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Ø  Class	
  I	
  protobinary	
  L1551	
  NE,	
  C18O	
  3-­‐2,	
  13CO	
  3-­‐2,	
  0.9-­‐mm連続波,	
  ALMA	
  
Ø  過去のSMAより空間分解能が面積で1.6倍、感度が輝度温度で6倍良くなった。	
  
Ø  ALMAではじめて、	
  
-­‐	
  連続波ではcircumbinary	
  disk上で輝度の分布(粒々)	
  
-­‐	
  C18Oではケプラー回転からずれた高速度成分	
  

Ø  連続波ではbinaryの南北にprotostellar	
  diskとprotobinary	
  diskの隙間が見えるが、
C18Oでは隙間はない。	
  

Ø  C18Oの速度構造は、高速成分やmom1のridgeが長軸からずれる。	
  
Ø  短軸PV図で速度勾配あり。	
  
Ø  SMAで求めたケプラー回転成分を引くと、連続波circumbinary	
  disk上で高速成分が見

える。	
  

Ø  流体シミュレーションで再現(4x104	
  yrの準静的状態)。	
  
Ø  連星系のRoche	
  poten)alでは重力によるトルクを受けて、角運動量を得たものが角

運動量の小さい部分にぶつかり、ショックを作る。	
  
Ø  ラグランジュのL2とL3(連星を結んだ線上)にストリームができる。	
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Fig. 1.— ALMA 0.9-mm dust-continuum images of L1551 NE with di↵erent imaging meth-

ods; a) Image with the Natural weighting, b) Image with the robust parameter of +0.5, c)

Image using the visibility data at the uv distance higher than 80k! with the Uniform weight-

ing, and d) same as that in panel c but after the subtraction of the central circumstellar-disk

components. Contour levels start from 0.107 K ⇥2 in steps of ⇥2 until ⇥18, and in steps

of ⇥6 until ⇥30, and then in steps of ⇥15. 1" noise levels of the images in panels a, b,

and c and d are 0.105 K, 0.090 K, and 0.107 K, respectively. Filled ellipses at the bottom-

right corners show the synthesized beams, and the beam sizes are 0.!!94⇥0.!!57 (P.A.=20.2" ),

0.!!85⇥0.!!50 (P.A.=15.2" ), and 0.!!72⇥0.!!36; P.A.=9.1" for panels a, b, and c and d, respectively.

The lower-left and upper-right crosses indicate the centroid positions of the 2-dimensional

Gaussian fittings to the dusty components associated with Sources A and B, which we regard

as the positions of Sources A and B.
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Fig. 2.Ñ a) ALMA image of the C18O (J=3-2) plus continuum emission of L1551 NE
integrated over the velocity range fromVLSR=2.67 km s�1 to 10.56 km s�1, superposed on
the 0.9-mm dust-continuum image of L1551 NE (colors; same as in Figure 1). Contour levels
are 3! , 10! , 30! , and then in steps of 20! (1! = 14.8 mJy beam�1 km s�1). Crosses denote
the positions of the protostellar binary, and a Þlled ellipse at the bottom-right corner the
synthesized beam of the C18O plus continuum image (0.0082! 0.0049; P.A.=15.9�). b) ALMA
image of the C18O (J=3-2) emission of L1551 NE after the subtraction of the continuum
level (contours), superposed on the 0.9-mm dust-continuum image (colors). Contour levels
and symbols are the same as those in panel a).
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Fig. 4.Ñ Maps of high-velocity blueshifted (blue contours) and redshifted (red) C18O (J=3-
2) (upper panels) and13CO (J=3-2) emission (lower) in the velocity regions as labeled,
superposed on the 0.9-mm dust-continuum image (grey scale) in L1551 NE. In panel a)
contour levels are in steps of 3� (1� = 6.0 mJy beam! 1). In panels b) and c) contour levels
start from 3� in steps of 5� until 43�, and then 55�, 70�, and 90� (1� = 6.5 mJy beam! 1). In
panel d) contour levels are 3�, 9�, 15�, 25�, 35�, and 50� (1� = 4.15 mJy beam! 1). In panels
e) and f) contour levels are 3�, 13�, and then in steps 20� (1� = 4.5 mJy beam! 1). Crosses
show the positions of the protostellar binary, and a Þlled ellipse at the bottom-right corner
in panel c) denotes the synthesized beam in the C18O images (0.""82! 0.""49, P.A.=15.9#), and
that in panel f) the synthesized beam in the13CO images (0.""81! 0.""49, P.A.=15.8#). Solid
curves delineate the detectedS-shaped feature. Dashed lines in panel a) show the major
(N-S) and minor (E-W) axes of the circumbinary disk, and the o↵-center minor axes (ES-WS
& EN-WN), which are the cut lines of the Position-Velocity diagrams shown in Figure 6.
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Fig. 5.— a) Intensity-weighted mean velocity (moment 1) map of the C18O (J=3-2) emission

in L1551 NE observed with ALMA. Contour levels are from VLSR=5.2 km s! 1 (bluest contour

to the north) in steps of 0.1 km s! 1 until VLSR=6.0 km s! 1, and in steps of 0.2 km s! 1 until

8.0 km s! 1, and then in steps of 0.1 km s! 1 until VLSR=8.3 km s! 1 (reddest contour to the

south). Tilted vertical and horizontal dashed lines denote the major and minor axes of the

circumbinary disk, respectively. Crosses show the positions of the protostellar binary, and a

filled ellipse at the bottom-right corner shows the synthesized beam (0.""82! 0.""49; P.A.=15.9#).

A solid curve traces (by eye) the detected S-shaped velocity pattern. b) Moment 1 map in

the case of the axisymmetric Keplerian rotation derived from our previous SMA observations

of L1551 NE. Contour levels are the same as those in panel a), except for the two additional

red contours of VLSR=8.4 km s! 1 and 8.5 km s! 1. c) Map of the residual line-of-sight

velocity after subtracting the Keplerian-rotation motion (panel b) from the observed mean

velocity (panel a). White contours show the map of the observed 0.9-mm dust-continuum

emission, after subtracting the central two compact components which most likely arise from

the circumstellar disks around the binary stars (same as that in Figure 1d). Purple and red

curves delineate the arm portions where the observed velocities are faster than that expected

from the Keplerian rotation. d) Theoretically-predicted moment 1 map of the C18O (J=3-2)

emission in L1551 NE, calculated from our hydrodynamic and radiative transfer calculations

and the ALMA observing simulation. Contour levels are the same as those in panel b).
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Fig. 9.— Circumbinary disk reproduced by our AMR hydrodynamic simulation of gas ac-

cretion onto the protostellar binary at the stage of t = 4.13 ! 104 yr (21.1 orbital periods of

the binary). a) Color scale denotes the logarithmic surface density distribution. The surface

density is normalized so that the binary separation and the gas density at the outer bound-

ary are unity. Arrows denote the gas velocity in the mid-plane of the protostellar binary

system. The Roche potential is overplayed by contours. Crosses indicate the positions of

the protostellar binary; the left and right crosses correspond to Source A (primary star) and

Source B (secondary star), respectively. b) Color scale denotes a di! erence between the rota-

tion velocity and the Keplerian velocity in the mid-plane, v! " v

kep

, where v
kep

=
!

GM" /r,

M" denotes the total mass of Sources A and B, and r denotes a distance from the origin

which is defined by the center of the mass of the protostellar binary. The red regions ex-

hibit faster rotation than that expected from the Kepler’s law, and vice versa for the blue

regions. The logarithmic surface density is overplayed by contours, where the contour levels

are log " = 1, 0.5, 1.5, á á á4. The spiral arms tend to exhibit faster rotation. c) Color scale

denotes the radial velocity v

r

in the mid-plane. The radial velocity is measured from the

origin. The logarithmic surface density is overplayed by contours. The spiral arms tend to

exhibit outflows (red), while the inter-arms tend to exhibit inflows (blue). Note that, in

panels b) and c), extremely high values are obtained inside and near the Roche robe because

the Keplerian rotation around the origin is expected only outside the Roche lobe.
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Fig. 7.Ñ a) 0.9-mm dust-continuum image of L1551 NE taken with ALMA. Contour levels
start from 2! in steps of 2! until 12! , and in steps of 6! until 30! , and then in steps
of 15! (1! = 2.6 mJy beam! 1). The highest contour level is 90! . The lower-left and
upper-right crosses indicate the positions of Sources A and B, respectively. A Þlled ellipse
at the bottom-right corner shows the synthesized beam (0.""72! 0.""36; P.A.=9.1#). b), c)
Theoretically-predicted 0.9-mm dust-continuum images of L1551 NE. We performed the
radiative transfer calculation with the gas distribution computed from our 3-D hydrodynamic
model to produce the theoretical image in panel c). Then we conducted the ALMA observing
simulation to make the theoretically-predicted ALMA image shown in panel b). Contour
levels and symbols are the same as those in panel a).
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Fig. 10.Ñ Schematic picture of the protostellar binary system L1551 NE revealed with the
present ALMA observation.

Ð 38 Ð

Table 2. Parameters for the Theoretical Model of L1551 NE

Parameter Value

Computer ATERUI in NAOJ CfCA
Simulation Code 3D AMR Code (SFUMARTO; Matsumoto 2007)
Execution Time 35 hours (512 Cores)
Simulation Box (1740 AU)3

Highest Resolution 0.85 AU
Radius of Sink Particles 3.4 AU
Boundary Radius 1740 AU
Image Pixel Size 5 AU
Binary Separationa 145 AU
Centrifugal Radius of Gasa 300 AU
Disk Position Anglea 167�

Disk Inclination Anglea -62�

Total Binary Massa 0.8 M�
Binary Mass Ratioa 0.19
Gas Number Density at the Boundary 1.5 ! 105 cm�3

Mean Molecular Weight 2.3

Temperature Profileb T (r) = max
!
23 K

" rA
300 AU

#�0.2
, 19 K

" rB
300 AU

#�0.2
$

Dust Opacityc 0.9 mm = 0.053 cm2 g�1

C18O Abundanced 1.7 ! 10�7

aDerived from the Keplerian-disk model fitting to the C18O data taken with the SMA (Takakuwa
et al. 2012).

bRadii rA and rB indicate the distance from Source A and that from Source B, respectively.

cSee Section 3.1.

dCrapsi et al. (2004).
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Ø  polarized	
  intensity	
  (PI)を使って、円盤のsurface	
  geometryを求める方法を開発。	
  
Ø  以下の仮定のもと微分方程式を解く。	
  
1.  エッジオンに近くない。	
  
2.  NIRで光学的に厚い。	
  
3.  表面とは星からτ~1の場所。	
  
4.  円盤は幾何的に薄い。	
  
5.  フレアは小さい（α–θ<<1）。	
  
6.  中心星は点源。	
  
7.  複数散乱は無視。	
  
	
  
Ø  散乱をmonochroma)cモンテカルロシミュレーションでモデル化し、今回の方法を検証。	
  
(I)  密度分布を与え、τ=0.5,	
  1.0,	
  2.0の場所を計算する。	
  
(II)  PI分布をモンテカルロで計算する。	
  
(III)  (II)のPIを使って今回の方法で表面のgeometryを求め、(I)と比べる。	
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Fig. 2.— (a) Density distributions assumed for the ID 300949 model (Model 1), the same model but ! =2,
" =3 (Model 2), and same as Model 2 but with a disk gap (Model 3, see text for details). White dashed,
solid, and dotted curves show the positions for #=0.5, 1, and 2 from the star, respectively. (b)(c) Modeled
PI images using the Sprout code with a viewing angle of 18.2! and 49.5! , respectively. White lines show
the positions where we measured the PI fluxes to calculate the surface geometry of the disk (P.A.=0, 45,
90, 135, and 180! ).
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Fig. 3.Ñ The surface geometry of the disk derived using the measuredP I ßux in Figure 2 and Equation (10).
The parameters z and r are the height from the midplane and the distance from the star in the midplane,
respectively. The red and blue curves show the geometry derived from theP I images with viewing angles of
18! and 49! , respectively. Gray dashed, solid, and dotted curves show the positions for! =0.5, 1, and 2 from
the star, respectively. The parameterS0 in each case is chosen for the best Þt of the! =1 curve (see text).
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Ø  実際の観測Subaru-­‐HiCIAO	
  5天体に対して今回の方法を実行。	
  
Ø  半径方向にPIの極大値があるが、zにはなく、sinθの傾きがその辺りで極大になる。	
  
Ø  非軸対称性が見られるが、非軸対称な星の光度(hot	
  spotやinner	
  disk,	
  companionの

影響)を考えると表面の非軸対称性は小さくて良い。	
  
Ø  残った非軸対称な表面geometryはスパイラルアームと重なる。	
  
Ø  ギャップはwallではなく、中心星からの光線が表面と平行な場所か、窪みかも。	
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Fig. 9.— Disk surfaces obtained for the following cases: (1) axisymmetric illumination, S0=sin ✓0=0, where
✓0 is the elevation angle of the position of a scattering event from the midplane at the innermost radius; (2)
axisymmetric illumination, di↵erent S0 for di↵erent P.A.s to produce the axisymmetric structure at large
radii (Case A); (3) S0=0, non-axisymmetric illumination to produce the axisymmetric structure at large
radii (Case B). See text for details. The P.A.s selected are the same as in Figures 4–8. As in Figures 4–8 the
fainter curves show the results in the outer regions where the observed PI flux nP I /n⇤ ⇠ 0, and therefore
the results are not reliable.

29

P.A.= 60°

P.A.= 220°

P.A.= 180°

P.A.= 300°

r (AU) r (AU)

r (AU)r (AU)

Offset (AU)

O
ffs

et
 (A

U)

 nPI / n*  (x10-7 pixel-1)

S0=  0
0.02
0.04

0.06, 0.07, 0.09, 0.03

Angular
resolution

N

 n
P

I /
 n

*

(1
0-

7  p
ixe

l-1
)

 n
P

I /
 n

*

(1
0-

7  p
ixe

l-1
)

 n
P

I /
 n

*

(1
0-

7  p
ixe

l-1
)

 n
P

I /
 n

*

(1
0-

7  p
ixe

l-1
)

z 
(A

U)
S

 (=
sin

 !
)

z 
(A

U)
S

 (=
sin

 !
)

z 
(A

U)
S

 (=
sin

 !
)

z 
(A

U)
S

 (=
sin

 !
)

Angular
resolution

Angular
resolution

Angular
resolution

Fig. 4.— (top) P I image of SAO 206462 (Muto et al. 2012). The angular resolution is 0.!! 06, corresponding to 8 AU in the
image. The P I flux is scaled by the spatially integrated stellar I flux (see text for details). The region within 0.!! 2 (28 AU)
of the star is masked. The white dashed lines indicate the positions for which we derive the surface geometry. (bottom ) The
results of the numerical integration for the individual P.A.s. For each P.A., the top figure shows the P I flux distribution; the
middle shows S=sin ✓, where ✓ is the elevation angle of the position of a scattering event from the midplane (see Figure 1);
the bottom shows the disk surface. The distance r is corrected for the disk inclination. The initial values of the numerical
integration S

0

are set to be 0, 0.02, and 0.04 at 0.!! 2 (corresponding to the projected radius of 28 AU) from the star, and the
results are shown with solid, dashed, and dotted curves, respectively. Fainter curves at large radii show the results in the outer
regions where nP I /n " ⇠ 0, and the results are therefore not reliable (see text for details).
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Fig. 10.Ñ ( top) Spiral arms discussed for SAO 206462 and MWC 758. (bottom) Surface geometry for Case
(B) at di ! erent P.A.s (left for each object) and those for which we subtracted the linear component (right,
see the text for details). These are obtained at P.A.s with an interval of 30! , and each of them is shown with
an arbitrary o ! set. The vertical arrows correspond toz/z 1 = 1, where z1 is the disk height at the outermost
radius r 1 (see Table 7). The thick curves show the geometries for P.A.=0! , 90! , 180! , and 270! . Blue curves
show the positions of the spiral arms indicated by black dashed curves in the upper Þgures. The faint blue
curves at the ends of some of the blue curves are the positions of arms not clearly seen in the top image, but
identiÞed as local concave-up structures at the disk surface.
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Fig. 10.Ñ ( top) Spiral arms discussed for SAO 206462 and MWC 758. (bottom) Surface geometry for Case
(B) at di ! erent P.A.s (left for each object) and those for which we subtracted the linear component (right,
see the text for details). These are obtained at P.A.s with an interval of 30! , and each of them is shown with
an arbitrary o ! set. The vertical arrows correspond toz/z 1 = 1, where z1 is the disk height at the outermost
radius r 1 (see Table 7). The thick curves show the geometries for P.A.=0! , 90! , 180! , and 270! . Blue curves
show the positions of the spiral arms indicated by black dashed curves in the upper Þgures. The faint blue
curves at the ends of some of the blue curves are the positions of arms not clearly seen in the top image, but
identiÞed as local concave-up structures at the disk surface.
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Ø  分子雲中の磁場は、重力収縮を支えたり、cloud	
  fragmentaionを原始星が生まれるコ
アにしたりするが、その効果はM/ΦBに依存する。	
  

Ø  分子雲がsubcri)calであれば、重力収縮が起きる前にambipolar	
  diffusionで
supercri)calなfragmentができる必要があるなどシナリオの違いを生む。	
  

Ø  ΦBはOHなどのZeeman効果で測るが、OHのabundanceが測定に与える影響を擬似観
測で調べる。	
  

Ø  chemodynamical	
  models	
  -­‐-­‐-­‐	
  非平衡化学、nonideal	
  MHDで原始星コアの進化を追う。	
  
　　パラメーターは、初期のM/ΦB、C/O,	
  イオン化率、温度。	
  
Ø  擬似観測	
  -­‐-­‐-­‐	
  円盤状になるのでface-­‐onとする。nH2>104	
  cm–3を円盤、nH2>103	
  cm–3をコ

ア＋エンベロープとする。	
  

Ø  高密度コアのM/Φ4とコア＋エンベロープのM/Φ3の比R’=(M/Φ4)/(M/Φ3)はモデルの
違いや時間に対してほぼ一定。	
  

Ø  ΦBをOH-­‐mass-­‐weightedにしてZeeman擬似観測、MはOHの柱密度に比例。	
  
Ø  高密度なほど磁場も強いが、OHはdepleteし、質量も減る。	
  
à結果的にR’は真の値よりも小さく出て、モデル間の差も大きく、また初期にsubcri)calな
ほど小さく出て、高密度ほど小さく出た。	
  
Ø  MもΦBも過小評価するが、Mの方が影響が大きいàM/ΦBを過小評価。	
  
à高密度(supercri)cal)で過小評価が酷いと、低密度(subcri)al)より小さくなる可能性も。	
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OH depletion and the mass-to-flux ratio 3

Figure 1. Actual value of R! = (M/! 4)/M/! 3 as a function
of central density of the core, for the various models used in
this work. Models correspond to symbols and line types as fol-
lows: Diamonds: magnetically subcritical; X: magnetcially criti-
cal; crosses: magnetically supercritical; solid lines: reference C/O,
T, ! ; dotted lines: C/O=1; dashed lines: low T; dot-dashed: high
T; thick line: high ! ; thin line: low ! .

Figure 2. Simulated observations of R! = (M/! 4)/M/! 3 as a
function of central density of the core, for the various models used
in this work. Symbols and lines as in Fig. 1.

the mass-to-ßux ratio of the core is also steady after the
onset of dynamical collapse, and before the ÒresurrectionÓ
of ambipolar di ! usion, seen at densities around 1010 cm" 3

(Desch & Mouschovias 2001; Tassis & Mouschovias 2007.)
Next, we use our simulations to reproduce what a Òre-

alisticÓ experiment would look like: we calculate the mass
and magnetic ßux that would be estimated for the Òdense

Figure 3. Scaling of the total (cumulative) mass (solid lines) and
magnetic flux (dotted lines) with radius, for a region of the cloud
with an outer boundary at 103 cm" 3 . Each curve corresponds to
a di" erent evolutionary stage.

coreÓ and Òcore+envelopeÓ regions using Zeeman observa-
tions and observations of the OH line intenstity respective ly.
To do this, we assume that the magnetic Þeld traced by
Zeeman splitting of the OH line is the OH-massÐweighted
magnetic Þeld in the region under consideration. Since our
models follow both the OH abundance and the evolution of
the magnetic Þeld, this quantity is easily calculated. In ad -
dition, we assume that the cloud is optically thin in OH line
emission, and therefore the OH intensity is proportional to
the OH column density. The ratio of masses between core
and core+envelope (which enters the estimation of R! ) is
thus simply the ratio between OH masses between the two
regions, a quantity that is directly followed in each model.

OH depletion a! ects the measurement of both the mag-
netic Þeld and the massin the same direction, so it is not a
priori obvious whether R! would end up underestimated or
overestimated. The mean magnetic Þeld is underestimated,
as discussed in Tassis et al. (2012), because OH is more
depleted in the higher density regions, where the magnetic
Þeld is also high. The total mass in the highest density re-
gions also appears lower in OH intensity, because the OH
abundance drops as the density increases.

Fig. 2 shows the ratio R! as measured in the fashion
discussed above, plotted against the central number density
(a proxy for the evolutionary age), for di ! erent models. In all
models R! is underestimated compared to its ÒrealÓ value.
In all models but one, its ÒobservedÓ value is lower than
one, and, depending on the model, it can appear to be lower
than 0.1. Ironically, the more subcritical an envelope is, the
more R! deviates from its ÒrealÓ value: the reason is that
more subcritical models evolve more slowly and the e! ect of
depletion is more severe.

The reason why the net e! ect of depletion has the sign
discussed above can be traced back to the cumulative ra-
dial proÞles of the total mass and total ßux in the evolving
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gions also appears lower in OH intensity, because the OH
abundance drops as the density increases.

Fig. 2 shows the ratio R′ as measured in the fashion
discussed above, plotted against the central number density
(a proxy for the evolutionary age), for di ! erent models. In all
models R′ is underestimated compared to its ÒrealÓ value.
In all models but one, its ÒobservedÓ value is lower than
one, and, depending on the model, it can appear to be lower
than 0.1. Ironically, the more subcritical an envelope is, the
more R′ deviates from its ÒrealÓ value: the reason is that
more subcritical models evolve more slowly and the e! ect of
depletion is more severe.
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The	
  origin	
  of	
  complex	
  organic	
  molecules	
  in	
  prestellar	
  cores	
  
C.	
  Vastel	
  et	
  al.	
  (2014)	
  

Ø  complex	
  organic	
  molecules	
  (COMs)とは6個以上の重元素を含む有機分子で、生命や
惑星系形成の化学進化の理解にとって重要。	
  

Ø  hot	
  cores,	
  low-­‐mass	
  hot	
  corinos,	
  Galac)c	
  Center	
  cold	
  clouds,	
  prestellar	
  coresで検出。	
  
Ø  モデルでは>30	
  Kの粒子表面で合成されるが、<20	
  Kの観測がある。	
  
Ø  Vasyunin	
  &	
  Herbst	
  (2013)でreac)ve	
  desorp)onというメカニズムを提唱。	
  
Ø  表面化学反応の発熱によって、COMsが表面でできて離脱。	
  
Ø  CH3OCH3,	
  CH3CHO,	
  H2CCO,	
  CH3OHを再現、H2CO,	
  HCOOCH3,	
  CH3Oは再現せず。	
  

Ø  L1544	
  prototypical	
  starless	
  core、高密度2x106	
  cm–3,	
  低温度7	
  K,	
  deutera)on度が高い。	
  
Ø  Hershelでprestellar	
  coreとしては初めて水を検出abundanceは10–9àFUV光脱離(外側)	
  
Ø  観測。IRAM	
  30	
  m,	
  周波数分解能50	
  kHz,	
  感度は4-­‐7	
  mK。	
  
Ø  E-­‐	
  &	
  A-­‐	
  CH3OH,	
  13CH3OH,	
  CH3CHO,	
  t-­‐HCOOH,	
  H2CCO,	
  E-­‐CH3CCH,	
  C3Oを検出(1つ目以外

初検出)	
  
Ø  他のprestellar	
  coreで検出されているCH3OCH3,	
  HCOOCH3,	
  CH3Oは不検出。	
  
Ø  LTEモデル	
  -­‐-­‐-­‐	
  パラメーターは線幅、VLSR,	
  Tex,	
  柱密度。	
  
Ø  CH3OHに対してはLVGモデル(柱密度、密度、温度)。	
  
à低密度<105	
  cm–3を示唆、6800-­‐9600	
  AUに分布、水と同じく外側なので光脱離起因。	
  
Ø  他の分子もTex>10	
  Kなので、同じ場所起因だろう。	
  
Ø  化学モデルでgrain	
  mantleから気相への注入も調べた。	
  
àC/O~0.5(Oが多い)、injec)on	
  rate~5x10–9	
  -­‐	
  10–8	
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Fig. 3.— Results from the LVG analysis of the CH3OH lines. The black lines show the ! 2=0.8

contour plot for N(CH3OH)=3.8! 1013 cm! 2) and a size of 30” (dashed) and N(CH3OH)=2.6! 1013

cm! 2) and size 100” (solid), the two extremes of the solutions with reduced ! 2 " 0.8. The grey

line shows the densities and temperatures at di! erent distances from the center (diameter in arcsec

are marked along the curve) predicted for the structure of L1544 by CKB2012.

Ð 15 Ð

Table 2. Column densities and abundances of COMs in L1544. Notes: a) LTE minimisation
procedure; b) assumed Tex=10 K; c) non-LTE LVG analysis (see text). The abundancesx have

been computed assuming N(H2)=5 ! 1021 cm! 2. The Þnal error on the column densities and
abundances is about a factor 2.

Species Tex Tk nH 2 N x
(K) (K) (cm ! 3) (cm! 2)

C3Ob 10 2! 1011 5 ! 10! 11

CH3CHOa 17 ± 1 5! 1011 1 ! 10! 10

t-HCOOH b 10 5! 1011 1 ! 10! 10

H2CCOa 27 ± 1 5! 1012 1 ! 10! 9

E-CH3CCHa 11 ± 2 2! 1013 5 ! 10! 9

CH3OHc 10 3! 104 3 ! 1013 6 ! 10! 9

CH3OCH3
b 10 " 1 ! 1012 " 2 ! 10! 10

HCOOCH3
b 10 " 6 ! 1012 " 1.5 ! 10! 9

CH3Ob 10 " 6 ! 1011 " 1.5 ! 10! 10
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  (2014)	
  

Ø  コアの質量が円盤を介して中心星に落ちるモデルはisolatedなことが多いが、実際のコ
アはフィラメントの中にあるなど、外的環境の影響があるはず。	
  

Ø  >10	
  Myrで降着円盤があったり、観測(0.42	
  Myr)ではmain	
  accre)on	
  phaseがisolatedシ
ミュレーション(0.12	
  Myr)より長く続いたりしている。àexternal	
  environmentの効果。	
  

Ø  R=10000	
  AUのコアの外に20000	
  AUまで一定密度の外成分を含んでシミュレーション。	
  
Ø  model	
  (1)	
  isolate、(2)内側と同じΩ、(3)Ωを0.1倍、(4)Ωを–0.1倍、(5)Ωを–1倍。	
  

model	
  (1)	
  断続的にフラグメントができるが、)dally	
  dispersed。質量などはsteady	
  grow。	
  
model	
  (2)	
  複数フラグメントができ、ミニ円盤もできる。	
  
model	
  (3)	
  途中でフラグメントがなくなり、小さくなる(小さくなるのでフラグメントが起きにく	
  
　　　　　　い)。外の小さい角運動量がnega)ve	
  torqueを及ぼす。	
  
model	
  (4)	
  急速に小さくなって見えなくなる。nega)ve	
  torqueが大きい。	
  
model	
  (5)	
  小さくなった後に、逆回りのouter	
  diskとgapができる。outer	
  diskが内側に侵食。	
  

Ø  星、円盤、エンベロープ(Σ=0.5	
  gcm–2で円盤と区別)の質量と円盤サイズ、sink	
  cellへの
Mdotと2000	
  AUでのMdot,infallの進化も調べた。	
  

Ø  最終的なM*は外成分があるとisolatedの2倍以上。	
  
Ø  model	
  (2)と(5)で質量やサイズ、Mdotの進化がepisodic。	
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Fig. 1. Initial distribution of the gas surface density (left
panels) and angular velocity (right panels) in five consid-
ered models. The horizontal dotted line marks the zero an-
gular velocity.

where γirr is the incidence angle of radiation arriving at the
disc surface (with respect to the normal) at radial distance
r .

The stellar luminosity L ! is the sum of the accretion
luminosity L ! ,accr = GM ! Ṁ / 2R! arising from the gravita-
tional energy of accreted gas and the photospheric luminos-
ity L ! ,ph due to gravitational compression and deuterium
burning in the stellar interior. The stellar mass M ! and
accretion rate onto the star Ṁ are determined using the
amount of gas passing through the sink cell. The properties
of the forming protostar are calculated using a stellar evo-
lution code described in Bara! e & Chabrier (2010). This
code is coupled with the main hydrodynamical code in real
time. However, due to heavy computational load the stellar
evolution code is invoked to update the properties of the
protostar only every 20 yr, while the hydrodynamical time
step may be as small as a few weeks and the entire dura-
tion of numerical simulations may exceed 1.0 Myr. The in-
put parameter for the stellar evolution code is the accretion
rate Ṁ , while the output are the radius and photospheric
luminosity of the protostar. This coupling of the disk and
protostar evolution allows for a self-consistent determina-
tion of the radiative input of the protostar into the disk
thermal balance, which is important for the accurate study
of disk instability and fragmentation.

3. Initial conditions

As the initial setup, we take a pre-stellar core submerged
into a constant-density external environment. For the ini-
tial surface density profile of the core, we adopt a simpli-
fied form of a vertically integrated Bonnor-Ebert sphere

(Dapp & Basu, 2009) The resulting initial distribution of
the gas surface density takes the following form

" =

!
r0Σ0!
r2 + r2

0

for r " Rcore ,

" ext otherwise,
(8)

where " 0 is the gas surface density at the center of the core,
r 0 =

!
Ac2

s/ πG" 0 is the radius of the central plateau of the
core, Rcore is the radius of the core, cs is the initial sound
speed, and " ext is the density of the external environment,
the value of which is set equal to the gas surface density
at the outer edge of the core (" ext = r 0" 0/

"
R2

core + r 2
0).

In all models the value of A is set to 1.2 and the initial
temperature is set to 10 K.

To study the e! ect of infall from the external envi-
ronment characterized by varying angular momentum, we
adopt the following form for the initial radial profile of an-
gular velocity #

# =

#
# core for r # Rcore ,
C# core for r $ Rcore , (9)

where # core is the angular velocity of the core and C is a
dimensionless scaling factor defining the angular velocity
in the external environment. The angular velocity profile
between the core and the external environment is smoothly
joined at the outer edge of the core.

We have considered 5 models, the initial setup for which
is shown in Figure 1. In particular, the left panels present
the radial distribution of " , while the right panels show
# as a function of radial distance. Model 1 represents a
uniformly rotating isolated core (no external environment)
with mass 0.63 M " and ratio of rotational to gravitational
energy β = 0.51%. Models 2–5 consider the same core sub-
merged into the external environment with di! erent angu-
lar velocities. In particular, model 2 has a corotating ex-
ternal environment with the same angular velocity as that
of the core, while in model 3 the angular velocity of the
external environment is 10 times smaller than that of the
core. Models 4 and 5 are characterized by a counterrotating
external environment. In particular, in model 4 the exter-
nal angular velocity is ten times smaller by absolute value
than that of the core, while in model 5 the external angular
velocity is equal to that of the core by absolute value. In
models 2-5 the radial distribution of gas surface density is
identical. The parameters of every model are provided in
Table 1.

4. Results

In this section, we start with considering the properties of
a protostellar disk formed from the gravitational collapse
of an isolated pre-stellar core and continue by considering
models that take into account the e! ect of external envi-
ronment.

4.1. The isolated model

As a prototype model, we consider an isolated prestellar
core with mass 0.63 M " and ratio of rotational to gravi-
tational energy β = 5.3 %10# 3 (hereafter, model 1). This
choice is motivated by our previous numerical hydrodynam-
ics simulations indicating that protostellar disks formed
from cores with similar characteristics are expected to be

3
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Fig. 3. Gas surface density maps in model 2 in the inner
1000! 1000 AU box (top row) and 2000! 2000 AU box
(middle and bottom rows) obtained at several evolution
times (as marked in each panel) after the formation of the
central protostar. The scale bar is in log g cm! 2.

other panels have a twice larger size. The early evolution in
model 2 (t " 0.12 Myr) is similar to that in model 1Ñ the
disk is gravitationally unstable showing a ßocculent spiral
structure and no signs of fragmentation. This is explained
by the fact that during this early period the disk accretes
the matter from the parental core rather than from the
external environment.

The e! ect of the external environment becomes evident
at t > 0.15 Myr when its matter starts reaching the disk
surface. In this phase, the disk evolution in model 2 be-
comes strikingly di! erent from that in the isolated model 1.
Violent gravitational instability and fragmentation leads to
almost complete disintegration of the disk. The system now
resembles a multi-component stellar system connected with
dense Þlaments, within which individual components tend
to form their own mini-disks. The masses of the fragments
span a range from a few Jupiters to very-low-mass stars,
with the most massive fragment having a mass of 0.18 M " .

As the next step, we consider model 3 characterized by
the external environment rotating at a ten times smaller
angular velocity than that of the core. Figure 4 presents
the gas surface density maps in model 3 in the same spa-
tial box of 1000! 1000 AU and at similar evolution times
as for the isolated model 1 (see Fig. 2). The early evo-
lution at t " 0.12 Myr is similar in both models 1 and
3. The disk is weakly gravitationally unstable and devel-
ops a ßocculent spiral structure. A signiÞcant di! erence in
the disk appearance between models 1 and 3 is seen after
t = 0 .15 Myr, when infall from the external environment
triggers a vigourous gravitational instability and fragmen-
tation in the disk. Unlike model 1 however, the process of
disk fragmentation in model 3 seems to be continuous (in

Fig. 4. Similar to Figure 2 but for model 3.

the time interval of t = 0 .15# 0.25 Myr) and is characterized
by the presence of multiple fragments. This is explained by
the fact that the time period between disk fragmentation
episodesTfr = 5 ! 104 yr, calculated using equation (10)
and typical disk masses and infall rates (M d = 0 .25 M "

and úM infall = 5 ! 10! 6 M " yr ! 1), appears to be compa-
rable to the longest migration times of fragments onto the
central protostar (Vorobyov et al., 2013a). As a net result,
some of the fragments are always present in the disk. The
masses of the fragments range from 3.0M Jup to 15 M Jup .

The phase of vigourous disk fragmentation ends after
t = 0 .26 Myr and no fragments are seen in the disk after-
wards. The disk shrinks notably in size and its subsequent
evolution is characterized by the presence of a weak ßoccu-
lent spiral structure. This drastic change in the disk evolu-
tion as compared to that in model 2 (the latter showing vig-
orous fragmentation at these evolutionary times) can be at-
tributed to low angular momentum of the infalling external
environment, which exerts a negative torque onto the disk.
This causes the disk to shrink in size. Although the disk
mass remains substantial at this phase (see Section 5), a
small size (<$ 100 AU) and high disk temperature (% 200 K)
make gravitational fragmentation unlikely.

4.3. The e! ect of external environment: counterrotating infall

In this section we consider the e! ect of infall from the
external environment counterrotating with respect to the
prestellar core. As the Þrst step, we consider model 4 with
external environment counterrotating (with respect to the
core) at an angular velocity ten times smaller than that of
the core. Figure 5 presents the gas surface density maps
for model 4 for the same regions and evolution times as
in the isolated model 1. The early evolution of the disk in
model 4 (t " 0.18 Myr) bears some similarity with that in
the isolated model 1Ñthe disk rotates counterclockwise, it
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Fig. 3. Gas surface density maps in model 2 in the inner
1000 ! 1000 AU box (top row) and 2000 ! 2000 AU box
(middle and bottom rows) obtained at several evolution
times (as marked in each panel) after the formation of the
central protostar. The scale bar is in log g cm! 2.

other panels have a twice larger size. The early evolution in
model 2 (t " 0.12 Myr) is similar to that in model 1— the
disk is gravitationally unstable showing a flocculent spiral
structure and no signs of fragmentation. This is explained
by the fact that during this early period the disk accretes
the matter from the parental core rather than from the
external environment.

The effect of the external environment becomes evident
at t > 0.15 Myr when its matter starts reaching the disk
surface. In this phase, the disk evolution in model 2 be-
comes strikingly different from that in the isolated model 1.
Violent gravitational instability and fragmentation leads to
almost complete disintegration of the disk. The system now
resembles a multi-component stellar system connected with
dense filaments, within which individual components tend
to form their own mini-disks. The masses of the fragments
span a range from a few Jupiters to very-low-mass stars,
with the most massive fragment having a mass of 0.18 M " .

As the next step, we consider model 3 characterized by
the external environment rotating at a ten times smaller
angular velocity than that of the core. Figure 4 presents
the gas surface density maps in model 3 in the same spa-
tial box of 1000 ! 1000 AU and at similar evolution times
as for the isolated model 1 (see Fig. 2). The early evo-
lution at t " 0.12 Myr is similar in both models 1 and
3. The disk is weakly gravitationally unstable and devel-
ops a flocculent spiral structure. A significant difference in
the disk appearance between models 1 and 3 is seen after
t = 0.15 Myr, when infall from the external environment
triggers a vigourous gravitational instability and fragmen-
tation in the disk. Unlike model 1 however, the process of
disk fragmentation in model 3 seems to be continuous (in

Fig. 4. Similar to Figure 2 but for model 3.

the time interval of t = 0.15# 0.25Myr) and is characterized
by the presence of multiple fragments. This is explained by
the fact that the time period between disk fragmentation
episodes Tfr = 5 ! 104 yr, calculated using equation (10)
and typical disk masses and infall rates (M d = 0.25 M "

and Ṁ infall = 5 ! 10! 6 M " yr! 1), appears to be compa-
rable to the longest migration times of fragments onto the
central protostar (Vorobyov et al., 2013a). As a net result,
some of the fragments are always present in the disk. The
masses of the fragments range from 3.0 M Jup to 15 M Jup .

The phase of vigourous disk fragmentation ends after
t = 0.26 Myr and no fragments are seen in the disk after-
wards. The disk shrinks notably in size and its subsequent
evolution is characterized by the presence of a weak floccu-
lent spiral structure. This drastic change in the disk evolu-
tion as compared to that in model 2 (the latter showing vig-
orous fragmentation at these evolutionary times) can be at-
tributed to low angular momentum of the infalling external
environment, which exerts a negative torque onto the disk.
This causes the disk to shrink in size. Although the disk
mass remains substantial at this phase (see Section 5), a
small size (<$ 100 AU) and high disk temperature (% 200 K)
make gravitational fragmentation unlikely.

4.3. The e! ect of external environment: counterrotating infall

In this section we consider the effect of infall from the
external environment counterrotating with respect to the
prestellar core. As the first step, we consider model 4 with
external environment counterrotating (with respect to the
core) at an angular velocity ten times smaller than that of
the core. Figure 5 presents the gas surface density maps
for model 4 for the same regions and evolution times as
in the isolated model 1. The early evolution of the disk in
model 4 (t " 0.18 Myr) bears some similarity with that in
the isolated model 1—the disk rotates counterclockwise, it
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Fig. 5. Similar to Figure 2 but for model 4.

Fig. 6. Gas surface density maps in model 5 in the inner
1000× 1000 AU box (top row) and 2000× 2000 AU box
(middle and bottom rows) obtained at several evolution
times (as marked in each panel) after the formation of the
central protostar. The scale bar is in log g cm−2.

is gravitationally unstable and shows clear signs of fragmen-
tation. The fragments have masses around 4.0M Jup. The
drastic change with respect to all models considered so far
is seen att > 0.18 Myr when the disk starts quickly shrink-
ing in size and virtually disappears aftert = 0 .2 Myr due to
a strong negative torque exerted by the infalling external
environment conterrotating with respect to the disk. The
disk looses its rotational support and accretes onto the star,
leading to a steep increase in the stellar mass as evident in
Figure 10. This example demonstrates how the counterro-
tating external environment can signiÞcantly shorten the
lifetime of circumstellar disks.

Fig. 7. Development of a cavity in the disk. Shown with
yellow arrows is the gas velocity Þeld superimposed on the
gas surface density in the inner 600×600 AU box in model 5.
The bar is in log g cm−2.

As the second step, we consider model 5 with ex-
ternal environment counterrotating (with respect to the
core) with the same angular velocity at that of the core.
Figure 6 presents the gas surface density in model 5 in
the inner 1000× 1000 AU box (top row) and in the inner
2000× 2000 AU box (middle and bottom rows). The early
evolution (t ≤ 0.17 Myr) in models 4 and 5 is very similar
Ð the disk in both models is gravitationally unstable and
shows signs of fragmentation. The masses of the fragments
lie in the 4.0Ð7.0M Jup range.

The subsequent evolution of the disk in model 5 is how-
ever quite different from any model considered so far. First,
the disk shrinks in size to just a few tens AU att = 0 .18 Myr
due to a strong negative torque exerted by the counterotat-
ing infalling material. Then, an outer disk forms rotating
in the opposite direction with respect to that of the inner,
heavily reduced disk. During this transformation, a notable
cavity develops in the gas surface density at a radial dis-
tance of the order of a few tens of AU. This process is illus-
trated in Figure 7 showing the gas velocity Þeld (yellow ar-
rows) superimposed on the gas surface density in the inner
600×600 AU box during a narrow time period of 8 kyr. The
infall of counterrotating envelope onto the disk is already
evident at t = 0 .175 Myr, leading to a sharp reduction in
the disk size by t = 0 .18 Myr. The outer counterrotating
disk starts forming at t=0.181 Myr and becomes fully de-
veloped by t=0.183 Myr. The inner edge of the cavity is
initially located at r ≈ 30 AU.

The time evolution of the cavity can be best described
with a series of azimuthally averaged gas surface density
(Σ) proÞles shown in Figure 8. The radial proÞle ofΣ in the
early evolution is characterized by a near-constant-density
central region (<∼ 30 AU) and a steeply declining tail at
larger radii. The cavity appears at t = 0 .18 Myr and be-
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Fig. 5. Similar to Figure 2 but for model 4.

Fig. 6. Gas surface density maps in model 5 in the inner
1000! 1000 AU box (top row) and 2000! 2000 AU box
(middle and bottom rows) obtained at several evolution
times (as marked in each panel) after the formation of the
central protostar. The scale bar is in log g cm! 2.

is gravitationally unstable and shows clear signs of fragmen-
tation. The fragments have masses around 4.0M Jup . The
drastic change with respect to all models considered so far
is seen att > 0.18 Myr when the disk starts quickly shrink-
ing in size and virtually disappears aftert = 0 .2 Myr due to
a strong negative torque exerted by the infalling external
environment conterrotating with respect to the disk. The
disk looses its rotational support and accretes onto the star,
leading to a steep increase in the stellar mass as evident in
Figure 10. This example demonstrates how the counterro-
tating external environment can signiÞcantly shorten the
lifetime of circumstellar disks.

Fig. 7. Development of a cavity in the disk. Shown with
yellow arrows is the gas velocity Þeld superimposed on the
gas surface density in the inner 600! 600 AU box in model 5.
The bar is in log g cm! 2.

As the second step, we consider model 5 with ex-
ternal environment counterrotating (with respect to the
core) with the same angular velocity at that of the core.
Figure 6 presents the gas surface density in model 5 in
the inner 1000! 1000 AU box (top row) and in the inner
2000! 2000 AU box (middle and bottom rows). The early
evolution (t " 0.17 Myr) in models 4 and 5 is very similar
Ð the disk in both models is gravitationally unstable and
shows signs of fragmentation. The masses of the fragments
lie in the 4.0Ð7.0M Jup range.

The subsequent evolution of the disk in model 5 is how-
ever quite di! erent from any model considered so far. First,
the disk shrinks in size to just a few tens AU att = 0 .18 Myr
due to a strong negative torque exerted by the counterotat-
ing infalling material. Then, an outer disk forms rotating
in the opposite direction with respect to that of the inner,
heavily reduced disk. During this transformation, a notable
cavity develops in the gas surface density at a radial dis-
tance of the order of a few tens of AU. This process is illus-
trated in Figure 7 showing the gas velocity Þeld (yellow ar-
rows) superimposed on the gas surface density in the inner
600! 600 AU box during a narrow time period of 8 kyr. The
infall of counterrotating envelope onto the disk is already
evident at t = 0 .175 Myr, leading to a sharp reduction in
the disk size by t = 0 .18 Myr. The outer counterrotating
disk starts forming at t=0.181 Myr and becomes fully de-
veloped by t=0.183 Myr. The inner edge of the cavity is
initially located at r # 30 AU.

The time evolution of the cavity can be best described
with a series of azimuthally averaged gas surface density
(" ) proÞles shown in Figure 8. The radial proÞle of" in the
early evolution is characterized by a near-constant-density
central region (<$ 30 AU) and a steeply declining tail at
larger radii. The cavity appears at t = 0 .18 Myr and be-
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Table 1. Model parameters

Model M core ! core M ext ! ext " core C r 0 # 0 Rcore

M ! % M ! km s" 1 pc" 1 AU g cm" 2 pc
1 0.63 0.53 Ð Ð 0.56 0 1030 9.2 ! 10" 2 0.05
2 0.63 0.65 1.0 2.5 0.56 1.0 1030 9.2 ! 10" 2 0.05
3 0.63 0.48 1.0 0.033 0.56 0.1 1030 9.2 ! 10" 2 0.05
4 0.63 0.36 1.0 0.019 0.56 -0.1 1030 9.2 ! 10" 2 0.05
5 0.63 0.36 1.0 1.2 0.56 -1.0 1030 9.2 ! 10" 2 0.05

Fig. 2. Gas surface density maps in model 1 in the inner
1000! 1000 AU box obtained at several evolution times (as
marked in each panel) after the formation of the central
protostar. The scale bar is in log g cm! 2.

gravitationally unstable and prone to fragmentation in the
early embedded stage of stellar evolution (Vorobyov, 2011).
Figure 2 presents the time evolution of the gas surface den-
sity in model 1 in the inner 1000! 1000 AU box. The
whole computational region extends to 10000 AU. The time
elapsed from the formation of the central star is indicated
in each panel. The scale bar is in log g cm! 2 and the lower
surface density threshold is set to log! = " 1.5 g cm! 2 so
that the black region is not empty but Þlled with a low den-
sity material falling onto the disk from the parental core.

The protostellar disk in model 1 becomes gravitationally
unstable at the very early stage of evolution (as manifested
by a spiral structure already present att = 0 .08 Myr) due to
a continuing mass loading from the infalling core. The Þrst
fragment forms in the disk after t = 0 .15 Myr, when the disk
mass and radius begin to exceed 0.1M " and 100 AU, re-
spectively. This is in agreement with many previous numer-
ical and theoretical studies, indicating that the disk needs
to acquire a critical mass (># 0.1 M " ) and grow to a critical
size (># 50" 100 AU) before gravitational fragmentation can
ensue (Stamatellos & Whitworth, 2008; Rice et al., 2010;
Vorobyov, 2011; Meru & Bate, 2012). We used the frag-
ment tracking algorithm described in Vorobyov (2013) to

calculate the masses of the fragments. The fragments were
identiÞed based on two conditions: 1) the fragment must be
pressure-supported, with a negative pressure gradient with
respect to the center of the fragment and 2) the fragment
must be kept together by gravity, with the potential well
being deepest at the center of the fragment. The resulting
masses of the fragments lie in the 2.5Ð5.0M Jup range.

One can see in Figure 2 that the process of disk frag-
mentation in model 1 is not continuous but intermittent Ð
time intervals showing fragments are alternated by inter-
vals showing no signs of disk fragmentation. The timescale
with which the disk fragments is determined by the ratio
(Vorobyov et al., 2013a)

Tfr =
M d

úM infall
, (10)

where M d is the disk mass and úM infall is the rate of mass
infall from the parental core onto the disk. Taking 0.15 M "

and 10! 6 M " yr ! 1 for the typical values of M d and úM infall
(see Figs. 10 and 11), we obtainTfr = 0 .15 Myr, which
appears to agree (within a factor of unity) with a visually
estimated value ofTfr $ 0.1 Myr (see Fig. 2). The lifetime
of fragments is usually shorter than 0.1 Myr, either due to
migration on the central protostar or destruction via tidal
torques (Stamatellos et al., 2011; Vorobyov et al., 2013a),
resulting in prolonged periods of disk evolution without
fragments. Finally, it is worth noting that the disk forms
only one fragment at a time, which implies that ejection
of fragments into the intercluster medium due to gravita-
tional many-body interaction in such a system is impossible
(Basu & Vorobyov, 2012).

As many numerical studies indicate, a fragment can
be driven into the disk inner regions and probably onto
the star (Vorobyov & Basu, 2006, 2010; Machida et al.,
2011a; Cha & Nayakshin, 2011), ejected into the intraclus-
ter medium (Basu & Vorobyov, 2012), dispersed by tidal
torques (Boley et al., 2010; Zhu et al., 2012) or even sur-
vive and settle onto quasi-stable, wide-separation orbits
(Vorobyov, 2013). In model 1, there are no accretion bursts
that could be triggered by fragments migrating onto the
star (see Fig. 11). There are also no ejections or survival of
the fragments. This leaves us only with one outcome Ð the
fragments in model 1 have been tidally dispersed.

4.2. The e! ect of external environment: corotating infall

In this section we consider models 2 and 3 in which a
prestellar core is submerged in an external environment
corotating with the core. Figure 3 presents the gas sur-
face density maps in model 2 at the same evolution times
as in Figure 2 for the isolated core. The top panels have
a size of 1000! 1000 AU centered on the star, while the
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Fig. 8. Time series of azimuthally averaged gas surface den-
sity profiles (! , solid lines) showing the time evolution of
the cavity in model 5.

come fully developed by t = 0.19 Myr, with the maximum
contrast in ! between the lowest value in the cavity and the
maximum values in the inner and outer disks on the order
of 900 and 40, respectively. As time progresses, the cavity
moves closer to the central star because the matter from the
outer disk flows through the cavity onto the inner disk, ex-
erting a negative torque on to the latter. By t = 0.22 Myr
the cavity turns into a central hole when the inner disk
becomes smaller than the size of our sink cell. Finally, by
t = 0.25 Myr the central hole fills in and the subsequent
profile of ! becomes typical for massive, strongly unsta-
ble disks with local sharp maxima representing fragments
embedded in the disk.

After t=0.2 Myr the disk experiences a second vigorous
episode of disk fragmentation leading in the end to its al-
most complete disintegration and formation of a multiple
system of fragments connected with dense filaments. The
masses of the fragments at this stage reach a much higher
value, ranging from 7.0 to 82 Jupiter masses.

The di" erence in the properties of circumstellar disks
formed in the considered models can be understood by an-
alyzing the centrifugal radius of matter initially located at
a distance r from the star:

Rcf =
J2(r)

GM(r)
, (11)

where J(r) = r2# is the specific angular momentum at a
radial distance r, G is the gravitational constant, and M(r)
it the mass enclosed within distance r. Figure 9 presents the
centrifugal radius as a function of distance for various initial
distributions of mass and angular momentum in models 1–
5. More specifically, the thick black line shows Rcf for the
isolated pre-stellar core in model 1, while the solid red and
dashed red lines provide the centrifugal radius in models 2
and 3 characterized by a corotating external environment.
The solid blue and dashed blue lines show Rcf for models 4
and 5 characterized by a counterrotating external environ-
ment.

The centrifugal radius in model 1 is gradually increasing
with distance and reaches a maximum value of 132 AU for
the material located at the core outer edge (shown by the
arrow). We note however that the disk in model 1 has in
fact grown to a size greater than suggested by the maximum
centrifugal radius of Rcf = 132 AU (see Fig. 2) due to
viscous spreading.
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Fig. 9. Centrifugal radius Rcf as a function of radial dis-
tance in models 1–5.

The radial profile of Rcf in model 2 (solid red line) is
similar to that of model 1, except that the matter of the ex-
ternal environment is characterized by a gradually increas-
ing Rcf reaching a maximum value of 791 AU. As a net
result, the disk in model 2 grows to a larger size and be-
comes more massive than in model 1 (see Fig. 10), breaking
finally into a series of fragments due to violent gravitational
instability. In model 3, however, the external environment
has a much smaller angular velocity than that of the core.
As a consequence, the centrifugal radius of the external en-
vironment gradually declines to just several AU (dashed red
line). The infalling material from the external environment
with a substentially sub-Keplerian rotation exerts an ever
increasing negative torque onto the disk outer regions. This
causes the disk to shrink in size with time as is evident in
Figures 4 and 10.

The last two models 4 and 5 are characterized by exter-
nal environment rotating in the opposite direction to that
of the core. In model 4, characterized by angular velocity of
the external environment 10 times smaller than that of the
core, the centrifugal radius first grows with distance (as in
model 1) but then shows a sharp drop near the core outer
edge where the angular velocity changes its sign. Rcf of the
external material always stays below several AU. As a re-
sult, the infalling external material with a counterrotating
sub-Keplerian velocity exerts a strong negative torque onto
the disk outer regions. The disk shrinks to a size smaller
than the size of our sink cell (5 AU) and virtually disap-
pears in Figure 5.

In model 5 the angular velocity of the counterrotating
external environment is the same as that of the core. As
a consequence, Rcf first drops to a small value near the
core outer edge (where the rotation changes its sign) but
then quickly grows to a maximum value of 685 AU. This
causes the disk first to shrink in size, when the low-Rcf
material from the external environment hits the disk and
starts extracting disk’s angular momentum. Then, the in-
falling external material characterized by an ever growing
Rcf hits the centrifugal barrier just outside the heavily re-
duced inner disk and the outer, counterrotating disks begins
to form. The transition region between the inner and outer
disks, where rotation changes its direction and the matter
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Fig. 10. Left column: masses of the disk (solid lines), star
(dashed lines), and envelope (dash-dotted lines) as a func-
tion of time elapsed since the formation of the protostar in
models 1Ð5 (from top to bottom rows). Right column: the
corresponding disk radii.

lacks centrifugal support, is manifested by a density gap
clearly visible at t = 0 .2 Myr in Figure 6.

5. Comparison of disk properties

In this section, we compare various properties of our model
disks including the disk masses and sizes, which were com-
puted using the disk tracking algorithm. The disk mass and

radius are calculated at each time step by disentangling the
disk and infalling envelope on the computational mesh. We
do this in practice by adopting a surface density thresh-
old of ! cr =0.5 g cm! 2 between the disk and envelope and
also using the radial gas velocity proÞle. This method is de-
scribed in detail by Vorobyov (2011, see Þg. 1 and the per-
taining text). The values of the disk radius and mass both
depend somewhat on the adopted threshold. Nevertheless, a
lower value of! cr =0.1 g cm! 2 results only in a few percent
increase in the net disk mass (see Fig. 2 in Dunham et al.,
2014).

We found that our algorithm generally works well, but
may somewhat overestimate the disk mass in the early Class
0 stage (when the inner part of the infalling envelope may
have densities exceeding! cr ) and somewhat underestimate
the disk mass in the late Class I and Class II stages (when
the disk spreads out and its density drops below! cr in the
outer parts). The envelope mass includes both the matter
in the core and external environment (when present).

The left column in Figure 10 presents the integrated
disk massesM d (solid lines), stellar massesM " (dashed
lines) and envelope massesM env (dash-dotted lines) as a
function of time passed since the formation of the central
protostar, while the right column shows the corresponding
disk radii Rd. Each row corresponds to a particular model
as indicated in the Þgure. In model 1, the disk mass steadily
grows and reaches a maximum value ofM d ! 0.16 M # at
t ! 0.2 Myr, gradually declining afterwards. The growth
rate of the protostar exceeds that of the disk and the Þnal
mass of the star is expected to be aboutM " = 0 .45 M # .
The envelope mass steadily decreases and the model en-
ters the class II stage, deÞned as the time when less than
10% of the initial mass reservoir is left in the envelope, at
t ! 0.25 Myr. The disk grows in radius showing small radial
pulsations and reaches a maximum value ofRd ! 400 AU at
t ! 0.5 Myr. All in all, this model demonstrates a standard
behaviour as has been found in previous numerical simula-
tions of isolated collapsing cores (e.g. Vorobyov, 2011).

The properties of the forming star plus disk system in
model 2 are strikingly di" erent from those of model 1. First,
the disk mass reaches a maximum value of 0.54 M # , three
times greater than that in model 1. Second, the disk ra-
dius exhibits large variations, which are indicative of sig-
niÞcant radial motions within the disk caused by the grav-
itational interaction between the fragments and elements
of spiral arms3. Third, the central star experiences several
episodes of sharp increase in mass caused by accretion of
infalling fragments, the e" ect discussed in more details in
Section 6 below. The Þnal stellar mass is expected to be
around 0.8 M # . After t = 0 .5 Myr, there is still 30% of
the total mass available for accretion onto the disk+star
system, indicating that the system is still in the embedded
phase. We note that the mean duration of the embedded
phase obtained in numerical hydrodynamics simulations of
collapsing isolated cores (! 0.15 Myr, albeit with a large
scatter depending on the core mass) appears to be shorter
by a factor of 3Ð4 than that obtained by analyzing the
number of embedded and Class II sources in star-forming
regions (Vorobyov, 2010; Dunham & Vorobyov, 2012). A

3 These numbers should be taken with caution because our
disk tracking algorithm may be inaccurate on systems with vi -
olently fragmenting disks.
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Fig. 11. Mass accretion rates through the sink cell at
r = 5 AU (black solid lines) and mass infall rates at
r = 2000 AU (red dashed lines) in models 1Ð5 (from top to
bottom).

parameter G = tc! , where tc = e/ " is the local cooling
time, and the Toomre parameter Q = cs! / (! G# ). Disk
fragmentation is supposed to occur in regions where both
quantities become smaller than unity (e.g. Gammie, 2001;
Rice et al., 2003). We found that during the initial disk
evolution, una$ected by infall from the external environ-

ment, the Q-parameter becomes smaller than unity only
in a few spots in the disk, while the regions withG < 1.0
cover a much larger area, indicating that the insu%cient
strength of gravitational instability (rather than slow disk
cooling) is the main reason hindering fragmentation. On
the other hand, during the external infall stage, the regions
with Q < 1 occupy a notably larger area, while the spatial
area with G < 1 remains similar to what was found during
the early stage, meaning that the infall from the external
environment is the dominant e$ect driving the disk to the
fragmentation boundary.

We note that úM infall sometimes shows large variations
caused by the perturbing inßuence of the disk. More specif-
ically, the gravitational interaction between fragments and
spiral arms within the disk sometimes leads to ejections of
individual fragments or elements of spiral arms to distances
on the order of thousands AU.

The mass accretion rate in model 3 with a slowly coro-
tating external environment exhibits a much smaller accre-
tion variability than that of model 2. There are only two
strong accretion bursts around 0.18! 0.2 Myr and the later
evolution of úM is characterized only by small-scale ßicker-
ing. On average, úM is higher in model 3 than in models 1
and 2, staying during the initial 0.5 Myr of evolution in the
10! 6 ! 10! 5 M " yr ! 1 range. The matter from the external
environment falling in onto the disk at a substantially sub-
Keplerian speed acts to reduce the disk rotational support,
thus increasing the mass ßow through the disk onto the star.
We note that úM infall is greater than úM at t < 0.20 Myr,
causing disk fragmentation in the early disk evolution (see
Fig. 4), but both values become comparable in the later
evolution, indicating the presence of e%cient mass trans-
port through the compact and hot disk due to the increas-
ing strength of viscous torques.

The e$ect of the external environment in model 4 is
manifested by a gradual increase of the mass accretion rate
after t = 0 .16 Myr to >" 10! 5 M " yr ! 1 (on average). This
increase is even more pronounced than in model 3 due to the
fact that the infalling external material in model 4 is coun-
terrotating with respect to the disk, thus exerting a stronger
negative torque onto the disk outer regions than in model 3.
As a net result, the disk loses rotational support and the
mass transport rate through the disk increases leading to
a complete disappearance of the disk aftert = 0 .22 Myr.
In the subsequent evolution, both úM and úM infall are nearly
identical and slowly decline with time.

Finally, the early evolution of úM in model 5 is very
similar to that in model 4. After an initial period of near
constant accretion at a value of# 10! 6 M " yr ! 1, the mass
accretion rate shows a transient increase by an order of
magnitude during t = 0 .15 ! 0.22 Myr. During this pe-
riod, the matter is accreted from the inner disk, which is
gradually losing its rotational support and shrinking in size
due to the infall of matter from the counterrotating exter-
nal environment. At t # 0.23 Myr, the inner disk reduces
to a size smaller than the sink cell and úM drops substan-
tially. In the subsequent evolution, the matter is accreted
from the outer, counterrotating disk. Because the infall rate
úM infall is greater on average than the mass accretion rate

onto the star úM , the outer disk quickly becomes gravita-
tionally unstable, leading high-amplitude variations in úM .
It is interesting to note that the later evolution shows only
one moderate accretion burst at t # 0.3 Myr, implying
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Fig. 5. Similar to Figure 2 but for model 4.

Fig. 6. Gas surface density maps in model 5 in the inner
1000! 1000 AU box (top row) and 2000! 2000 AU box
(middle and bottom rows) obtained at several evolution
times (as marked in each panel) after the formation of the
central protostar. The scale bar is in log g cm! 2.

is gravitationally unstable and shows clear signs of fragmen-
tation. The fragments have masses around 4.0M Jup . The
drastic change with respect to all models considered so far
is seen att > 0.18 Myr when the disk starts quickly shrink-
ing in size and virtually disappears aftert = 0 .2 Myr due to
a strong negative torque exerted by the infalling external
environment conterrotating with respect to the disk. The
disk looses its rotational support and accretes onto the star,
leading to a steep increase in the stellar mass as evident in
Figure 10. This example demonstrates how the counterro-
tating external environment can signiÞcantly shorten the
lifetime of circumstellar disks.

Fig. 7. Development of a cavity in the disk. Shown with
yellow arrows is the gas velocity Þeld superimposed on the
gas surface density in the inner 600! 600 AU box in model 5.
The bar is in log g cm! 2.

As the second step, we consider model 5 with ex-
ternal environment counterrotating (with respect to the
core) with the same angular velocity at that of the core.
Figure 6 presents the gas surface density in model 5 in
the inner 1000! 1000 AU box (top row) and in the inner
2000! 2000 AU box (middle and bottom rows). The early
evolution (t " 0.17 Myr) in models 4 and 5 is very similar
Ð the disk in both models is gravitationally unstable and
shows signs of fragmentation. The masses of the fragments
lie in the 4.0Ð7.0M Jup range.

The subsequent evolution of the disk in model 5 is how-
ever quite di! erent from any model considered so far. First,
the disk shrinks in size to just a few tens AU att = 0 .18 Myr
due to a strong negative torque exerted by the counterotat-
ing infalling material. Then, an outer disk forms rotating
in the opposite direction with respect to that of the inner,
heavily reduced disk. During this transformation, a notable
cavity develops in the gas surface density at a radial dis-
tance of the order of a few tens of AU. This process is illus-
trated in Figure 7 showing the gas velocity Þeld (yellow ar-
rows) superimposed on the gas surface density in the inner
600! 600 AU box during a narrow time period of 8 kyr. The
infall of counterrotating envelope onto the disk is already
evident at t = 0 .175 Myr, leading to a sharp reduction in
the disk size by t = 0 .18 Myr. The outer counterrotating
disk starts forming at t=0.181 Myr and becomes fully de-
veloped by t=0.183 Myr. The inner edge of the cavity is
initially located at r # 30 AU.

The time evolution of the cavity can be best described
with a series of azimuthally averaged gas surface density
(" ) proÞles shown in Figure 8. The radial proÞle of" in the
early evolution is characterized by a near-constant-density
central region (<$ 30 AU) and a steeply declining tail at
larger radii. The cavity appears at t = 0 .18 Myr and be-
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