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• 太陽系外から飛来した天体である Oumuamua の組成・サイズについての論文（先
週のSFNで紹介された Oumuamua 論文はこのシリーズの2本目） 
• Oumuamua は重力だけでは説明できない軌道運動をした。 
• さまざまな揮発性物質からなる惑星の軌道を計算し、観測と比較した。 
• N2氷からなる天体を考えると、軌道運動、他の分子やダストのエミッション(の未
検出)、サイズ、アルベドが説明できる。

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
effects 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.

Homogeneous study of Herbig Ae/Be stars from spectral energy distributions and Gaia
EDR3
J. Guzman-Diaz, I. Mendigutia, B. Montesinos, R. D. Oudmaijer, M. Vioque, C. Rodrigo, E. Solano, G. Meeus,
P. Marcos-Arenal F (Abridged) 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. 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. 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. 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 different 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 < Mstar/Msun < 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. A statistical analysis was carried out mainly focused on the different
circumstellar properties of Herbig Ae (HAe) and Be (HBe) stars. The complete dataset is available online through a Virtual
Observatory-compliant archive, representing the most recent reference for statistical studies on the HAeBe regime.

The Disc Miner I: A statistical framework to detect and quantify kinematical pertur-
bations driven by young planets in discs
Andres F. Izquierdo, Leonardo Testi, Stefano Facchini, Giovanni P. Rosotti, Ewine F. van Dishoeck F [Abridged]
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. The aim of this work is to devise an automated, statisti-
cally robust technique to identify kinematical perturbations induced by the presence of planets in a gas disc, and to accurately
infer their location. For this purpose, we produce hydro simulations of planet-disc interactions with different planet masses,
0.3, 1.0 and 3.0 MJup, at a radius of R = 100 au in the disc, and perform radiative transfer calculations of CO to simulate
observables for 13 planet azimuths. Using the DISCMINER package, we fit the synthetic data cubes with a Keplerian model of
the channel-by-channel emission to study line profile differences, including deviations from Keplerian rotation. The detection
technique, based on line centroid differences, captures localised planet-driven perturbations, and can distinguish them from ax-
isymmetric velocity perturbations. The method can detect all three simulated planets, at all azimuths, with an average accuracy
of ±3� in azimuth and ±8 au in radius. Owing to disc structure and line-of-sight projection effects, 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 range within 40�70, 70�170 and 130�450 m s�1 for 0.3, 1.0 and 3.0 MJup planets. Our analysis indicates that the
variance of peak velocities is boosted near planets due to organised gas motions prompted by their localised gravitational well.
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.

1I/’Oumuamua as an N2 ice fragment of an exo-Pluto surface: I. size and compositional
constraints
Alan P. Jackson, Steven J. Desch F The origin of the interstellar object 1I/’Oumuamua has defied explanation. We perform
calculations of the non-gravitational acceleration that would be experienced by bodies composed of a range of different ices and
demonstrate that a body composed of N2 ice would satisfy the available constraints on the non-gravitational acceleration, size
and albedo, and lack of detectable emission of CO or CO2 or dust. We find that ’Oumuamua was small, with dimensions 45
m x 44 m x 7.5 m at the time of observation at 1.42 au from the Sun, with a high albedo of 0.64. This albedo is consistent
with the N2 surfaces of bodies like Pluto and Triton. We estimate ’Oumuamua was ejected about 0.4-0.5 Gyr ago from a
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young stellar system, possibly in the Perseus arm. Objects like ’Oumuamua may directly probe the surface compositions of
a hitherto-unobserved type of exoplanet: "exo-plutos". In a companion paper (Desch & Jackson, 2021) we demonstrate that
dynamical instabilities like the one experienced by the Kuiper belt, in other stellar systems, plausibly could generate and eject
large numbers of N2 ice fragments. ’Oumuamua may be the first sample of an exoplanet brought to us.

Modeling chemistry during star formation: Water deuteration in dynamic star-forming
regions
S. S. Jensen, J. K. Jørgensen, K. Furuya, T. Haugbølle, Y. Aikawa F Recent observations of the HDO/H2O ratio
toward protostars in isolated and clustered environments show an apparent dichotomy, where isolated sources show higher D/H
ratios than clustered counterparts. Establishing which physical and chemical processes create this differentiation can provide
insights into the chemical evolution of water during star formation and the chemical diversity during the star formation process
and in young planetary systems. Methods: The evolution of water is modeled using 3D physicochemical models of a dynamic
star-forming environment. The physical evolution during the protostellar collapse is described by tracer particles from a 3D
MHD simulation of a molecular cloud region. Each particle trajectory is post-processed using RADMC-3D to calculate the
temperature and radiation field. The chemical evolution is simulated using a three-phase grain-surface chemistry model and
the results are compared with interferometric observations of H2O, HDO, and D2O in hot corinos toward low-mass protostars.
Results: The physicochemical model reproduces the observed HDO/H2O and D2O/HDO ratios in hot corinos, but shows no
correlation with cloud environment for similar identical conditions. The observed dichotomy in water D/H ratios requires
variation in the initial conditions (e.g., the duration and temperature of the prestellar phase). Reproducing the observed D/H
ratios in hot corinos requires a prestellar phase duration t ⇠1-3 Myr and temperatures in the range T ⇠ 10-20 K prior to collapse.
This work demonstrates that the observed differentiation between clustered and isolated protostars stems from differences in
the molecular cloud or prestellar core conditions and does not arise during the protostellar collapse itself.

The complex organic molecular content in the L1498 starless core
Izaskun Jimenez-Serra, Anton I. Vasyunin, Silvia Spezzano, Paola Caselli, Giuliana Cosentino, Serena Viti F
Observations carried out toward starless and pre-stellar cores have revealed that complex organic molecules are prevalent in these
objects, but it is unclear what chemical processes are involved in their formation. Recently, it has been shown that complex
organics are preferentially produced at an intermediate-density shell within the L1544 pre-stellar core at radial distances of
4000 au with respect to the core center. However, the spatial distribution of complex organics has only been inferred toward
this core and it remains unknown whether these species present a similar behaviour in other cores. We report high-sensitivity
observations carried out toward two positions in the L1498 pre-stellar core, the dust peak and a position located at a distance
of 11000 au from the center of the core where the emission of CH3OH peaks. Similarly to L1544, our observations reveal that
small O-bearing molecules and N-bearing species are enhanced by factors 4-14 toward the outer shell of L1498. However, unlike
L1544, large O-bearing organics such as CH3CHO, CH3OCH3 or CH3OCHO are not detected within our sensitivity limits. For
N-bearing organics, these species are more abundant toward the outer shell of the L1498 pre-stellar core than toward the one in
L1544. We propose that the differences observed between O-bearing and N-bearing species in L1498 and L1544 are due to the
different physical structure of these cores, which in turn is a consequence of their evolutionary stage, with L1498 being younger
than L1544.

Stars with Photometrically Young Gaia Luminosities Around the Solar System (SPY-
GLASS) I: Mapping Young Stellar Structures and their Star Formation Histories
Ronan Kerr, Aaron C. Rizzuto, Adam L. Kraus, Stella S. R. Offner F Young stellar associations hold a star formation
record that can persist for millions of years, revealing the progression of star formation long after the dispersal of the natal
cloud. To identify nearby young stellar populations that trace this progression, we have designed a comprehensive framework
for the identification of young stars, and use it to identify ⇠3⇥104 candidate young stars within a distance of 333 pc using Gaia
DR2. Applying the HDBSCAN clustering algorithm to this sample, we identify 27 top-level groups, nearly half of which have
little to no presence in previous literature. Ten of these groups have visible substructure, including notable young associations
such as Orion, Perseus, Taurus, and Sco-Cen. We provide a complete subclustering analysis on all groups with substructure,
using age estimates to reveal each region’s star formation history. The patterns we reveal include an apparent star formation
origin for Sco-Cen along a semicircular arc, as well as clear evidence for sequential star formation moving away from that arc
with a propagation speed of ⇠4 km s�1 (⇠4 pc Myr�1). We also identify earlier bursts of star formation in Perseus and Taurus
that predate current, kinematically identical active star-forming events, suggesting that the mechanisms that collect gas can
spark multiple generations of star formation, punctuated by gas dispersal and cloud regrowth. The large spatial scales and long
temporal scales on which we observe star formation offer a bridge between the processes within individual molecular clouds and
the broad forces guiding star formation at galactic scales.
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Oumuamuaの特徴 
・高い離心率(e=1.2): 系外天体 
このような天体は他には 2I/Borisov(e=3.36) ぐらい 

・高い軸比 
1:5 ~ 1:10 

・熱放射が弱い(=天体が小さい) 
散乱での強度を考えるとアルベドが高い 

・太陽近傍の星との相対速度が小さい(~9 km/s) 
恒星の速度分散は数十km/s 

・ガスやダストの検出なし←小惑星っぽい 
dust, CO, CO2がnon-detection 
2I/Borisovでは CN が明るい(彗星っぽさ) 

・非重力的な加速 (~1/d^2) 
ガスの噴射で加速しているのと整合的(彗星っぽさ)

これまでの研究 

細長い楕円なら1:10、薄い円盤なら1:5(この方がより
良い) 

若い星なら速度分散が小さい(初期の分子雲の速度分散) 

H2氷が6%ぐらいあれば説明できる

→ N2 氷の天体だと考えてこれらの特徴を説明できるか？

イントロ：Oumuamuaの特徴・これまでの研究
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2.3 Mass loss and non-gravitational acceleration

The surface temperature of ‘Oumuamua and the rate of decrease in the radius are
determined by iterating equations 1 and 2. The mass loss rate is then easily obtained as
dM/dt = ⇢S dR/dt, where S is the surface area of the body. We then convert this into a
force directed away from the Sun by assuming

Force =
1

3

✓
�dM

dt

◆
Vjet, (4)

where Vjet is the e↵ective jet speed of gas leaving the surface of the body and the coe�cient
1/3 is a geometric factor accounting for the fact that the sublimation rate scales with
the solar elevation angle, ✓, as cos ✓, and the sunward component of the momentum of the
sublimating gas is also reduced by a factor of cos ✓. Averaging over the sun-facing hemisphere
yields a factor of 1/3 for a spherical body, and we assume that the same time-averaged value
applies to a tumbling ellipsoid.

The form of the e↵ective jet speed of the gas leaving the surface depends on whether
we are in the free molecular flow or fluid regime. Taking the example of N2 we find that
even at temperatures as low as 39 K the vapour pressure of N2 exceeds 40 µbar (Frels et
al., 1974), implying a number density of N2 molecules > 1022 m�3. Assuming a molecular
collision cross-section ⇠ 10�19 m2 the mean free path of N2 molecules does not exceed
around 1 mm, much smaller than the size of ‘Oumuamua itself. Other gases will produce
similar values and so we assume that we are in the fluid regime. As such we adopt the
treatments of Crifo (1987) and Maquet et al. (2012) for cometary outflows. Specifically, we
assume Vjet = ⌧

p
8kBTsurf/⇡m, where ⌧ represents an averaging over velocity and depends

on the Mach number of the outflow, but for typical Mach numbers observed in cometary
outflows ⌧ ⇡ 0.39 � 0.50, and Crifo (1987) recommended ⌧ ⇡ 0.45. For N2 ice at a typical
surface temperature of 25 K, this yields Vjet = 80m s�1. This is similar to, but slightly
di↵erent from, the jetting speed considered likely by Seligman & Laughlin (2020), who
used Vjet =

p
�kBT/m, fixed the temperature at 25 K and � at 4/3 (5/3 would be more

appropriate), and found Vjet = 99m s�1 for N2.

Rearranging Equation 1 we then obtain the mass loss rate,

� dM

dt
= Sm


L�
4⇡d2

⇠0(1� pB)� ✏�T
4
surf

�
[�Hsub +�Htrans +mCp�T ]�1

, (5)

and the non-gravitational acceleration,

a =
⌧

3

S

M

r
8kBmTsurf

⇡


L�
4⇡d2

⇠0(1� pB)� ✏�T
4
surf

�
[�Hsub +�Htrans +mCp�T ]�1

. (6)

2.4 Composition of ‘Oumuamua

Having set out the equations that govern the mass loss and non-gravitational acceleration
we are now in a position to compute the non-gravitational acceleration for a selection
of di↵erent ices and compare the results to observations. Micheli et al. (2018) fit the
non-gravitational acceleration as 4.92 ⇥ 10�4 (d/1 au)�2 cm s�2 over the observational arc
that runs from 14 October 2017 to 2 January 2018. In Figure 1 we plot the non-gravitational
acceleration that we predict at 1.42 au, relative to the observed acceleration, as a function
of albedo (assuming p = pG = pB) for a variety of pure ice compositions. From the set of
ices used by Seligman & Laughlin (2020) in their Table 1 we exclude Ar, Kr and Xe, as
these heavy noble gases have low cosmic abundances and it seems highly unlikely that there
would be large populations of bodies composed of these ices. We add, however, the common
astrophysical compounds CH4, CO and NH3, so that the complete set of ices we examine
is H2, Ne, CH4, CO, N2, NH3, O2, CO2, and H2O. The sublimation enthalpies and other
data for all 9 ices, along with the data sources, can be found in Table A1.
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結果 
　N2のアルベド、揮発量で加速度が説明可能！ 
　(冥王星表面とほぼ同じ) 
　O2, NH3, CO2, H2O: 加速度が不足 
　H2, He: 冷たすぎて天体として長持ちしない 
　CH4, CO: 少ない
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Figure 1. Predicted non-gravitational acceleration at 1.42 au due to sublimation and jetting,

relative to the observed value, assuming ‘Oumuamua is an oblate ellipsoid of pure ice with the

labelled compositions, for various values of the common geometric and Bond albedo. The top axis

converts albedo into equivalent mean spherical radius assuming a 6:6:1 axis ratio. Note that the H2

curve extends far above the plotted range, peaking at ⇠13. The orange band shows the reported

Bond albedo for Pluto (pB ⇡ 0.72±0.07; Buratti et al. (2017)), while the red band shows the R-band

geometric albedo of Pluto reported by Buratti et al. (2015), including additional downward spread

to account for uncertainty in whether the detect opposition surge should apply to ‘Oumuamua.

The purple band shows the range disallowed by the size constraints from the Spitzer non-detection.

The acceleration we predict for a chunk of N2 ice matches ‘Oumuamua’s observed non-gravitational

acceleration if its albedo is 0.64, consistent with the albedo of Pluto’s N2 ice surface.

–8–

非重力的な加速を説明する天体組成・サイズの推定

非重力的な加速を説明する天体の条件 
変数として 
・アルベド 
　検出されているのは散乱光 
　アルベドを p とすると、天体サイズは p1/2に比例 
　（形状は扁平な軸比1:5を考えて相似変形） 
　光の吸収に応じてガスの揮発量も変化 
・組成 
　揮発性が違うとガスの揮発量が変わって加速度が変わる 

N2は冥王星表面の主要な物質 
 → 系外の冥王星のような天体の破片



太陽の近傍では、太陽放射によるガスの放出で進化(右図) 
　再近接時に大きく変化 
　質量は1/10へ、軸比は2倍に 

遠方でのサイズ進化の要因は？ 
　太陽の影響は弱いが、長期間(~ Gyr)星間空間を飛んできた 
(もしH2ならもともと数十キロ必要 → N2 が適切) 
・星間ダストの衝突: 効かない(わずか) 
・光蒸発: 効かない(1 cm/Gyr) 
・Galactic Cosmic Rays (GCRs) 
　6 m/Gyr (現在の太陽近傍) 
　31 m/Gyr (星形成率の変化を考慮)
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Figure 2. Change in ‘Oumuamua’s parameters over time. Clockwise from top left: distance

from the Sun, mass, axis ratio (a/c), surface temperature. Times are relative to 27 October 2017.

Perihelion occurs at -48 days.

(Fitzsimmons et al., 2018, ACAM (X-shooter)). With the exception of the Fitzsimmons et
al. (2018) X-shooter data these are consistent with the spectral slopes of Pluto (Lorenzi et
al., 2016), Makemake (Licandro et al., 2006) and Gonggong (Santos-Sanz et al., 2012), all
around 14%/100 nm and presumably attributable to photolyzation of CH4 to form tholins.

In terms of other possible trace species, Ye et al. (2017) used ground-based observations
with the Hale Palomar telescope to place upper limits on the production rates of CN (<
2⇥ 1022 molecules per second) and C2 (< 4⇥ 1022 molecules per second), but these are not
expected in the N2 ices that make up the crust of a Pluto-like body. Radio observations
by Park et al. (2018) with the Green Bank Telescope place a loose upper limit on the
production rate of OH (< 1.7⇥1027 molecules per second), but this is much higher than our
predicted production rate of N2. Far more restrictive for OH production is the extremely
poor acceleration provided by sublimation of H2O such that compared to N2 it e↵ectively
acts as an inert diluent.

3 Temporal evolution of ‘Oumuamua

We demonstrated above that a pure N2 ice composition is capable of reproducing the
observed non-gravitational acceleration at a distance of around 1.4 au from the Sun for
an albedo of 0.64. At that time, however, ‘Oumuamua would have had a mass of only
8.01 ⇥ 106 kg while losing mass at a rate of 0.37 kg/s (3.2 ⇥ 104 kg/day) such that even
between 1.4 and 2 au it would have shrunk by around 0.7 m. It is thus clear that ‘Oumuamua
would have evolved substantially over time.

3.1 Passage through the solar system

As we can see from Equation 5, the rate of mass loss from ‘Oumuamua is a strong
function of the heliocentric distance. From our starting point at 1.42 au we can integrate
forwards and backwards to find the evolution of the size and shape of ‘Oumuamua over time.
In Figure 2 we show the evolution in the mass, surface temperature, and axis ratio (a/c)
of ‘Oumuamua over a period of around 18 months before and after perihelion alongside
its distance from the Sun for comparison. Times are measured relative to 27 October
2017 at which epoch we fix the distance from the Sun as 1.42 au and the size as 45.5 m
⇥ 43.9 m ⇥ 7.5 m. The albedo is set at 0.64, which we assume remains constant. For
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2.1:1 ratio it is inferred to have upon entry to the Solar System, as well as being consistent with 
the average age of an N2 ice fragment. An object like ‘Oumuamua must be ejected from a young 
system (< 2 Gyr) to avoid acquiring a large velocity, and probably a very young system < 108 yr, 
if the timing of the dynamical instability that depleted the primordial Kuiper belt is typical. Such 
a young system is likely to be located in a spiral arm of the Galaxy, especially if the instability 
happens at early times ~107 yr. A transit time ~0.4-0.5 Gyr at 9 km s-1 would imply travel over 
3.6 kpc, and this distance and the direction of ‘Oumuamua’s approach would seem consistent 
with an origin in the Perseus arm.  
 
This sequence of events is summarized in Figure 1, which uses the results from this paper and 
the companion paper (Jackson and Desch 2021). The axes upon ejection from its parent system 
are consistent with the expected size of collisional fragments, with mean diameter ~70 m, and 
the axis ratios thought typical of fragments. The loss of about half its mass in the ISM by erosion 
by Galactic cosmic rays is consistent with transit for 0.4 – 0.5 Gyr, about half the time thought 
typical. Other aspects of its evolution within the Solar System are discussed in the companion 
paper. The extreme mass loss experienced as it passed the Sun accounts for its small size and its 
extreme axis ratios. 
 

 
Figure 1. A plausible history for ‘Oumuamua as a collisional fragment of N2 ice, as hypothesized 
in this paper and the companion paper by Jackson and Desch (2021). Credit: Sue Selkirk. 

天体のサイズの進化



• 水の同位体比に関するシミュレーション論文 
• 原始星周りの HDO/H2O 観測からクラスターより孤立天体の方が D/H が高い 
• 3次元の動的な物理化学モデルで水の進化をモデリングし、トレーサー粒子を追って化学進化を見た。 
• low mass protostarのhot corino の水の同位体観測と比較した。 
• モデルは観測された HDO/H2O、D2O/HDOを再現するが、原始星の環境の違いとの相関はなかっ
た。 
• クラスターと孤立天体での違いは、分子雲やprestellar coreの初期条件の違いによるものであり、
protostellar collapse段階での進化の違いによるものではない

young stellar system, possibly in the Perseus arm. Objects like ’Oumuamua may directly probe the surface compositions of
a hitherto-unobserved type of exoplanet: "exo-plutos". In a companion paper (Desch & Jackson, 2021) we demonstrate that
dynamical instabilities like the one experienced by the Kuiper belt, in other stellar systems, plausibly could generate and eject
large numbers of N2 ice fragments. ’Oumuamua may be the first sample of an exoplanet brought to us.

Modeling chemistry during star formation: Water deuteration in dynamic star-forming
regions
S. S. Jensen, J. K. Jørgensen, K. Furuya, T. Haugbølle, Y. Aikawa F Recent observations of the HDO/H2O ratio
toward protostars in isolated and clustered environments show an apparent dichotomy, where isolated sources show higher D/H
ratios than clustered counterparts. Establishing which physical and chemical processes create this differentiation can provide
insights into the chemical evolution of water during star formation and the chemical diversity during the star formation process
and in young planetary systems. Methods: The evolution of water is modeled using 3D physicochemical models of a dynamic
star-forming environment. The physical evolution during the protostellar collapse is described by tracer particles from a 3D
MHD simulation of a molecular cloud region. Each particle trajectory is post-processed using RADMC-3D to calculate the
temperature and radiation field. The chemical evolution is simulated using a three-phase grain-surface chemistry model and
the results are compared with interferometric observations of H2O, HDO, and D2O in hot corinos toward low-mass protostars.
Results: The physicochemical model reproduces the observed HDO/H2O and D2O/HDO ratios in hot corinos, but shows no
correlation with cloud environment for similar identical conditions. The observed dichotomy in water D/H ratios requires
variation in the initial conditions (e.g., the duration and temperature of the prestellar phase). Reproducing the observed D/H
ratios in hot corinos requires a prestellar phase duration t ⇠1-3 Myr and temperatures in the range T ⇠ 10-20 K prior to collapse.
This work demonstrates that the observed differentiation between clustered and isolated protostars stems from differences in
the molecular cloud or prestellar core conditions and does not arise during the protostellar collapse itself.

The complex organic molecular content in the L1498 starless core
Izaskun Jimenez-Serra, Anton I. Vasyunin, Silvia Spezzano, Paola Caselli, Giuliana Cosentino, Serena Viti F
Observations carried out toward starless and pre-stellar cores have revealed that complex organic molecules are prevalent in these
objects, but it is unclear what chemical processes are involved in their formation. Recently, it has been shown that complex
organics are preferentially produced at an intermediate-density shell within the L1544 pre-stellar core at radial distances of
4000 au with respect to the core center. However, the spatial distribution of complex organics has only been inferred toward
this core and it remains unknown whether these species present a similar behaviour in other cores. We report high-sensitivity
observations carried out toward two positions in the L1498 pre-stellar core, the dust peak and a position located at a distance
of 11000 au from the center of the core where the emission of CH3OH peaks. Similarly to L1544, our observations reveal that
small O-bearing molecules and N-bearing species are enhanced by factors 4-14 toward the outer shell of L1498. However, unlike
L1544, large O-bearing organics such as CH3CHO, CH3OCH3 or CH3OCHO are not detected within our sensitivity limits. For
N-bearing organics, these species are more abundant toward the outer shell of the L1498 pre-stellar core than toward the one in
L1544. We propose that the differences observed between O-bearing and N-bearing species in L1498 and L1544 are due to the
different physical structure of these cores, which in turn is a consequence of their evolutionary stage, with L1498 being younger
than L1544.

Stars with Photometrically Young Gaia Luminosities Around the Solar System (SPY-
GLASS) I: Mapping Young Stellar Structures and their Star Formation Histories
Ronan Kerr, Aaron C. Rizzuto, Adam L. Kraus, Stella S. R. Offner F Young stellar associations hold a star formation
record that can persist for millions of years, revealing the progression of star formation long after the dispersal of the natal
cloud. To identify nearby young stellar populations that trace this progression, we have designed a comprehensive framework
for the identification of young stars, and use it to identify ⇠3⇥104 candidate young stars within a distance of 333 pc using Gaia
DR2. Applying the HDBSCAN clustering algorithm to this sample, we identify 27 top-level groups, nearly half of which have
little to no presence in previous literature. Ten of these groups have visible substructure, including notable young associations
such as Orion, Perseus, Taurus, and Sco-Cen. We provide a complete subclustering analysis on all groups with substructure,
using age estimates to reveal each region’s star formation history. The patterns we reveal include an apparent star formation
origin for Sco-Cen along a semicircular arc, as well as clear evidence for sequential star formation moving away from that arc
with a propagation speed of ⇠4 km s�1 (⇠4 pc Myr�1). We also identify earlier bursts of star formation in Perseus and Taurus
that predate current, kinematically identical active star-forming events, suggesting that the mechanisms that collect gas can
spark multiple generations of star formation, punctuated by gas dispersal and cloud regrowth. The large spatial scales and long
temporal scales on which we observe star formation offer a bridge between the processes within individual molecular clouds and
the broad forces guiding star formation at galactic scales.
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　・孤立原始星では、cluster内と比較して HDO/H2Oが高い 
　　→ この理由を探るのが本研究のメイントピック。 
　　　考えられる解釈は 
　　　・isolated protostarでは崩壊の時間が長くて 
　　　　重水素濃縮がよく進む 
　　　・clustered protostarでは温度が高い、 
　　　　もしくは放射が強いことで重水素濃縮が進みにくい 
　　→ 3Dの流体シミュレーションと化学進化計算を行う

S. S. Jensen et al.: Modeling chemistry during star formation: Water deuteration in dynamic star-forming regions

Ice structure: Observations:

! ≤ 30K

! ≥ 100K

HOT CORINO
HDO/H2O~10-4-10-3

D2O/HDO ~10-2

COLD ENVELOPE
HDO/H2O ~ 10-2

Fig. 1. Schematics of the predicted ice structure in the prestellar core stage (right) and the observed water deuterium fractionation toward embedded
low-mass protostars (left). The outer layer of the ice mantle, which has high water D/H ratio, could sublimate in the cold envelope, while the whole
mantle is sublimated in the hot corino. The schematical structure is proposed by Furuya et al. (2016). Observational values are from Persson et al.
(2014); Coutens et al. (2013, 2014); Jensen et al. (2019).

grid of 5123. With six levels of refinement this results in a min-
imum cell-size of 25 au. This resolution is su�cient to study
the dynamics from the larger molecular cloud scales down to
the collapse of individual protostellar cores, but is not suitable
to resolve any emerging accretion disk. The accretion rate onto
sink particles within the simulation was recorded at a cadence of
⇠100 years, while the physical structure of the simulation was
recorded in ‘snapshots’ at a lower cadence, once every 5 kyr.
We calculated the positions of the tracer particles between each
snapshot from the position, velocity, and acceleration vectors at
each snapshot. For each sink particle, we followed tracer parti-
cles for a duration of ⇠350 kyr, starting with a pre-collapse phase
100 kyr before the formation of the sink particle (i.e., the onset
of protostellar collapse) and continuing through the Class 0 and
Class I phases. Including a longer pre-collapse phase was not
possible, as several of the studied sink particles form early in the
simulation. An overview of the di↵erent phases of the simulation
is shown in Fig. 3. During the pre-collapse phase, we averaged
the density in 10 kyr windows to reduce computational time in
this phase, where the temperature remains fixed.

As no disks form within the simulation, the evolution toward
the end of the simulated time range is less accurate as the for-
mation of an accretion disk changes the dynamics and radiation
field in the inner part of the core. We note that higher-resolution
simulations performed within the same framework, such as the
models presented in Ku↵meier et al. (2018), show that accretion
disks form when the resolution is increased. We focus on the ear-
lier stages of star formation in this work, namely the protostellar

Table 1. Overview of the simulated protostars studied in this work. Iso-
lated and clustered sources are denoted I and C, respectively. The enve-
lope mass, Menv, is the total mass within a 10,000 au sphere at the onset
of collapse (i.e., at the moment the sink particle is formed). The free-fall
timescale is calculated assuming a uniform density within 10,000 au.
The quantity Mfinal indicates the final mass at the end of the simulation.

Sink Mfinal(M�) Menv (M�) t↵ (kyr) I/C
M022–C 0.22 1.50 144.5 C
M023–I 0.23 0.90 186.4 I
M048–C 0.48 1.06 171.6 C
M048–I 0.48 1.19 162.2 I
M049–C 0.49 0.73 206.5 C
M072–I 0.72 0.85 192.2 I
M072–C 0.72 5.58 74.8 C
M073–C 0.73 0.94 182.5 C
M101–C 1.01 1.74 134.1 C

collapse down to hot corino scales (⇠ 100 au). A sample of low-
mass protostars, both clustered and isolated, were selected from
the simulation. Throughout this work, we define isolated pro-
tostars as sink particles where no other protostars enter within
20,000 au during the simulation. For the clustered sources, we
require at least two neighboring protostars within 10,000 au at
some point in the simulated evolution. The characteristics of the
selected sample is summarized in Table 1

Article number, page 3 of 23

イントロ：水の同位体の特徴

・氷の同位体比はその形成環境に作用されるため、物理的・化学的な進化のトレーサー 
・観測事実として 
　・HDO/H2O は、cold envelope では hot corino より高い。 
　・Hot  corino では D2O/HDO > HDO/H2O である。 
　　→ 氷ダストが重水素率が低いマントル部分と、重水素濃縮が進んだ表層から構成されていると考えると説明できる



計算設定 
・流体シミュレーション: RAMSES 
・輻射シミュレーション：RADMC3D 
・化学計算 
　・3相モデル(mantle, surface, gas)でのrate equation 
　・気相反応、表面反応、光化学を導入S. S. Jensen et al.: Modeling chemistry during star formation: Water deuteration in dynamic star-forming regions

Fig. 3. Overview of the di↵erent phases of the model. In the initial
prestellar (static) phase, the physical conditions are inferred previous
simulations and observations (e.g., Keto & Caselli 2008). In the pre-
collapse phase, which has a fixed duration of 100 kyr, the physical evo-
lution is derived from ramses, but since the protostar is not yet formed,
no radiative transfer is performed. During the collapse, the physical evo-
lution is derived from ramses and post-processed using radmc-3d. The
duration of the collapse varies between individual tracer particles, with
an upper duration of ⇠ 250 kyr.

ramses output with varying accretion luminosities: we created a
linear grid of four models, ranging from the lowest accretion rate
to the highest accretion rate associated with any given ramses
output. We calculated the fifth model using the mean accretion
rate during the period between the snapshots. When estimating
the dust temperature for a tracer particle at a given position and
time, we calculated the total luminosity (Lacc + Lprotostar) of the
protostar at that time, and interpolated the temperature from the
values provided by the five radmc-3d models. We assume that
the dust and gas is thermally coupled, such that the gas temper-
atures and dust temperatures are equal. This approach is reason-
able at higher densities present during the protostellar collapse
(n & 104, Goldsmith 2001), but may not be valid in the prestellar
phase where densities are lower. The limitations of the model are
discussed in Sect. 4.2. A lower limit on the temperature of 10 K
is set throughout the chemical modeling. While lower tempera-
tures can occur in the center of dense cores, this is a reasonably
average temperature for dense cores (e.g., Pagani et al. 2007).
Furthermore, many reactions in the chemical network are vali-
dated to a lower limit of 10 K.

Along with the thermal dust calculation, the mean UV radia-
tion field is calculated in the radmc-3d grid with the mcmono rou-
tine. In addition to the protostellar sources, the models include
an external radiation field in the form of the interstellar radiation
field (ISRF) from Draine (1978), denoted as G0, which irradi-
ates the 30,000 au radmc-3d domain around each sink particle.
For the mcmono calculations, we opted to run just one model
using the mean accretion luminosity for each ramses snapshot.
As the UV flux emerging from the central protostar is heavily
attenuated, the calculated UV field is dominated by the exter-
nal radiation field, except for the innermost 25-50 au around a
protostar. Running five models with varying accretion luminos-
ity would hence not have a notable impact on the surrounding
envelope and the chemical evolution herein. Figure 4 shows an
example of the thermal structure calculated around one of the
sinks studied in this work.

We note that the earliest protostellar evolution may not be
well explained by the PMS models, as highlighted by the lumi-
nosity problem (see, e.g., Jensen & Haugbølle 2018, and ref-
erences therein). We do not consider this a major issue for this
work for two reason. First, the accretion luminosity, not the pro-

tostellar luminosity, is the primary luminosity source at the very
early stages modeled here. Second, the purpose of this work is
to study how variations in environment influences the chemistry
during star formation and does not depend on the exact choice
of PMS model. Additionally, we note that the PMS phase occurs
toward the end of the range of the time-domain studied in this
work, namely, the ⇠250 kyr of the protostellar collapse after the
initial collapse of the core.

2.2. Calculating extinction in the cores

For photodissociation and photodesorption, rate coe�cients are
given as a function of the visual extinction Av. From the cal-
culated mean field intensities, we follow the approach of Visser
et al. (2011) and derive the optical depth ⌧UV at UV wavelengths
from:

⌧UV = � ln
FUV,RADMC�3D

FUV,0
, (2)

where FUV,RADMC�3D is the integrated UV flux from the radia-
tive transfer calculation, and FUV,0 is either the integrated UV
flux from the ISRF or from the central protostar, whichever is
higher in each grid point. Initially, the UV flux from the pro-
tostar is quite low owing to the low surface temperature of the
protostar (2000 K) and during this period, the ISRF dominates
the UV flux. Later on, the UV flux from the protostar may in-
crease, however, the flux is not able to penetrate the envelope,
because no outflow cavities are resolved in the simulation.

From the optical depth, the visual extinction is calculated
as ARADMC�3D

v = ⌧UV/3.02. In addition to the extinction calcu-
lated with radmc-3d, we assume an ambient extinction every-
where in the molecular cloud, (i.e., surrounding the 30,000 au
radiative transfer domain). The total extinction during the col-
lapse is then given as Av = Acloud

v + ARADMC�3D
v , where we as-

sume Acloud
v = 5 mag in our fiducial model. Models with a lower

ambient extinction, Acloud
v = 2 mag, are presented in appendix

D. The column densities are estimated using the empirical rela-
tion NH = AV ⇥ 1.59 ⇥ 1021 cm�2 (Bohlin et al. 1978; Diplas
& Savage 1994). These parameters are necessary to derive the
self-shielding functions and photochemical rates for the chemi-
cal models.

As mentioned in the previous section, each tracer particle
trajectory includes 100 kyr of evolution prior to the formation
of the sink particle. Since the protostar is not formed in the pre-
collapse phase, no radiative transfer is calculated, and we use a
fixed temperature of 10 K and a fixed visual extinction of Av =
5 mag during this period.

2.3. Chemical model

The chemical evolution was simulated using the rate-equation
approach (see, e.g., Cuppen et al. 2017). The model adopts the
three-phase model introduced by Hasegawa & Herbst (1993),
with a number of modifications detailed below. Three-phase
models consider the ice mantle and ice surface as distinct phases,
as opposed to two-phase models where the ice species all re-
side in the same (bulk) phase (Hasegawa et al. 1992). As the
chemistry evolves, two-phase models may produce inaccurate
results, since these models cannot distinguish between species
present in the reactive surface layers and species buried deep in
the ice mantle where the molecules are inert or less likely to re-
act. Three-phase models overcome some of these issues by sep-
arating ice species in surface and mantle phases, however other
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図3. 計算設定の外観。 
1. 崩壊前の静的な段階 
2. sink形成前：RAMSES (10 K) 
3. sink形成後：RAMSES+RADMC3D 
の3段階のをおこなう。

A&A proofs: manuscript no. water_models

Fig. 2. Projected densities in the molecular cloud simulation. A total of 233 protostars, denoted with white crosses, form by the end of the
simulation (t = 1.65 Myr). Most protostars form in clusters along filaments. The protostars studied in this work are denoted with red circles.

2.1.2. Radiative transfer models

The dust temperatures and radiation field around each sink parti-
cle was post-processed using the Monte Carlo radiative transfer
code radmc-3d (Dullemond et al. 2012). For each sink particle
in the ramses simulation, a spherical cutout of 30,000 au around
the sink particle was converted to a radmc-3d AMR grid. Cre-
ating smaller cutouts of the total grid is necessary to reduce the
memory load, which can be substantial for large photon pack-
ages. The dust temperature is calculated via the mctherm rou-
tine; we injected 15 million photons in each radiative transfer
model to sample the grid adequately. Models with a higher num-
ber of photons were tested and the results of the radiative transfer
converge to the same result. We utilized the dust opacities from
Semenov et al. (2003) in the radiative transfer modeling.

The protostars, represented by the sink particles, are included
in the radiative transfer models as point sources. In addition to
the central protostar in each cutout, we included neighboring
protostars entering within 10,000 au of the protostar in focus.

The protostellar luminosity is interpolated from the pre-main se-
quence (PMS) models from D’Antona & Mazzitelli (1997). We
included a 100 kyr o↵set between the onset of core collapse and
the PMS age, similar to Young & Evans (2005), corresponding
to approximately one free-fall timescale. In the first 100 kyr of
the collapse, the surface temperature of the protostar is fixed at
2000 K. The radius is set to be 2.5 R� for the calculation of the
accretion luminosity. This implementation is similar to that pre-
sented in Frimann et al. (2016).

In addition to the protostellar luminosity derived from the
PMS models, we included the accretion luminosity of the central
protostar from Eq. 1,

Lacc = G
MṀ
2R
. (1)

The accretion rates onto the sink particles were recorded with a
higher cadence than the ramses output. To account for this di↵er-
ence in sampling, we ran a total of five radmc-3dmodels for each

Article number, page 4 of 23

図2. RAMSESのスナップショット(計算終了時) 
Cはclustered、IはIsolatedを意味する。sinkができる0.1 Myr前からの0.35 Myrの間について、 

tracer particleに沿った化学計算を行う。

シミュレーション設定
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Fig. 7. Gas-phase evolution of fD1 and fD2 during protostellar collapse. The left panels shows the evolution of a particle accreted ⇠ 350 kyr after
core collapse toward a 1M� protostar. The right panel shows ten particle trajectories toward the 1M� protostars M101-C in the 3D simulations.

Fig. 8. Ice surface and mantle evolution for fD1 and fD2 during the protostellar collapse phase. The variation in densities for di↵erent trajectories in
the pre-collapse phase induces large shifts in the ratios in the very beginning of the collapse. Once the tracer particles reach the protostellar core,
the D/H ratios in the ice mantle converge to similar values, as the trajectories reach similar densities. The y-axes di↵er between the left and right
panels.

grain-surface chemistry (see, e.g., Arasa et al. 2015, and refer-
ences therein). We note that a visual extinction of Av = 5 mag
was kept during the testing of initial conditions, and the ISRF
hence remained heavily attenuated. At a lower visual extinction,
stronger radiation fields lower the D/H ratio, as CO freeze-out is
reduced by photodesorption.

3.3.4. Reproducing observed HDO/H2O and D2O/HDO ratios
in hot corinos

Current estimates of fD1 and fD2 in hot corinos of low-mass
protostars are limited to a few sources. Coutens et al. (2014)
detect D2O toward IRAS 2A and derive ↵ = fD2/ fD1 & 7.
Similar high values of ↵ are also seen for other protostars (S.
Jensen et al., subm.). We require ↵ & 5 and fD1 in the range
10�4 � 10�3 to reproduce current observations of the water D/H
ratios in hot corinos (Persson et al. 2014; Jensen et al. 2019). The

fiducial model reproduced the observed fD1 ⇠ 10�3 toward iso-
lated protostars presented in Jensen et al. (2019), while the lower
D/H ratio toward the clustered protostars require di↵erent initial
conditions. With the model presented in this work, reproducing
10�4 < fD1 < 10�3 requires a shorter prestellar core phase or
higher temperatures during the collapse. Model #12, featuring a
1.5 Myr prestellar phase, yields fD1 ⇠ 7 ⇥ 10�4 and ↵ ⇡ 13,
within the observed range for clustered sources. Similarly, mod-
els #13 and #14, where minimum temperatures of 15 K and 20 K
are enforced during the entire collapse, yield fD1 ⇠ 7⇥ 10�4 and
fD1 ⇠ 3 ⇥ 10�4, respectively, which is well within the observed
ranges. These results are in line with the predictions from Jensen
et al. (2019), who proposed that shorter timescale or higher tem-
peratures could drive the observed di↵erentiation between iso-
lated and clustered protostars. Increasing the cosmic-ray flux
changes ↵ substantially, as shown in Table 3, and the observed
D/H ratios toward low-mass Class 0 protostars appear to be in-
compatible with higher cosmic-ray fluxes (⇠H2 = 10�15). The
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Ice structure: Observations:

! ≤ 30K

! ≥ 100K

HOT CORINO
HDO/H2O~10-4-10-3

D2O/HDO ~10-2

COLD ENVELOPE
HDO/H2O ~ 10-2

Fig. 1. Schematics of the predicted ice structure in the prestellar core stage (right) and the observed water deuterium fractionation toward embedded
low-mass protostars (left). The outer layer of the ice mantle, which has high water D/H ratio, could sublimate in the cold envelope, while the whole
mantle is sublimated in the hot corino. The schematical structure is proposed by Furuya et al. (2016). Observational values are from Persson et al.
(2014); Coutens et al. (2013, 2014); Jensen et al. (2019).

grid of 5123. With six levels of refinement this results in a min-
imum cell-size of 25 au. This resolution is su�cient to study
the dynamics from the larger molecular cloud scales down to
the collapse of individual protostellar cores, but is not suitable
to resolve any emerging accretion disk. The accretion rate onto
sink particles within the simulation was recorded at a cadence of
⇠100 years, while the physical structure of the simulation was
recorded in ‘snapshots’ at a lower cadence, once every 5 kyr.
We calculated the positions of the tracer particles between each
snapshot from the position, velocity, and acceleration vectors at
each snapshot. For each sink particle, we followed tracer parti-
cles for a duration of ⇠350 kyr, starting with a pre-collapse phase
100 kyr before the formation of the sink particle (i.e., the onset
of protostellar collapse) and continuing through the Class 0 and
Class I phases. Including a longer pre-collapse phase was not
possible, as several of the studied sink particles form early in the
simulation. An overview of the di↵erent phases of the simulation
is shown in Fig. 3. During the pre-collapse phase, we averaged
the density in 10 kyr windows to reduce computational time in
this phase, where the temperature remains fixed.

As no disks form within the simulation, the evolution toward
the end of the simulated time range is less accurate as the for-
mation of an accretion disk changes the dynamics and radiation
field in the inner part of the core. We note that higher-resolution
simulations performed within the same framework, such as the
models presented in Ku↵meier et al. (2018), show that accretion
disks form when the resolution is increased. We focus on the ear-
lier stages of star formation in this work, namely the protostellar

Table 1. Overview of the simulated protostars studied in this work. Iso-
lated and clustered sources are denoted I and C, respectively. The enve-
lope mass, Menv, is the total mass within a 10,000 au sphere at the onset
of collapse (i.e., at the moment the sink particle is formed). The free-fall
timescale is calculated assuming a uniform density within 10,000 au.
The quantity Mfinal indicates the final mass at the end of the simulation.

Sink Mfinal(M�) Menv (M�) t↵ (kyr) I/C
M022–C 0.22 1.50 144.5 C
M023–I 0.23 0.90 186.4 I
M048–C 0.48 1.06 171.6 C
M048–I 0.48 1.19 162.2 I
M049–C 0.49 0.73 206.5 C
M072–I 0.72 0.85 192.2 I
M072–C 0.72 5.58 74.8 C
M073–C 0.73 0.94 182.5 C
M101–C 1.01 1.74 134.1 C

collapse down to hot corino scales (⇠ 100 au). A sample of low-
mass protostars, both clustered and isolated, were selected from
the simulation. Throughout this work, we define isolated pro-
tostars as sink particles where no other protostars enter within
20,000 au during the simulation. For the clustered sources, we
require at least two neighboring protostars within 10,000 au at
some point in the simulated evolution. The characteristics of the
selected sample is summarized in Table 1
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1D(これまで)と3Dどちらも 
・ice mantle が溶けるまでは高い重水素率 
・溶けてからは HDO/H2Oは大きく低下、 
　D2O/HDOはさほどかわらず 
3Dの特徴 
・ice mantle が溶けるまでは分散が大きいが、 
　溶けたあとは分散が小さい 
　・最初はトレーサー粒子ごとに密度がばら 
　　ついているので重水素率が異なる 
　・ice mantleが溶けると分散が小さくなる

Fig. 7. M101-C周りの重水素率(気相)
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Fig. 7. Gas-phase evolution of fD1 and fD2 during protostellar collapse. The left panels shows the evolution of a particle accreted ⇠ 350 kyr after
core collapse toward a 1M� protostar. The right panel shows ten particle trajectories toward the 1M� protostars M101-C in the 3D simulations.

100200300
� = tfinal - t (kyr)

10�3

10�2

10�1

R
at

io

Pre-collapse Collapse

Ice surface

100200300
� = tfinal - t (kyr)

10�4

10�3

10�2

Ice mantle

fD1 fD2

Fig. 8. Ice surface and mantle evolution for fD1 and fD2 during the protostellar collapse phase. The variation in densities for di↵erent trajectories in
the pre-collapse phase induces large shifts in the ratios in the very beginning of the collapse. Once the tracer particles reach the protostellar core,
the D/H ratios in the ice mantle converge to similar values, as the trajectories reach similar densities. The y-axes di↵er between the left and right
panels.

grain-surface chemistry (see, e.g., Arasa et al. 2015, and refer-
ences therein). We note that a visual extinction of Av = 5 mag
was kept during the testing of initial conditions, and the ISRF
hence remained heavily attenuated. At a lower visual extinction,
stronger radiation fields lower the D/H ratio, as CO freeze-out is
reduced by photodesorption.

3.3.4. Reproducing observed HDO/H2O and D2O/HDO ratios
in hot corinos

Current estimates of fD1 and fD2 in hot corinos of low-mass
protostars are limited to a few sources. Coutens et al. (2014)
detect D2O toward IRAS 2A and derive ↵ = fD2/ fD1 & 7.
Similar high values of ↵ are also seen for other protostars (S.
Jensen et al., subm.). We require ↵ & 5 and fD1 in the range
10�4 � 10�3 to reproduce current observations of the water D/H
ratios in hot corinos (Persson et al. 2014; Jensen et al. 2019). The

fiducial model reproduced the observed fD1 ⇠ 10�3 toward iso-
lated protostars presented in Jensen et al. (2019), while the lower
D/H ratio toward the clustered protostars require di↵erent initial
conditions. With the model presented in this work, reproducing
10�4 < fD1 < 10�3 requires a shorter prestellar core phase or
higher temperatures during the collapse. Model #12, featuring a
1.5 Myr prestellar phase, yields fD1 ⇠ 7 ⇥ 10�4 and ↵ ⇡ 13,
within the observed range for clustered sources. Similarly, mod-
els #13 and #14, where minimum temperatures of 15 K and 20 K
are enforced during the entire collapse, yield fD1 ⇠ 7⇥ 10�4 and
fD1 ⇠ 3 ⇥ 10�4, respectively, which is well within the observed
ranges. These results are in line with the predictions from Jensen
et al. (2019), who proposed that shorter timescale or higher tem-
peratures could drive the observed di↵erentiation between iso-
lated and clustered protostars. Increasing the cosmic-ray flux
changes ↵ substantially, as shown in Table 3, and the observed
D/H ratios toward low-mass Class 0 protostars appear to be in-
compatible with higher cosmic-ray fluxes (⇠H2 = 10�15). The
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Fig. 10. HDO/H2O ( fD1) and D2O/HDO ( fD2) ratios toward three protostars in the simulation, with similar final mass of ⇠ 0.5M�. The tracer
particles are binned according to the time at which they reach the hot corino, in bins with a width of 50 kyr. The time corresponds to the time after
the onset of collapse, t0. The third protostar, sink M048-I, is classified as isolated since no protostar enters within 20,000 au during the simulation,
while sink M048-C and sink M049-C are clustered. Each bar shows the median values of tracer particles accreted in the time interval, and the error
shows the [15.9, 84.1] percentiles. The number of tracer particles within each bin is denoted in blue above the first row.

Table 3. Simulated D/H ratios in the hot corino for a broad range of conditions in the prestellar stage. The reported fD1 and fD2 values are the
median across all tracer particles entering the hot corino.

# T (K) Duration (Myr) ⇠H2 (10�17s�1) G0 fD1 fD2 ↵
1 10 1 1 1 5 ⇥ 10�4 6 ⇥ 10�3 12.0
2 10 2 1 1 1 ⇥ 10�3 2 ⇥ 10�2 20.0
3 10 3 1 1 1 ⇥ 10�3 2 ⇥ 10�2 20.0
4 10 3 10 1 7 ⇥ 10�3 1 ⇥ 10�2 1.4
5 10 3 100 1 3 ⇥ 10�2 2 ⇥ 10�2 0.7
6 10 3 1 10 1 ⇥ 10�3 2 ⇥ 10�2 20.0
7 10 3 1 100 3 ⇥ 10�3 3 ⇥ 10�2 10.0
8 20 1 1 1 1 ⇥ 10�3 1 ⇥ 10�2 10
9 30 1 1 1 2 ⇥ 10�3 7 ⇥ 10�3 3.5
10 20 3 1 1 2 ⇥ 10�3 3 ⇥ 10�2 15.0
11 30 3 1 1 1 ⇥ 10�3 5 ⇥ 10�3 5.0
12 10 1.5 1 1 7 ⇥ 10�4 8 ⇥ 10�3 11.0
13a 15 1.5 1 1 7 ⇥ 10�4 6 ⇥ 10�3 8.6
14a 20 1.5 1 1 3 ⇥ 10�4 2 ⇥ 10�3 6.7

Notes.a For these models, the minimum temperature during the protostellar collapse was fixed at the temperature of the prestellar phase, as noted
in the table.

tion of > 1.5 Myr. Overall, temperatures in the range T . 20 K
can reproduce the observed D/H ratios.

These models do not self-consistently predict the physical
and chemical evolution during the molecular cloud and static
core phase, however, both a shorter static phase and higher tem-
peratures are feasible variations in dynamic molecular clouds.
A shorter collapse timescale for clustered sources can be driven

by higher densities or through external forces acceleration the
collapse (e.g., Ward-Thompson et al. 2007; Enoch et al. 2008).
Similarly, higher temperatures in clustered regions can occur
through irradiation from nearby massive protostars or through
shock heating in turbulent cloud environments (e.g., Krumholz
2014).
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Fig. 10. 同程度の質量のsinkへ降着するtracer粒子の HDO/H2O(上) と D2O/HDO(下) 
・時間経過とともに D/H はわずかに上昇するが、観測できるほどではない

・HDO/H2O と D2O/HDOには形成環境(isolated, clustered)による明確な相関はなかった 
　DH比は崩壊中よりも、それより前の初期の分子雲の状態に強く依存

結果：孤立環境とクラスター環境の違い



Fig. 12. 崩壊前の時間を変更。 
1 Myrだと濃縮があまり起こらない。 
2 Myrだと3 Myrに近い。
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Fig. 3. Overview of the di↵erent phases of the model. In the initial
prestellar (static) phase, the physical conditions are inferred previous
simulations and observations (e.g., Keto & Caselli 2008). In the pre-
collapse phase, which has a fixed duration of 100 kyr, the physical evo-
lution is derived from ramses, but since the protostar is not yet formed,
no radiative transfer is performed. During the collapse, the physical evo-
lution is derived from ramses and post-processed using radmc-3d. The
duration of the collapse varies between individual tracer particles, with
an upper duration of ⇠ 250 kyr.

ramses output with varying accretion luminosities: we created a
linear grid of four models, ranging from the lowest accretion rate
to the highest accretion rate associated with any given ramses
output. We calculated the fifth model using the mean accretion
rate during the period between the snapshots. When estimating
the dust temperature for a tracer particle at a given position and
time, we calculated the total luminosity (Lacc + Lprotostar) of the
protostar at that time, and interpolated the temperature from the
values provided by the five radmc-3d models. We assume that
the dust and gas is thermally coupled, such that the gas temper-
atures and dust temperatures are equal. This approach is reason-
able at higher densities present during the protostellar collapse
(n & 104, Goldsmith 2001), but may not be valid in the prestellar
phase where densities are lower. The limitations of the model are
discussed in Sect. 4.2. A lower limit on the temperature of 10 K
is set throughout the chemical modeling. While lower tempera-
tures can occur in the center of dense cores, this is a reasonably
average temperature for dense cores (e.g., Pagani et al. 2007).
Furthermore, many reactions in the chemical network are vali-
dated to a lower limit of 10 K.

Along with the thermal dust calculation, the mean UV radia-
tion field is calculated in the radmc-3d grid with the mcmono rou-
tine. In addition to the protostellar sources, the models include
an external radiation field in the form of the interstellar radiation
field (ISRF) from Draine (1978), denoted as G0, which irradi-
ates the 30,000 au radmc-3d domain around each sink particle.
For the mcmono calculations, we opted to run just one model
using the mean accretion luminosity for each ramses snapshot.
As the UV flux emerging from the central protostar is heavily
attenuated, the calculated UV field is dominated by the exter-
nal radiation field, except for the innermost 25-50 au around a
protostar. Running five models with varying accretion luminos-
ity would hence not have a notable impact on the surrounding
envelope and the chemical evolution herein. Figure 4 shows an
example of the thermal structure calculated around one of the
sinks studied in this work.

We note that the earliest protostellar evolution may not be
well explained by the PMS models, as highlighted by the lumi-
nosity problem (see, e.g., Jensen & Haugbølle 2018, and ref-
erences therein). We do not consider this a major issue for this
work for two reason. First, the accretion luminosity, not the pro-

tostellar luminosity, is the primary luminosity source at the very
early stages modeled here. Second, the purpose of this work is
to study how variations in environment influences the chemistry
during star formation and does not depend on the exact choice
of PMS model. Additionally, we note that the PMS phase occurs
toward the end of the range of the time-domain studied in this
work, namely, the ⇠250 kyr of the protostellar collapse after the
initial collapse of the core.

2.2. Calculating extinction in the cores

For photodissociation and photodesorption, rate coe�cients are
given as a function of the visual extinction Av. From the cal-
culated mean field intensities, we follow the approach of Visser
et al. (2011) and derive the optical depth ⌧UV at UV wavelengths
from:

⌧UV = � ln
FUV,RADMC�3D

FUV,0
, (2)

where FUV,RADMC�3D is the integrated UV flux from the radia-
tive transfer calculation, and FUV,0 is either the integrated UV
flux from the ISRF or from the central protostar, whichever is
higher in each grid point. Initially, the UV flux from the pro-
tostar is quite low owing to the low surface temperature of the
protostar (2000 K) and during this period, the ISRF dominates
the UV flux. Later on, the UV flux from the protostar may in-
crease, however, the flux is not able to penetrate the envelope,
because no outflow cavities are resolved in the simulation.

From the optical depth, the visual extinction is calculated
as ARADMC�3D

v = ⌧UV/3.02. In addition to the extinction calcu-
lated with radmc-3d, we assume an ambient extinction every-
where in the molecular cloud, (i.e., surrounding the 30,000 au
radiative transfer domain). The total extinction during the col-
lapse is then given as Av = Acloud

v + ARADMC�3D
v , where we as-

sume Acloud
v = 5 mag in our fiducial model. Models with a lower

ambient extinction, Acloud
v = 2 mag, are presented in appendix

D. The column densities are estimated using the empirical rela-
tion NH = AV ⇥ 1.59 ⇥ 1021 cm�2 (Bohlin et al. 1978; Diplas
& Savage 1994). These parameters are necessary to derive the
self-shielding functions and photochemical rates for the chemi-
cal models.

As mentioned in the previous section, each tracer particle
trajectory includes 100 kyr of evolution prior to the formation
of the sink particle. Since the protostar is not formed in the pre-
collapse phase, no radiative transfer is calculated, and we use a
fixed temperature of 10 K and a fixed visual extinction of Av =
5 mag during this period.

2.3. Chemical model

The chemical evolution was simulated using the rate-equation
approach (see, e.g., Cuppen et al. 2017). The model adopts the
three-phase model introduced by Hasegawa & Herbst (1993),
with a number of modifications detailed below. Three-phase
models consider the ice mantle and ice surface as distinct phases,
as opposed to two-phase models where the ice species all re-
side in the same (bulk) phase (Hasegawa et al. 1992). As the
chemistry evolves, two-phase models may produce inaccurate
results, since these models cannot distinguish between species
present in the reactive surface layers and species buried deep in
the ice mantle where the molecules are inert or less likely to re-
act. Three-phase models overcome some of these issues by sep-
arating ice species in surface and mantle phases, however other
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Fig. 12. fD1 and fD2 ratios toward the isolated protostar sink M048-I for varying prestellar phase durations. The tracer particles are binned according
to the time at which they reach the hot corino, in bins with a width of 50 kyr. The time corresponds to the time after the onset of collapse, t0. Each
bar shows the median values of tracer particles accreted in the time interval, and the error shows the [15.9, 84.1] percentiles.

the high binding energy of water, bulk di↵usion of water is likely
ine�cient and the e↵ect is unlikely to alter the strong inheritance
shown in the models.

4.3. Inheritance of water D/H ratio

Determining whether the D/H ratio is inherited or reset during
star and planet formation is critical for our understanding of
the evolution and delivery of water to young planets (e.g., van
Dishoeck et al. 2014). Through simulations of water deuterium
fractionation in a protoplanetary disk, Cleeves et al. (2014)
showed that cometary D/H ratios are too high to originate from
local processing within the disk. Hence, some degree of inher-
itance is necessary to reproduce the deuterium fractionation in
the Solar System, including the Earth’s oceans. In a later work,
Furuya et al. (2017) study the evolution of the D/H ratio of wa-
ter, combining 1D protostellar collapse models with a 2D ax-
isymmetric protoplanetary disk model. These authors find that
the majority of the water in the protoplanetary disk remained
unprocessed, again favoring inheritance for the majority of the
water present in the disk. The results presented in this work fa-
vor chemical inheritance for the D/H ratio of water in the hot
corino as opposed to a “reset” chemistry post-collapse. Varia-
tion in physical evolution during the protostellar collapse has lit-
tle impact on the degree of water deuteration in the hot corino,
which is dominated by the conditions in the static phase. How-
ever, the D/H ratio set in the static phase is not fixed and may
evolve as the gas and dust enters the protostellar core, where
densities increase. While this process adjusts the D/H ratio in
the ice, it is not a source of di↵erentiation in the final D/H ra-
tios for water in the hot corinos since the structures of low-mass

protostellar cores are largely similar between isolated and clus-
tered protostars, owing to the physical processes that dominate
the stability of cloud cores (e.g., Ku↵meier et al. 2017).

Furuya et al. (2017) suggest that ↵ is a better tool for dis-
tinguishing between inheritance and resetting of the deuterium
fractionation, since their simulations yield ↵ > 1 under prestel-
lar conditions, while resetting of the chemistry in the protoplan-
etary disk leads to ↵ < 1. Our results confirm that ↵ > 1 in the
case of inherited D/H from the static phase when standard ISRF
and cosmic-ray ionization rates are considered. This further mo-
tivates the study of D2O/HDO ratios in hot corino to provide
further constrains on the chemical evolution of water from cloud
to core.

If the deuterium fractionation of water in the hot corino is
inherited, the D/H ratio of water at later stages in the star and
planet formation process could be linked to the initial condi-
tions in the cloud environment prior to the onset of star for-
mation. However, the nature of hot corinos, and the chemical
link from hot corino to protoplanetary disk is not well estab-
lished at this stage (e.g., Belloche et al. 2020; Jørgensen et al.
2020). In a recent work, Coutens et al. (2020) study the chem-
ical evolution from the collapse of a prestellar core to the for-
mation of a protoplanetary disk. As in this work, the physical
evolution during the collapse is tracked using tracer particles.
Their model couples a 3D non-ideal MHD ramses simulation
of a collapsing core with the nautilus chemical model and fo-
cuses on a broad range of molecules. These authors find a clear
chemical link between the chemical composition in the prestellar
core and in the protoplanetary disk. Generally, the principal el-
emental carriers remain the same throughout the collapse, with
the exception of sulfur and phosphorus, where the main reser-
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Fig. 10. HDO/H2O ( fD1) and D2O/HDO ( fD2) ratios toward three protostars in the simulation, with similar final mass of ⇠ 0.5M�. The tracer
particles are binned according to the time at which they reach the hot corino, in bins with a width of 50 kyr. The time corresponds to the time after
the onset of collapse, t0. The third protostar, sink M048-I, is classified as isolated since no protostar enters within 20,000 au during the simulation,
while sink M048-C and sink M049-C are clustered. Each bar shows the median values of tracer particles accreted in the time interval, and the error
shows the [15.9, 84.1] percentiles. The number of tracer particles within each bin is denoted in blue above the first row.

Table 3. Simulated D/H ratios in the hot corino for a broad range of conditions in the prestellar stage. The reported fD1 and fD2 values are the
median across all tracer particles entering the hot corino.

# T (K) Duration (Myr) ⇠H2 (10�17s�1) G0 fD1 fD2 ↵
1 10 1 1 1 5 ⇥ 10�4 6 ⇥ 10�3 12.0
2 10 2 1 1 1 ⇥ 10�3 2 ⇥ 10�2 20.0
3 10 3 1 1 1 ⇥ 10�3 2 ⇥ 10�2 20.0
4 10 3 10 1 7 ⇥ 10�3 1 ⇥ 10�2 1.4
5 10 3 100 1 3 ⇥ 10�2 2 ⇥ 10�2 0.7
6 10 3 1 10 1 ⇥ 10�3 2 ⇥ 10�2 20.0
7 10 3 1 100 3 ⇥ 10�3 3 ⇥ 10�2 10.0
8 20 1 1 1 1 ⇥ 10�3 1 ⇥ 10�2 10
9 30 1 1 1 2 ⇥ 10�3 7 ⇥ 10�3 3.5
10 20 3 1 1 2 ⇥ 10�3 3 ⇥ 10�2 15.0
11 30 3 1 1 1 ⇥ 10�3 5 ⇥ 10�3 5.0
12 10 1.5 1 1 7 ⇥ 10�4 8 ⇥ 10�3 11.0
13a 15 1.5 1 1 7 ⇥ 10�4 6 ⇥ 10�3 8.6
14a 20 1.5 1 1 3 ⇥ 10�4 2 ⇥ 10�3 6.7

Notes.a For these models, the minimum temperature during the protostellar collapse was fixed at the temperature of the prestellar phase, as noted
in the table.

tion of > 1.5 Myr. Overall, temperatures in the range T . 20 K
can reproduce the observed D/H ratios.

These models do not self-consistently predict the physical
and chemical evolution during the molecular cloud and static
core phase, however, both a shorter static phase and higher tem-
peratures are feasible variations in dynamic molecular clouds.
A shorter collapse timescale for clustered sources can be driven

by higher densities or through external forces acceleration the
collapse (e.g., Ward-Thompson et al. 2007; Enoch et al. 2008).
Similarly, higher temperatures in clustered regions can occur
through irradiation from nearby massive protostars or through
shock heating in turbulent cloud environments (e.g., Krumholz
2014).
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Table 3. パラメータを変えた時の D/H

結果: 形成環境のD/Hへの影響

観測された孤立天体とclusterでの D/H の違いは、 
崩壊前の物理状態の違いによるもの



• これまでの観測からstarless coreやprestellar coreにはcomplex organic 
moleculesが存在していることがわかった。これらがどのようにして作られたのか
は未解明。 

• 先行研究から、L1544 prestellar coreで、中心から4000 au、中程度の密度のシェ
ルで複雑有機分子が作られていることが明らかとなった。ただし、空間分布がわ
かってるのはこの天体だけ。 

• 本研究では、L1498 prestellar coreに対して、ダストのピークと中心から
11000 auの箇所の高感度観測を行なった(IRAM 30m telescope)。 

• (L1544と同じく)Nや小さいOを含む分子は外側と比べて4-14倍増加している 
• (L1544と違って)大きいOを含む分子は今回の観測では non-detection 
• L1544とL1498の物理構造の違いによるもの、L1498はより若い

young stellar system, possibly in the Perseus arm. Objects like ’Oumuamua may directly probe the surface compositions of
a hitherto-unobserved type of exoplanet: "exo-plutos". In a companion paper (Desch & Jackson, 2021) we demonstrate that
dynamical instabilities like the one experienced by the Kuiper belt, in other stellar systems, plausibly could generate and eject
large numbers of N2 ice fragments. ’Oumuamua may be the first sample of an exoplanet brought to us.

Modeling chemistry during star formation: Water deuteration in dynamic star-forming
regions
S. S. Jensen, J. K. Jørgensen, K. Furuya, T. Haugbølle, Y. Aikawa F Recent observations of the HDO/H2O ratio
toward protostars in isolated and clustered environments show an apparent dichotomy, where isolated sources show higher D/H
ratios than clustered counterparts. Establishing which physical and chemical processes create this differentiation can provide
insights into the chemical evolution of water during star formation and the chemical diversity during the star formation process
and in young planetary systems. Methods: The evolution of water is modeled using 3D physicochemical models of a dynamic
star-forming environment. The physical evolution during the protostellar collapse is described by tracer particles from a 3D
MHD simulation of a molecular cloud region. Each particle trajectory is post-processed using RADMC-3D to calculate the
temperature and radiation field. The chemical evolution is simulated using a three-phase grain-surface chemistry model and
the results are compared with interferometric observations of H2O, HDO, and D2O in hot corinos toward low-mass protostars.
Results: The physicochemical model reproduces the observed HDO/H2O and D2O/HDO ratios in hot corinos, but shows no
correlation with cloud environment for similar identical conditions. The observed dichotomy in water D/H ratios requires
variation in the initial conditions (e.g., the duration and temperature of the prestellar phase). Reproducing the observed D/H
ratios in hot corinos requires a prestellar phase duration t ⇠1-3 Myr and temperatures in the range T ⇠ 10-20 K prior to collapse.
This work demonstrates that the observed differentiation between clustered and isolated protostars stems from differences in
the molecular cloud or prestellar core conditions and does not arise during the protostellar collapse itself.

The complex organic molecular content in the L1498 starless core
Izaskun Jimenez-Serra, Anton I. Vasyunin, Silvia Spezzano, Paola Caselli, Giuliana Cosentino, Serena Viti F
Observations carried out toward starless and pre-stellar cores have revealed that complex organic molecules are prevalent in these
objects, but it is unclear what chemical processes are involved in their formation. Recently, it has been shown that complex
organics are preferentially produced at an intermediate-density shell within the L1544 pre-stellar core at radial distances of
4000 au with respect to the core center. However, the spatial distribution of complex organics has only been inferred toward
this core and it remains unknown whether these species present a similar behaviour in other cores. We report high-sensitivity
observations carried out toward two positions in the L1498 pre-stellar core, the dust peak and a position located at a distance
of 11000 au from the center of the core where the emission of CH3OH peaks. Similarly to L1544, our observations reveal that
small O-bearing molecules and N-bearing species are enhanced by factors 4-14 toward the outer shell of L1498. However, unlike
L1544, large O-bearing organics such as CH3CHO, CH3OCH3 or CH3OCHO are not detected within our sensitivity limits. For
N-bearing organics, these species are more abundant toward the outer shell of the L1498 pre-stellar core than toward the one in
L1544. We propose that the differences observed between O-bearing and N-bearing species in L1498 and L1544 are due to the
different physical structure of these cores, which in turn is a consequence of their evolutionary stage, with L1498 being younger
than L1544.

Stars with Photometrically Young Gaia Luminosities Around the Solar System (SPY-
GLASS) I: Mapping Young Stellar Structures and their Star Formation Histories
Ronan Kerr, Aaron C. Rizzuto, Adam L. Kraus, Stella S. R. Offner F Young stellar associations hold a star formation
record that can persist for millions of years, revealing the progression of star formation long after the dispersal of the natal
cloud. To identify nearby young stellar populations that trace this progression, we have designed a comprehensive framework
for the identification of young stars, and use it to identify ⇠3⇥104 candidate young stars within a distance of 333 pc using Gaia
DR2. Applying the HDBSCAN clustering algorithm to this sample, we identify 27 top-level groups, nearly half of which have
little to no presence in previous literature. Ten of these groups have visible substructure, including notable young associations
such as Orion, Perseus, Taurus, and Sco-Cen. We provide a complete subclustering analysis on all groups with substructure,
using age estimates to reveal each region’s star formation history. The patterns we reveal include an apparent star formation
origin for Sco-Cen along a semicircular arc, as well as clear evidence for sequential star formation moving away from that arc
with a propagation speed of ⇠4 km s�1 (⇠4 pc Myr�1). We also identify earlier bursts of star formation in Perseus and Taurus
that predate current, kinematically identical active star-forming events, suggesting that the mechanisms that collect gas can
spark multiple generations of star formation, punctuated by gas dispersal and cloud regrowth. The large spatial scales and long
temporal scales on which we observe star formation offer a bridge between the processes within individual molecular clouds and
the broad forces guiding star formation at galactic scales.

6

The COM content in L1498 5

Figure 1. CH3OH line integrated intensity maps (black contours) overlaid on the 1.2mm dust contin-
uum maps (grey scale) obtained toward the L1498 (left panel) and L1544 (right panel) cold cores (from
Tafalla et al. 2004, 2006; Caselli et al. 2002; Spezzano et al. 2017). The grey scale indicates different per-
centage levels (15%, 30%, 45%, 60%, 75% and 90%) with respect to the 1.2mm dust continuum peak flux
measured toward these cores (19.4 mJy/beam for L1498 and 224.8 mJy/beam for L1544). Contours corre-
spond to the integrated intensity levels of 0.08, 0.12, 0.16 and 0.20 Kkm s−1 for the CH3OH 30,3→20,2 A+ in
L1498, and to levels of 0.11, 0.19, 0.27, 0.35, and 0.43 Kkm s−1 for the CH3OH 21,2→11,1 E2 in L1544. Stars
indicate the location of the dust peaks in both cores while crosses show the coordinates of their methanol
peaks. Note that the CH3OH peak in L1544 is found at shorter radial distances (∼4000 au) than those
associated with the CH3OH peak in L1498 (∼11000 au).

were calibrated in units of antenna temperature,
T∗

A, and converted into main beam temperature,
Tmb, by using a beam efficiency of 0.81 at 79-
101GHz and of 0.78 at 102-111GHz. The rms
noise level ranged between ∼2-15mK for the
core’s center position and between ∼1.8-14mK
for the methanol peak (see Table 1). The rms
noise level for the frequencies between 95.7-97.2
and 109.2-111.03 were higher than for the rest of
frequency ranges because they were sufficient to
detect the observed CH3OH and CH3CN lines
with high signal-to-noise ratios.

3. RESULTS

3.1. COMs and COM precursors spectra

Table 2 presents the COMs and COM pre-
cursor molecules observed toward the dust and

methanol peaks of L1498, along with their
measured transitions, derived line parameters
and signal-to-noise ratio in integrated intensity
(S/N). The identification of the lines has been
carried out using the SLIM (Spectral Line Iden-
tification and Modelling) tool within the MAD-
CUBA package4 (Mart́ın et al. 2019). The spec-
troscopic entries are taken from the Cologne
Database for Molecular Spectroscopy (CDMS;
Endres et al. 2016) and the Jet Propulsion Lab-
oratory (JPL; Pickett et al. 1998).
Our observations have covered both O-

bearing and N-bearing COMs and COM

4 Madrid Data Cube Analysis on ImageJ is a software de-
veloped at the Center of Astrobiology (CAB) in Madrid;
http://cab.intacsic.es/madcuba/Portada.html



• 若い星の集団は星形成の記録を保持しており、星形成の進行を明らかにすることにつながる。 

• 近傍の若い星の数を特定するために、若い星を若い星を同定するための包括的なフレームワークを構築した。 

• Gaia DR2 のデータから、333 pc以内の ~ 3 x 10^4 の若い星の候補を特定した。 

• HDBSCAN を使ってクラスタリングすると、 27のトップレベルグループが同定され、そのうち半分は先行研究で指摘されていないものであった。 

• 10個のクラスターは、目に見えるようなsubstructureを持っている。 

• 星形成史の解明のため、年齢の見積もりからsubstructureを持つ天体に対してsubclusteringを行った。 

• Sco-Cenでは半円に沿って星形成が起き、~ 4 km/s (4 pc/Myr)で形成領域が外側に伝播していることが明らかとなった。 

• Perseus と Taurus では、現在の星形成イベントの前に、星形成バーストが起きていることが明らかとなった。 

• ガスの集積が、ガスの拡散や分子雲の再成長により中断されながら、複数の世代の星形成を引き起こすことを示唆する。 

• 大きな空間、時間スケールでの星形成の観測は、分子雲内と銀河全体の星形成をつなぐことにつながる。

young stellar system, possibly in the Perseus arm. Objects like ’Oumuamua may directly probe the surface compositions of
a hitherto-unobserved type of exoplanet: "exo-plutos". In a companion paper (Desch & Jackson, 2021) we demonstrate that
dynamical instabilities like the one experienced by the Kuiper belt, in other stellar systems, plausibly could generate and eject
large numbers of N2 ice fragments. ’Oumuamua may be the first sample of an exoplanet brought to us.

Modeling chemistry during star formation: Water deuteration in dynamic star-forming
regions
S. S. Jensen, J. K. Jørgensen, K. Furuya, T. Haugbølle, Y. Aikawa F Recent observations of the HDO/H2O ratio
toward protostars in isolated and clustered environments show an apparent dichotomy, where isolated sources show higher D/H
ratios than clustered counterparts. Establishing which physical and chemical processes create this differentiation can provide
insights into the chemical evolution of water during star formation and the chemical diversity during the star formation process
and in young planetary systems. Methods: The evolution of water is modeled using 3D physicochemical models of a dynamic
star-forming environment. The physical evolution during the protostellar collapse is described by tracer particles from a 3D
MHD simulation of a molecular cloud region. Each particle trajectory is post-processed using RADMC-3D to calculate the
temperature and radiation field. The chemical evolution is simulated using a three-phase grain-surface chemistry model and
the results are compared with interferometric observations of H2O, HDO, and D2O in hot corinos toward low-mass protostars.
Results: The physicochemical model reproduces the observed HDO/H2O and D2O/HDO ratios in hot corinos, but shows no
correlation with cloud environment for similar identical conditions. The observed dichotomy in water D/H ratios requires
variation in the initial conditions (e.g., the duration and temperature of the prestellar phase). Reproducing the observed D/H
ratios in hot corinos requires a prestellar phase duration t ⇠1-3 Myr and temperatures in the range T ⇠ 10-20 K prior to collapse.
This work demonstrates that the observed differentiation between clustered and isolated protostars stems from differences in
the molecular cloud or prestellar core conditions and does not arise during the protostellar collapse itself.

The complex organic molecular content in the L1498 starless core
Izaskun Jimenez-Serra, Anton I. Vasyunin, Silvia Spezzano, Paola Caselli, Giuliana Cosentino, Serena Viti F
Observations carried out toward starless and pre-stellar cores have revealed that complex organic molecules are prevalent in these
objects, but it is unclear what chemical processes are involved in their formation. Recently, it has been shown that complex
organics are preferentially produced at an intermediate-density shell within the L1544 pre-stellar core at radial distances of
4000 au with respect to the core center. However, the spatial distribution of complex organics has only been inferred toward
this core and it remains unknown whether these species present a similar behaviour in other cores. We report high-sensitivity
observations carried out toward two positions in the L1498 pre-stellar core, the dust peak and a position located at a distance
of 11000 au from the center of the core where the emission of CH3OH peaks. Similarly to L1544, our observations reveal that
small O-bearing molecules and N-bearing species are enhanced by factors 4-14 toward the outer shell of L1498. However, unlike
L1544, large O-bearing organics such as CH3CHO, CH3OCH3 or CH3OCHO are not detected within our sensitivity limits. For
N-bearing organics, these species are more abundant toward the outer shell of the L1498 pre-stellar core than toward the one in
L1544. We propose that the differences observed between O-bearing and N-bearing species in L1498 and L1544 are due to the
different physical structure of these cores, which in turn is a consequence of their evolutionary stage, with L1498 being younger
than L1544.

Stars with Photometrically Young Gaia Luminosities Around the Solar System (SPY-
GLASS) I: Mapping Young Stellar Structures and their Star Formation Histories
Ronan Kerr, Aaron C. Rizzuto, Adam L. Kraus, Stella S. R. Offner F Young stellar associations hold a star formation
record that can persist for millions of years, revealing the progression of star formation long after the dispersal of the natal
cloud. To identify nearby young stellar populations that trace this progression, we have designed a comprehensive framework
for the identification of young stars, and use it to identify ⇠3⇥104 candidate young stars within a distance of 333 pc using Gaia
DR2. Applying the HDBSCAN clustering algorithm to this sample, we identify 27 top-level groups, nearly half of which have
little to no presence in previous literature. Ten of these groups have visible substructure, including notable young associations
such as Orion, Perseus, Taurus, and Sco-Cen. We provide a complete subclustering analysis on all groups with substructure,
using age estimates to reveal each region’s star formation history. The patterns we reveal include an apparent star formation
origin for Sco-Cen along a semicircular arc, as well as clear evidence for sequential star formation moving away from that arc
with a propagation speed of ⇠4 km s�1 (⇠4 pc Myr�1). We also identify earlier bursts of star formation in Perseus and Taurus
that predate current, kinematically identical active star-forming events, suggesting that the mechanisms that collect gas can
spark multiple generations of star formation, punctuated by gas dispersal and cloud regrowth. The large spatial scales and long
temporal scales on which we observe star formation offer a bridge between the processes within individual molecular clouds and
the broad forces guiding star formation at galactic scales.
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• ATOMSサーベイ(大質量星形成領域への3mm観測)から、3mm連続波で453個のdense coreを同定した。 
• 3つのカタログを作成、銀河系での大質量星形成のための研究の基礎となるカタログ 
• H/UC-HIIコア: コンパクトなH40α、98個が同定 
• pure s-cHMC: COMs(complex organic molecules)が豊富なHot Molecular Cores、32個が同定 
• pure w-cHMC: COMが豊富ではないHMC、58個が同定 

• H/UC-HIIの半数はHMCsの候補 
• COMsを含むコアとH/UC-HIIコアの数から、化学的にリッチな大質量原始星コアの寿命はH/UC-HII領域の
寿命と同程度 

• H/UC-HIIカタログのコアサイズが小さいほどH40αの線幅が大きいので、非熱的な運動や圧力による線幅
の広がりがH/UC-HIIコアで支配的

ATOMS:ALMA Three-millimeter Observations of Massive Star-forming regions – III:
Catalogues of candidate hot molecular cores and Hyper/Ultra compact HII regions
ATOMS survey - Hong-Li Liu et al. F We have identified 453 compact dense cores in 3 mm continuum emission maps in
the ATOMS (ALMA Three-millimeter Observations of Massive Star-forming regions) survey, and compiled three catalogues of
high-mass star forming cores. One catalogue, referred to as H/UC-HII catalogue, includes 89 cores that enshroud hyper/ultra
compact (H/UC) HII regions as characterized by associated compact H40alpha emission. A second catalogue, referred to as pure
s-cHMC, includes 32 candidate Hot Molecular Cores (HMCs) showing rich spectra (N>20lines) of complex organic molecules
(COMs) but not associated with H/UC-HII regions. The third catalogue, referred to as pure w-cHMC, includes 58 candidate
HMCs with relatively low levels of COM richness and not associated with H/UC-HII regions. These three catalogues of dense
cores provide an important foundation for future studies of the early stages of high-mass star formation across the Milky Way.
We also find that nearly half of H/UC-HII cores are candidate HMCs. From the number counts of COM-containing and H/UC-
HII cores, we suggest that the duration of high-mass protostellar cores showing chemically rich features is at least comparable
to the lifetime of H/UC-HII regions. For cores in the H/UC-HII catalogue, the width of the H40alpha line increases as the
core size decreases, suggesting that the non-thermal dynamical and/or pressure line-broadening mechanisms dominate on the
smaller scales of the H/UC-HII cores.

Membership of Stars in Open Clusters using Random Forest with Gaia Data
Md Mahmudunnobe, Priya Hasan, Mudasir Raja, S N Hasan F Membership of stars in open clusters is one of the
most crucial parameters in studies of star clusters. Gaia opened a new window in the estimation of membership because of its
unprecedented 6-D data. In the present study, we used published membership data of nine open star clusters as a training set
to find new members from Gaia DR2 data using a supervised random forest model with a precision of around 90%. The number
of new members found is often double the published number. Membership probability of a larger sample of stars in clusters is
a major benefit in determination of cluster parameters like distance, extinction and mass functions. We also found members
in the outer regions of the cluster and found sub-structures in the clusters studied. The color magnitude diagrams are more
populated and enriched by the addition of new members making their study more promising.

Compact Disks: an explanation to faint CO emission in Lupus disks
Anna Miotello, Giovanni Rosotti, Megan Ansdell, Stefano Facchini, Carlo F. Manara, Jonathan P. Williams,
Simon Bruderer F A large fraction of observed protoplanetary disks in nearby Star-Forming Regions (SFRs) are fainter than
expected in CO isotopologue emission. Disks not detected in 13CO line emission are also faint and often unresolved in the
continuum emission at an angular resolution of around 0.2 arcseconds. Focusing on the Lupus SFR, the aim of this work is to
investigate whether the population of CO-faint disks comprises radially extended and low mass disks - as commonly assumed
so far - or if it is of intrinsically radially compact disks, an interpretation that we propose in this paper. The latter scenario
was already proposed for individual sources or small samples of disks, while this work targets a large population of disks in a
single SFR for which statistical arguments can be made. A new grid of physical-chemical models of compact disks has been run
with DALI in order to cover a region of the parameter space that had not been explored before with this code. Such models
have been compared with 12CO and 13CO ALMA observations of faint disks in Lupus. Disks that are not detected in 13CO
emission and with faint or undetected 12CO emission are consistent with compact disk models. For radially compact disk, the
emission of CO isotopologues is mostly optically thick and it scales with the surface area: i.e., it is fainter for smaller objects.
The fraction of compact disks is potentially between roughly 50% and 60% of the entire Lupus sample. Deeper observations
of 12CO and 13CO at a moderate angular resolution will allow us to distinguish whether faint disks are intrinsically compact,
or if they are extended but faint, without the need of resolving them. If the fainter end of the disk population observed by
ALMA disk surveys is consistent with such objects being very compact, this will either create a tension with viscous spreading
or require MHD winds or external processes to truncate the disks.

The ionized heart of a molecular disk. ALMA observations of the hyper-compact HII
region G24.78+0.08 A1
Luca Moscadelli, Riccardo Cesaroni, Maria T. Beltrán, Victor M. Rivilla F The study of hyper-compact (HC)
or ultra-compact (UC) HII regions is fundamental to understanding the process of massive (> 8 M�) star formation. We
employed Atacama Large Millimeter/submillimeter Array (ALMA) 1.4 mm Cycle 6 observations to investigate at high angular
resolution ( 0.050", corresponding to 330 au) the HC HII region inside molecular core A1 of the high-mass star-forming cluster
G24.78+0.08. We used the H30alpha emission and different molecular lines of CH3CN and 13CH3CN to study the kinematics
of the ionized and molecular gas, respectively. At the center of the HC HII region, at radii < 500 au, we observe two mutually
perpendicular velocity gradients, which are directed along the axes at PA = 39 deg and PA = 133 deg, respectively. The velocity
gradient directed along the axis at PA = 39 deg has an amplitude of 22 km/s mpc�1, which is much larger than the other’s,
3 km/s mpc�1. We interpret these velocity gradients as rotation around, and expansion along, the axis at PA = 39 deg. We
propose a scenario where the H30alpha line traces the ionized heart of a disk-jet system that drives the formation of the massive

7

8 H.-L. Liu et al.

Figure 5. Venn diagram showing the relation between 138 COM-containing
and 89 H/UC-HII cores. The 138 COM-containing cores consist of 58 pure
and 24 H/UC-HII–associated w-cHMCs and 32 pure and 24 H/UC-HII–
associated s-cHMCs.

58 pure w-cHMCs. These results suggest that most of the 90 COM-
containing cores are indeed compact.

Note that contamination from free-free radiation to continuum
may not be trivial for the cores associated with H/UC-HII. In prac-
tice, we calculated at a temperature of 100 K the masses for two
types of cores , pure cHMCs and cHMCs associated with H/UC-
HII sources (i.e., compact H40a emission). In comparison, we found
that the mass of the latter cores (⇠ 104 M�) is on average about
two magnitude higher than that of the former cores (⇠ 102 M�).
This result suggests that contamination by free-free radiation is non-
negligible in calculating the flux-related parameters. Since this con-
tamination cannot be accurately determined, we do not give the es-
timate of the continuum flux-related parameters for the H/UC-HII
cores such as the mass.

3.3 Compact dense core list not associated with either cHMC
or H/UC-HII.

As described above, we extract 453 cores in 3 mm continuum. Of
these, 89 are classified as H/UC-HII, 32 as s-cHMC, and 58 as w-
cHMC. The remaining 274 cores lack observationally-quantifiable
metrics for association into any of the three categories above. Hence
we refer to these as ”unknown cores” (see Table 4). These “unknown
cores” could be simple continuum flux condensations in an earlier
evolutionary stage. Indeed, chemically poor HMPOs and candidate
massive prestellar cores have been detected in some massive proto-
clusters (e.g., Liu et al. 2017). However, it is also possible that some
(to date) unknown but potentially significant fraction of these “un-
known cores” may actually be cHMC or H/UC-HII cores that fall
below our sensitivity limit due to spatial resolution, distance, and/or
flux limitations. These will be investigated in more detail in future
work.

For reference, the mass, number density, and mass surface den-
sity of the “unknown” cores (see Table 4), were calculated (see Ap-
pendix B) assuming a dust temperature of 25 K. This temperature
is comparable to the median value of the clumps that do not have
cHMC or H/UC-HII signatures. As a result, these cores have a me-
dian radius of 2.4 ⇥ 10�2 pc in an IQR of [1.3, 4.6]⇥10�2 pc, a
median mass of 19M� in an IQR of [5, 99]M�, a median num-
ber density of 0.6⇥ 106 cm�3 in an IQR of [0.3, 1.3]⇥106 cm�3,
and a median mass surface density of 2.2 g cm�2 in an IQR of [1.1,

4.3] g cm�2. The properties of the ”unknown” cores will be more
thoroughly investigated in a forthcoming paper.

4 DISCUSSION

4.1 Limitations in dense core extraction and classification

Our ATOMS survey consists of a uniform sensitivity and angular
resolution survey toward regions located over a large range of dis-
tances. Consequently, the dense core extraction, as discussed above,
is affected by variations of factors of order of ⇠ 10 in distance
across the sample. Here we focus on the most robust (brightest) por-
tion of our sample (i.e. w-cHMC, s-cHMC and H/UC-HII cores, see
Sect. 3.2).

Figure 6 shows how the radii (R) and masses (M) depend on dis-
tances (D) for the three groups (w-cHMC, s-cHMC and H/UC-HII)
of dense cores. There are clear increasing trends in R vs. D and
M vs. D relations, further suggesting that distant sources were not
well resolved. With future higher resolution observations, we expect
that these distant cores with sizes of ⇠ 0.1 pc would break down to
smaller sub-cores or condensations with sizes of ⇠ 0.01 pc. More-
over, the masses of the w-cHMC and s-cHMC cores can be found in
Figure 6b far above the detection limit, which is in agreement with
the nature of bright emission in continuum for those two types of
cores.

Moreover, beam dilution impairs detection of hot and H/UC-HII
cores at large distances. Therefore, we assume a smaller detection
rate of such cores at larger distances. We tested this assumption
by re-examining the detectablity of the COM and H40↵ lines af-
ter pushing the observations of the relatively nearby sources to a
large distance. In practice, we smoothed the cubes of SPWs7–8 for
10 cHMCs and 5 H/UC-HII cores at distances 6 2 kpc to the larger
beam size that was transferred from the ATOMS typical angular res-
olution (⇠ 1.600) at a fixed far distance of 5 kpc. In consequence,
only 30% of the selected cHMC sources were re-identified using
the same HMC identification method as in Sect. 3.2.2, while 80% of
the selected H/UC-HII sources have been re-identified. This result
suggests that beam dilution affects the detectabiliy for cHMCs more
than it does for H/UC-HII cores at the ATOMS sensitivity.

Furthermore, Fig. 7 shows the distance distributions of three
groups of clumps, which contain w-cHMC, s-cHMC and H/UC-HII.
For comparison, we also plot the distance distribution of the full
sample. Indeed, we find that the candidate hot cores (w-cHMC and
s-cHMC) tend to be located at nearer distances (Fig. 7b,c), with their
cumulative distribution curves (in red and blue colors in Fig. 7a)
above the curve (in gray color) for the full sample.

We test whether the distance distributions of clumps containing
different kinds of dense cores follow the same distribution as the
full sample with KolmogorovSminov test. The unknown hypothe-
sis is that two distributions follow the same distribution. The tests
are consistent with the unknown hypothesis for the w-cHMCs group
(P-value=0.37) and H/UC-HII group (P-value=0.67) due to their P-
values being greater than 0.05, suggesting that the detection rates of
w-cHMCs and H/UC-HII are not greatly affected by the distance is-
sue. In contrast, the P-value for s-cHMCs is 0.06, indicating that the
detection of s-cHMCs is significantly limited by distances. It may
imply that the detection rate of s-cHMCs is significantly underes-
timated for distant sources. This is in line with the cumulative dis-
tribution function of distances (Fig. 7a). In the figure, clumps with
s-cHMC appear to show smaller distances (⇠ 2.6 kpc on average)
than those (⇠ 3.2 kpc on average) with w-cHMC, indicating that the
detection of hot cores at large distances is incomplete.
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Fig. 5 それぞれのコアの数を 
表したベン図



• 散開星団において、星の構成は最も重要なパラメータ。 
• 機械学習で星の分類を行う。 
• 9つの星団に関する星の構成を学習データにして、Gaia DR2から新しいメンバーを作成した。 

• これまでのデータより2倍の数のメンバーを見つけた 
• サンプル数の充実は、距離や吸収、質量関数を決定する上でメリットがある。 
• クラスターの周りでもメンバーが見つかった 
• クタスターの中にsubstructureが見つかった 
• カラーマグニチュード図はより一層充実したものに

ATOMS:ALMA Three-millimeter Observations of Massive Star-forming regions – III:
Catalogues of candidate hot molecular cores and Hyper/Ultra compact HII regions
ATOMS survey - Hong-Li Liu et al. F We have identified 453 compact dense cores in 3 mm continuum emission maps in
the ATOMS (ALMA Three-millimeter Observations of Massive Star-forming regions) survey, and compiled three catalogues of
high-mass star forming cores. One catalogue, referred to as H/UC-HII catalogue, includes 89 cores that enshroud hyper/ultra
compact (H/UC) HII regions as characterized by associated compact H40alpha emission. A second catalogue, referred to as pure
s-cHMC, includes 32 candidate Hot Molecular Cores (HMCs) showing rich spectra (N>20lines) of complex organic molecules
(COMs) but not associated with H/UC-HII regions. The third catalogue, referred to as pure w-cHMC, includes 58 candidate
HMCs with relatively low levels of COM richness and not associated with H/UC-HII regions. These three catalogues of dense
cores provide an important foundation for future studies of the early stages of high-mass star formation across the Milky Way.
We also find that nearly half of H/UC-HII cores are candidate HMCs. From the number counts of COM-containing and H/UC-
HII cores, we suggest that the duration of high-mass protostellar cores showing chemically rich features is at least comparable
to the lifetime of H/UC-HII regions. For cores in the H/UC-HII catalogue, the width of the H40alpha line increases as the
core size decreases, suggesting that the non-thermal dynamical and/or pressure line-broadening mechanisms dominate on the
smaller scales of the H/UC-HII cores.

Membership of Stars in Open Clusters using Random Forest with Gaia Data
Md Mahmudunnobe, Priya Hasan, Mudasir Raja, S N Hasan F Membership of stars in open clusters is one of the
most crucial parameters in studies of star clusters. Gaia opened a new window in the estimation of membership because of its
unprecedented 6-D data. In the present study, we used published membership data of nine open star clusters as a training set
to find new members from Gaia DR2 data using a supervised random forest model with a precision of around 90%. The number
of new members found is often double the published number. Membership probability of a larger sample of stars in clusters is
a major benefit in determination of cluster parameters like distance, extinction and mass functions. We also found members
in the outer regions of the cluster and found sub-structures in the clusters studied. The color magnitude diagrams are more
populated and enriched by the addition of new members making their study more promising.

Compact Disks: an explanation to faint CO emission in Lupus disks
Anna Miotello, Giovanni Rosotti, Megan Ansdell, Stefano Facchini, Carlo F. Manara, Jonathan P. Williams,
Simon Bruderer F A large fraction of observed protoplanetary disks in nearby Star-Forming Regions (SFRs) are fainter than
expected in CO isotopologue emission. Disks not detected in 13CO line emission are also faint and often unresolved in the
continuum emission at an angular resolution of around 0.2 arcseconds. Focusing on the Lupus SFR, the aim of this work is to
investigate whether the population of CO-faint disks comprises radially extended and low mass disks - as commonly assumed
so far - or if it is of intrinsically radially compact disks, an interpretation that we propose in this paper. The latter scenario
was already proposed for individual sources or small samples of disks, while this work targets a large population of disks in a
single SFR for which statistical arguments can be made. A new grid of physical-chemical models of compact disks has been run
with DALI in order to cover a region of the parameter space that had not been explored before with this code. Such models
have been compared with 12CO and 13CO ALMA observations of faint disks in Lupus. Disks that are not detected in 13CO
emission and with faint or undetected 12CO emission are consistent with compact disk models. For radially compact disk, the
emission of CO isotopologues is mostly optically thick and it scales with the surface area: i.e., it is fainter for smaller objects.
The fraction of compact disks is potentially between roughly 50% and 60% of the entire Lupus sample. Deeper observations
of 12CO and 13CO at a moderate angular resolution will allow us to distinguish whether faint disks are intrinsically compact,
or if they are extended but faint, without the need of resolving them. If the fainter end of the disk population observed by
ALMA disk surveys is consistent with such objects being very compact, this will either create a tension with viscous spreading
or require MHD winds or external processes to truncate the disks.

The ionized heart of a molecular disk. ALMA observations of the hyper-compact HII
region G24.78+0.08 A1
Luca Moscadelli, Riccardo Cesaroni, Maria T. Beltrán, Victor M. Rivilla F The study of hyper-compact (HC)
or ultra-compact (UC) HII regions is fundamental to understanding the process of massive (> 8 M�) star formation. We
employed Atacama Large Millimeter/submillimeter Array (ALMA) 1.4 mm Cycle 6 observations to investigate at high angular
resolution ( 0.050", corresponding to 330 au) the HC HII region inside molecular core A1 of the high-mass star-forming cluster
G24.78+0.08. We used the H30alpha emission and different molecular lines of CH3CN and 13CH3CN to study the kinematics
of the ionized and molecular gas, respectively. At the center of the HC HII region, at radii < 500 au, we observe two mutually
perpendicular velocity gradients, which are directed along the axes at PA = 39 deg and PA = 133 deg, respectively. The velocity
gradient directed along the axis at PA = 39 deg has an amplitude of 22 km/s mpc�1, which is much larger than the other’s,
3 km/s mpc�1. We interpret these velocity gradients as rotation around, and expansion along, the axis at PA = 39 deg. We
propose a scenario where the H30alpha line traces the ionized heart of a disk-jet system that drives the formation of the massive
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