje de su espectro. Cuatro miem-

bros de este conjunto tienen curvas de luz en el óptico y en el infrarrojo provenientes

de los telescopios CoRoT y Spitzer. En este trabajo, tratamos de simultáneamente

explicar las curvas de luz usando extinción de la radiación estelar y emisión del polvo

dentro del agujero de un disco transicional. Para el objeto Mon-296, fuimos exitosos.

Sin embargo, para Mon-314 y Mon-433 nuestra evidencia sugiere que contienen un

disco pre-transicional. Para Mon-1308 un nuevo ajuste del espectro usando el código

3D de transferencia radiativa Hyperion, nos permite concluir que este objeto tiene un

disco completo en lugar de un disco transicional. Esto coincide con trabajo previo

sobre Mon-1308 y también con que no podemos encontrar un ajuste de las curvas de

luz solo usando la contribución del polvo dentro del agujero de un disco transicional.

ABSTRACT

In the stellar forming region NGC 2264 there are objects catalogued as hosting a

transitional disk according to spectra modeling. Four members of this set have op-

tical and infrared light curves coming from the CoRoT and Spitzer telescopes. In

this work, we try to simultaneously explain the light curves using the extinction of

the stellar radiation and emission of the dust inside the hole of a transitional disk.

For the object Mon-296, we were successful to do this. However, for Mon-314, and

Mon-433 our evidence suggests that they host a pre-transitional disk. For Mon-1308

a new spectra fitting using the 3D radiative transfer code Hyperion, allow us to con-

clude that this object host a full-disk instead of a transitional disk. This is in accord

to previous work on Mon-1308 and with the fact that we cannot find a fit of the light

curves only using the contribution of the dust inside the hole of a transitional disk.

Key Words: dust, extinction — protoplanetary disks — Stars: pre-main sequence

1. INTRODUCTION

Spectral and photometric variability of young stellar objects (YSOs) is the usual

outcome of multiwavelength campaigns (Stauffer et al. 2014, 2015, 2016; Cody et al.

2014; Morales-Calderón et al. 2011). For young stars in NGC 2264, Stauffer et al.

(2014) extract the accretion burst dominated light curves (lcs), Stauffer et al. (2015)
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explicar las curvas de luz usando extinción de la radiación estelar y emisión del polvo

dentro del agujero de un disco transicional. Para el objeto Mon-296, fuimos exitosos.

Sin embargo, para Mon-314 y Mon-433 nuestra evidencia sugiere que contienen un

disco pre-transicional. Para Mon-1308 un nuevo ajuste del espectro usando el código
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1

分光モデルから遷移円盤と思われる4個の⽳の光度曲線とダスト放射を説明。
Mon-296はOK。Mon-314とMon-433はpre遷移円盤ではない。Mon-1308は完全な円盤。
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ABSTRACT
We present spectroscopic follow-up observations of 68 red, faint candidates from our multi-epoch, multiwavelength, previously
published survey of NGC 2264. Using near-infrared spectra from VLT/KMOS, we measure spectral types and extinction for 32
young low-mass sources. We confirm 13 as brown dwarfs in NGC 2264, with spectral types between M6 and M8, corresponding
to masses between 0.02 and 0.08 M!. These are the first spectroscopically confirmed brown dwarfs in this benchmark cluster. 19
more objects are found to be young M-type stars of NGC 2264 with masses of 0.08–0.3 M!. 7 of the confirmed brown dwarfs
as well as 15 of the M-stars have IR excess caused by a disc. Comparing with isochrones, the typical age of the confirmed
brown dwarfs is <0.5–5 Myr. More than half of the newly identified brown dwarfs and very low-mass stars have ages <0.5 Myr,
significantly younger than the bulk of the known cluster population. Based on the success rate of our spectroscopic follow-up, we
estimate that NGC 2264 hosts 200–600 brown dwarfs in total (in the given mass range). This would correspond to a star-to-brown
dwarf ratio between 2.5:1 and 7.5:1. We determine the slope of the substellar mass function as α = 0.43+0.41

−0.56; these values are
consistent with those measured for other young clusters. This points to a uniform substellar mass function across all star-forming
environments.

Key words: catalogues – surveys – brown dwarfs – stars: low-mass.

1 IN T RO D U C T I O N

As one of the youngest and richest star-forming regions accessible to
deep surveys, NGC 2264 provides a perfect laboratory to study star
and brown dwarf formation. Due to its large size of ∼1500 stellar
members (Teixeira et al. 2012; Rapson et al. 2014; Venuti et al. 2018),
relative proximity of 719 ± 16 pc (Maı́z Apellániz 2019), and low
foreground extinction, NGC 2264 has been extensively studied for
over 60 yr (Herbig 1954) and will remain a principle region for star
formation studies for the foreseeable future.

NGC 2264 is hierarchically structured with several subclusters of
members. Separate populations in the cluster exhibit a range of ages
(1–5 Myr), with evidence for sequential star formation starting in
the north and spreading to the south (Sung & Bessell 2010; Venuti
et al. 2018; Nony et al. 2020). The northern population surrounds
the O–B–B triple-system S Mon (Maı́z Apellániz & Barbá 2020).
The younger and more embedded southern population is located
close to the tip of the Cone Nebula. NGC 2264 is associated with
the Monoceros OB1 molecular cloud complex, which covers over 2
square degrees on the sky.

Apart from the Orion Nebula Cluster (ONC), NGC 2264 is
arguably the most well-studied, massive star-forming cluster within
1 kpc younger than 5 Myr. The ONC harbours multiple populations
of young stars and it is superimposed on to a bright, extensive
emission nebula, which complicates survey work. NGC 2264 is
significantly simpler in its architecture. The current consensus view

" E-mail: sp246@st-andrews.ac.uk

of this cluster has come from several decades of surveys; however,
to our knowledge, no brown dwarfs have been spectroscopically
confirmed in this benchmark cluster.

The origin of brown dwarfs and the substellar mass function (MF)
have long been subjects of debate. The prerequisite for making
progress on these issues is to have large and well-characterized
samples of young brown dwarfs in diverse star-forming regions. NGC
2264 is a diverse star-forming region that has the potential to provide
this large sample but currently lacks the spectroscopic observations
needed for detailed characterization. Several purely photometric
surveys have probed the substellar domain, including Lamm et al.
(2004), Kendall et al. (2005), and Sung & Bessell (2010). We have re-
cently published the first photometric study identifying brown dwarf
candidates down to estimated masses of 0.02 M!, using multi-epoch,
multiwavelength data from CTIO/Blanco, KPNO/FLAMINGOS,
and Spitzer/IRAC (Pearson et al. 2020). In this paper, we present
spectra for the first confirmed brown dwarfs in NGC 2264 and
measure the overall success rate of our candidates. This will allow
us to quantify the substellar inventory of this cluster, building
an essential sample of young brown dwarfs, as well as lay the
groundwork for extending the MF to the substellar domain.

This is part of an ongoing effort to identify, quantify, and
characterize the brown dwarf population in a diverse group of
young clusters. In the long-term project SONYC, we have targeted a
sample of nearby star-forming regions, including NGC 1333 (Scholz
et al. 2012), Chamaeleon-I, Lupus, (Mužić et al. 2015), and Rho
Ophiuchus (Mužić et al. 2011). More recently, we have extended
this type of survey to more distant, more massive, and more diverse

C© The Author(s) 2021.
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ABSTRACT
We present spectroscopic follow-up observations of 68 red, faint candidates from our multi-epoch, multiwavelength, previously
published survey of NGC 2264. Using near-infrared spectra from VLT/KMOS, we measure spectral types and extinction for 32
young low-mass sources. We confirm 13 as brown dwarfs in NGC 2264, with spectral types between M6 and M8, corresponding
to masses between 0.02 and 0.08 M!. These are the first spectroscopically confirmed brown dwarfs in this benchmark cluster. 19
more objects are found to be young M-type stars of NGC 2264 with masses of 0.08–0.3 M!. 7 of the confirmed brown dwarfs
as well as 15 of the M-stars have IR excess caused by a disc. Comparing with isochrones, the typical age of the confirmed
brown dwarfs is <0.5–5 Myr. More than half of the newly identified brown dwarfs and very low-mass stars have ages <0.5 Myr,
significantly younger than the bulk of the known cluster population. Based on the success rate of our spectroscopic follow-up, we
estimate that NGC 2264 hosts 200–600 brown dwarfs in total (in the given mass range). This would correspond to a star-to-brown
dwarf ratio between 2.5:1 and 7.5:1. We determine the slope of the substellar mass function as α = 0.43+0.41

−0.56; these values are
consistent with those measured for other young clusters. This points to a uniform substellar mass function across all star-forming
environments.

Key words: catalogues – surveys – brown dwarfs – stars: low-mass.

1 IN T RO D U C T I O N

As one of the youngest and richest star-forming regions accessible to
deep surveys, NGC 2264 provides a perfect laboratory to study star
and brown dwarf formation. Due to its large size of ∼1500 stellar
members (Teixeira et al. 2012; Rapson et al. 2014; Venuti et al. 2018),
relative proximity of 719 ± 16 pc (Maı́z Apellániz 2019), and low
foreground extinction, NGC 2264 has been extensively studied for
over 60 yr (Herbig 1954) and will remain a principle region for star
formation studies for the foreseeable future.

NGC 2264 is hierarchically structured with several subclusters of
members. Separate populations in the cluster exhibit a range of ages
(1–5 Myr), with evidence for sequential star formation starting in
the north and spreading to the south (Sung & Bessell 2010; Venuti
et al. 2018; Nony et al. 2020). The northern population surrounds
the O–B–B triple-system S Mon (Maı́z Apellániz & Barbá 2020).
The younger and more embedded southern population is located
close to the tip of the Cone Nebula. NGC 2264 is associated with
the Monoceros OB1 molecular cloud complex, which covers over 2
square degrees on the sky.

Apart from the Orion Nebula Cluster (ONC), NGC 2264 is
arguably the most well-studied, massive star-forming cluster within
1 kpc younger than 5 Myr. The ONC harbours multiple populations
of young stars and it is superimposed on to a bright, extensive
emission nebula, which complicates survey work. NGC 2264 is
significantly simpler in its architecture. The current consensus view

" E-mail: sp246@st-andrews.ac.uk

of this cluster has come from several decades of surveys; however,
to our knowledge, no brown dwarfs have been spectroscopically
confirmed in this benchmark cluster.

The origin of brown dwarfs and the substellar mass function (MF)
have long been subjects of debate. The prerequisite for making
progress on these issues is to have large and well-characterized
samples of young brown dwarfs in diverse star-forming regions. NGC
2264 is a diverse star-forming region that has the potential to provide
this large sample but currently lacks the spectroscopic observations
needed for detailed characterization. Several purely photometric
surveys have probed the substellar domain, including Lamm et al.
(2004), Kendall et al. (2005), and Sung & Bessell (2010). We have re-
cently published the first photometric study identifying brown dwarf
candidates down to estimated masses of 0.02 M!, using multi-epoch,
multiwavelength data from CTIO/Blanco, KPNO/FLAMINGOS,
and Spitzer/IRAC (Pearson et al. 2020). In this paper, we present
spectra for the first confirmed brown dwarfs in NGC 2264 and
measure the overall success rate of our candidates. This will allow
us to quantify the substellar inventory of this cluster, building
an essential sample of young brown dwarfs, as well as lay the
groundwork for extending the MF to the substellar domain.

This is part of an ongoing effort to identify, quantify, and
characterize the brown dwarf population in a diverse group of
young clusters. In the long-term project SONYC, we have targeted a
sample of nearby star-forming regions, including NGC 1333 (Scholz
et al. 2012), Chamaeleon-I, Lupus, (Mužić et al. 2015), and Rho
Ophiuchus (Mužić et al. 2011). More recently, we have extended
this type of survey to more distant, more massive, and more diverse
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NGC2264の13個のBDを分光同定。M6-M8 (0.02-0.08 Msun)。7個は円盤。⼤体<0.5 Myr。
substellar MFα=0.43。



© The Author(s) 2021. Published by Oxford University Press on behalf of Royal Astronomical Society.

O
R
IG

IN
A

L
 U

N
E
D

IT
E
D

 M
A

N
U

SC
R
IP

T

An orbital release model for the Orion BN/KL fingers

A. C. Raga
1?
, P. R. Rivera-Ortiz

2
, J. Cantó
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ABSTRACT
We present a simple model in which the bullets that produce the “Orion fingers”

(ejected by the BN/KL object) are interpreted as protoplanets or low mass protostars

in orbit around a high mass star that has a supernova explosion. As the remnant of

the SN explosion has only a small fraction of the mass of the pre-supernova star, the

orbiting objects then move away in free trajectories, preserving their orbital velocity

at the time of release. We show that a system of objects arranged in approximately

co-planar orbits results in trajectories with morphological and kinematical character-

istics resembling the Orion fingers. We show that, under the assumption of constant

velocity motions, the positions of the observed heads of the fingers can be used to re-

construct the properties of the orbital structure from which they originated, resulting

in a compact disk with an outer radius of ⇠ 2.4 AU.

Key words: stars: winds, outflows – ISM: jets and outflows – ISM: individual objects:

Orion BN/KL

1 INTRODUCTION

One of the more intriguing flows in the Galactic ISM is com-
posed of the “fingers” radiating away from the Orion BN/KL
object (a massive embedded stellar object surrounded by a
compact nebula, see Becklin & Neugebauer 1967 and Klein-
mann & Low 1967). These fingers were first reported by
Allen & Burton (1993) in IR H2 and [Fe II] emission, and
have lengths of up to ⇠ 20 (⇠ 7 ⇥ 1017 cm at a distance of
400 pc). The bases of these fingers, as well as a multitude
of other filaments are detected in interferometric CO obser-
vations (Zapata et al. 2009; Zapata et al. 2017; Bally et al.
2017). The CO emission of the individual fingers shows a
remarkable “Hubble law” of linearly increasing radial veloc-
ities with distance from the BN/KL object.

Doi et al. (2002) and Bally et al. (2011, 2015) obtained
proper motions of the IR line emission of the heads of the
“Orion fingers”, and Nissen et al. (2007) obtained radial
velocities of these features. Nissen et al. (2012) combined
proper motion and radial velocity measurements to obtain
the full spatial motion of some of the fingers.

The fact that the motions of the heads of the individual
fingers give similar dynamical timescales implies that they
were all ejected in an “explosive” event of short duration.
This result stands regardless of the fact that some of the

? E-mail: raga@nucleares.unam.mx

“bullets” at the tips of the fingers might have had a sub-
stantial slowing down along their trajectories (Rivera-Ortiz
et al. 2019a, b).

It has been proposed that this sudden event could have
been:

• a result of the breakup of a multiple stellar system
(see Reipurth et al. 2010; Reipurth & Mikkola 2012, 2015;
Moeckel & Goddi 2012). The dynamics of a 3- or 4-body
system can explain the high velocities of the stars near the
BN/KL object (observed in radio continuum by Rodŕıguez
et al. 2005 and by Gómez et al. 2005, 2008), and in principle
could trigger the “interstellar bullets that create the Orion
fingers. A first attempt to model the ejection of a cluster
of bullets through a gravitational interaction was recently
presented by Rivera-Ortiz et al. (2021),

• a result of a supernova, which could liberate the bound
orbital motion of companion stars into free hyperbolic orbits.
This scenario can explain the high velocities of the stars
around BN/KL, and could as well result in the ejection of
the observed high velocity bullets.

These scenarios are discussed in the previous literature on
the Orion fingers (see, e.g., Bally et al. 2011, 2017 and Za-
pata et al. 2017).

A remarkable feature of the outflow from BN/KL is
that while the whole system of fingers shows an elongated
morphology towards the NW and SE, this roughly bipolar
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Universidad Nacional Autónoma de México, Instituto de Astronomı́a, AP 70-264, CDMX 04510, México
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Orion fingersを作る弾丸が超新星爆発した⼤質量星を周る⼩質量原始星だというモデル。


