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ALMA Detection of Bipolar Outflows: Evidence 
for Low Mass Star Formation within 1 pc of Sgr A*  
F. Yusef-Zadeh1, M. Wardle2, D. Kunneriath3, M. Royster1, A. Wootten3, D.A. Roberts4  

• 概要：銀河系中心Sgr A*の周り1pc以内の狭い領域にお
いて、11天体のbipolar outflowを検出した。

in almost all of the observed sources described here. In
addition, out of the 11 sources, the outflow axes of 6 sources
are within a cone that passes through Sgr A* with PAs between
26° and 63°. It is suggestive that there is anisotropy in the
distribution of outflows sources. However, this anisotropy is
not significant statistically. Kuipers’s test applied to the
distribution of PAs shows no statistical significance because
of the small sample size. Confirmation of this correlation has to
wait for a larger sample of sources. If the distribution were
anisotropic, large-scale magnetic field in the interior of the
molecular ring and the mini-spiral or a large-scale collimated
outflow from Sgr A* compressing gas clouds could be
responsible. We note a number of cometary radio and infrared
sources and elongated nonthermal radio continuum features at a
PA∼50°–60° (Muzić et al. 2007, 2010; Yusef-Zadeh et al.
2012, 2016). These features are interpreted as interaction sites
of a collimated mildly relativistic jet from Sgr A* with the
atmosphere of stars and the nonthermal Sgr A East shell. An
independent set of polarization measurements at near-IR
(Shahzamanian et al. 2015) shows that the position angle of
Sgr A* varies over a range within the cone where most bipolar
sources are detected. This distribution is consistent with a
collimated outflow producing head-tail sources and possibly
compressing gas, thus inducing star formation along the
direction where most bipolar outflows have been detected.

Notably, detection of bipolar flows is the only means to
identify low-mass YSOs, which are otherwise too faint to be

detected given the 30 mag of foreground visual extinction and
8 kpc distance to the Galactic center and in any case are difficult
to identify in the IR given the crowded field toward the Galactic
center. Follow-up observations will census the population
allowing studies of the initial mass function (IMF) and a
comparison with star formations in less extreme environments.
The 11 detected low-mass YSOs formed within the last
6500 years imply a star formation rate ∼5×10−4

:M yr−1,
assuming a mean stellar mass of ∼0.3 :M . The rate would be
higher if the mean mass is larger. If this is reflective of the
mean rate of low-mass star formation over the past few billion
years, then this mode of star formation contributes significantly
to the stellar mass budget in the central few parsecs of the
Galaxy.
Our detection of bipolar sources in this apparently hostile

environment suggests that star formation activity might also be
higher than expected in the central molecular zone within the
inner few hundred parsecs of the Galaxy; further searches
should reveal the extent and distribution of star formation there.
The measurement presented here shows that the central cavity
of the molecular ring is not only filled with ionized gas but also
with dense and filamentary molecular gas with narrow line
widths, providing fuel for star formation (Yusef-Zadeh et al.
2013; Tsuboi et al. 2016; Moser et al. 2017). Future ALMA
observations provide prospects for characterizing the gas
properties inside the molecular ring. A census of low-mass
star formation at the Galactic center will provide a more

Figure 4. (a) Position and PA of the symmetry axis of all 11 outflow sources are drawn as line segments and are superimposed on a color image of the distribution of
13CO emission. The 13CO intensity integrated from −50 to −200 km s−1and 50 to 200 km s−1is shown in blue and red, respectively. The image is not primary beam
corrected. The flux density range is between −0.66 and 0.66 Jy km s−1. The black spot coincides with the position of Sgr A*. The position angle of individual outflow
source is tabulated in the last column of Table 1 and is given in degrees east of north. (b) The distribution of 13CO showing peak emission at velocities ranging
between −250 and 250 km s−1. The ellipse outlines schematically the molecular ring detected in HCN (1−0) (Christopher et al. 2005). The images shown in (a) and
(b) reveal that 13CO with a wide range of velocities fills the interior of the molecular ring. The CO line intensity ranges are −0.01 to 0.1 (red), −0.01 to 0.2 (green),
and −0.2 to −0.03 (blue) Jy km s−1. The image is primary beam corrected.

7

The Astrophysical Journal Letters, 850:L30 (8pp), 2017 December 1 Yusef-Zadeh et al.

白い棒がoutflowの方向を表す

全体像

CS (5−4) has a high critical density of 5.4×106 cm−3

suggesting a dense cloud, most likely the parent cloud from
which the CO lobes have been swept up by BP1ʼs protostellar

jet (see below for other tracers of the parent cloud). Figure 1(c)
shows contours of 13CO emission between +110 and
+118 km s−1. The blue lobe has a dominant central maximum

Figure 1. Relative coordinates (0,0) in Figures 1–4 coincide with the position of Sgr A* at a d =( )J, 2000 17 45 40. 038,h m s −29°00′28 069. (a) The blueshifted and
redshifted lobes are detected to the NE and SW, and the green color represents the intermediate velocity range. The intensity range is between −1 and 10 mJy beam−1.
The cross coincides with the position of a compact 226 GHz source (see (h)). (b) A color image of CS(5−4) emission at a velocity of 103 km s−1, channel width of
18.75 km s−1, and rms noise per channel of . 0.9 mJy beam−1. The cross is the same as in (a). (c) Contours of intensity from nine channels at −1, 1, 2, 3, 4, 5, 6, 8, 10,
12, and 14 mJy beam−1 km s−1 with velocities ranging between 110 and 118 km s−1. A primary beam correction has not been applied. The mixing of blueshifted and
redshifted CO emission from the two lobes is most likely due to low 1.33 km s−1 spectral resolution. (d) PV diagram constructed along the axis of the symmetry of
BP1 at PA∼−42°. 6 connecting the two lobes. The color bar to the right shows the intensity of the 13CO emission corrected for the primary beam. (e) 13CO line
intensity integrated over 106 and 114 km s−1. (f) A true color 13CO image at velocities between 110–112, 113–114, and 115–117 km s−1 in red, green, and blue,
respectively. The intensity range is between −1 and 5 mJy beam−1. (g) Contours of HCN (1−0) line intensity integrated over 105 and 118 km s−1with levels
(−1, −0.5, 0.5, 1,.., 3, 4,K10)×0.67 Jy km s−1. This data set is taken from interferometric observations (Owens Valley Radio Observatory) with a resolution of
5 1×2 7 (Christopher et al. 2005). (h) Contours of 226 GHz emission with a resolution of 0 42×0 33 (PA=−74°) with levels −0.1, 0.1, 0.2, 0.3, 0.4, 0.5, and
0.6 mJy are superimposed on a grayscale 13CO image at a velocity of 113 km s−1. A 226 GHz source is detected at the center of BP1. (i) A composite image of 3.8 μm
(red) and 13CO at 113 km s−1 (green). The black circle shows the IR source that could be the counterpart to the 226 GHz continuum source seen in (h). The beam sizes
of the CO and CS data are displayed in the bottom left corners of (a) and (b), respectively.
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• 銀河中心BHは質量4×10^6Msunで、その
周りでは当然潮汐力が強い→~10^7(r/

pc)^-3 [cm^-3]以上の密度がないと、潮汐
力に負けて星ができないと思われている。 

• だが、実際には100個程度のOB型星が銀河
中心0.4pc以内で見つかってる(最近できた
星) 

• 観測はALMAの13CO, H30α, SiO(5-4)

We imaged the ALMA continuum data after self-calibration,
using CASA version 4.7.2. After all spectral windows were
combined, phase self-calibration solutions were derived and
subsequently applied for three solution intervals: scan length,
30.25s, and the integration time. In addition, a phase and
amplitude self-calibration solution for an interval equal to the
integration time was applied. After continuum subtraction,
these phase and amplitude solutions were transferred to the
13CO and H30α line spectral window with spectral resolutions
of 1.33 and 1.26 km s−1, respectively. For the final line
imaging, we combined data taken in both days and used
Brigg’s weighting with robust parameters of 0.5 and 2, giving
spatial resolutions of 0 49×0 39 (PA=−68°.9) and
0 51×0 39 (PA=−79°.9), respectively. Briggs parameters
of 2 and 0.5 are used to weigh the uv data (Briggs et al. 1999).
A Briggs value of 2 (0.5) is closer to natural (uniform)
weighting and more sensitive to extended (compact) features.
We imaged the spectral line data cubes with channel widths of
1.33 and 1 km s−1, respectively. We also used archival and
published HCN (1−0) (Christopher et al. 2005) data with a
spatial (spectral) resolution of 5.1×2 7 (7.2 km s−1) and CS
(5−4) and SiO (6−5) data with a 0 76×0 59 (18.75 km s−1)
resolution.

We identified 11 sources with physical characteristics (size,
mass, age, energetics) of young star formation activity within
0.8 pc of the black hole. The integrated flux density, angular size,
and position angle (PA) of individual sources are listed in Table 1,
and our estimates of physical parameters are given in Table 2. One
object, Bipolar 1 (BP1), with compact bipolar CO emission lies at
a projected distance of∼0.6 pc (15 2) SW of Sgr A*, as shown in
Figure 1(a). The NW and SE lobes are blueshifted and redshifted
by ∼2 km s−1 with respect to each other, connected by
intermediate velocity gas at +113 km s−1(green). The axis of
this feature has a PA of −42°.1 and resembles a jet connecting the
two lobes. The centroids of the lobes of BP1 are separated by
∼1 45, equivalent to~ ´1.2 10 au4 at the 8 kpc distance of the
Galactic center. The 13CO lobes likely arise from the material
swept up by a jet-driven outflow from a central young stellar
object. The total mass swept up in the NW and SE lobes is
estimated to be ∼0.19 and 0.12 :M , respectively. The equivalent
momentum deposition rates are ∼1180 and 820 :L , respectively,
consistent with an outflow arising from a low-mass protostar.
BP1 should therefore be embedded in a molecular cloud. A

CS (5−4) line intensity map is presented in Figure 1(b), taken
from an ALMA observation (Moser et al. 2017), which
identifies a dense molecular cloud within 0 5 of BP1 at
a velocity of 103 km s−1 with a line width of 18.75 km s−1.

Table 1
Entries Give the Source Name, the Coordinates, the Flux Density, the Extent of the Blueshifted and Redshifted Lobes in Terms of the Beam Solid Angle, the Velocity

Difference of the Lobes, the Angular Separation of the Lobes in Arcseconds, the Center Velocity, and the Position Angle of the Source in Degrees

Source J2000 Coord Red Lobe Blue Lobe

R.A.(s) Decl.(″) FΔv Ω FΔv Ω Δv Δθ vcenter PA
17 45h m - n ¢29 00 mJy km s−1 Beam mJy km s−1 Beam km s−1 ″ km s−1 deg.

BP1 38.917 30.72 215 2.9 135 2.4 2 1.45 113.0 −42.1
BP2 40.417 15.48 1140 3.6 450 1.9 4 1.29 97.0 26.6
BP3 40.495 29.11 7.8 1.5 10.3 1.1 1 0.74 163.5 51.3
BP4 40.840 21.03 54 1.5 L L 1 0.17 197.5 54.3
BP5 39.869 22.24 63 1.4 116 1.6 4 0.41 −93.0 −88.9
BP6 39.343 44.27 2489 6.5 1198 5.1 5 1.01 68.5 5.1
BP7 39.440 32.82 22.2 2.9 L L 1 1.80 −199.5 56.1
BP8H I 39.638 31.28 6.2 1.2 5.1 1.1 13 0.81 −81.8 −50.7
BP9 40.414 30.41 155 2.9 510 2.1 2 3.28 −59 −50.3
BP10 39.296 29.39 171 1.2 170 1.2 3 0.44 −57 62.8
BP11 40.553 16.62 42.7 1.5 44.7 1.35 1 0.39 163.5 22.5

Table 2
Physical Parameters of Molecular Outflows with Entries Giving the Source Name, the Mass and Hydrogen Number Density of Individual Lobes, the Total Mass of the

Lobes, the Jet Length, and the Outflow Force

Source Red Lobe Blue Lobe Total
Mass nH Mass nH Mass Jet Length Force

´( )isin ´( )i icos sin2

:M cm−3
:M cm−3

:M 1017 cm :L /c

BP1 0.19 2.6e+05 0.12 2.1e+05 0.32 0.87 5.7e+02
BP2 1.0 9.8e+05 0.41 1.0e+06 1.4 0.77 1.1e+04
BP3 0.007 2.5e+04 0.0093 5.3e+04 0.016 0.44 1.4e+01
BP4 0.049 1.7e+05 L L L 0.10 L
BP5 0.057 2.2e+05 0.10 3.4e+05 0.16 0.25 4.1e+03
BP6 2.2 8.9e+05 1.1 6.1e+05 3.3 0.60 5.4e+04
BP7 0.020 2.6e+04 L L L 1.1 L
BP8H I 0.0056 2.8e+04 0.0046 2.6e+04 0.01 0.48 1.4e+04
BP9 0.14 1.8e+05 0.46 9.9e+05 0.60 2.0 4.8e+02
BP10 0.15 7.7e+05 0.15 7.6e+05 0.31 0.26 4.1e+03
BP11 0.039 1.4e+05 0.04 1.7e+05 0.079 0.23 1.3e+02
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• outflowの速度と長さから、平均的な年齢は

6500年(+8100年-3600年)と推定。 

• 結構low massのものが最近できたことを示
す。 

• 銀河系中心はAV が30等なので赤外ソースを見
つけるのは難しい 

• BH周りの星形成率とか結構高いかもね
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GMC Collisions as Triggers of Star 
Formation. VI. Collision-Induced Turbulence 
Benjamin Wu, Jonathan C. Tan, Fumitaka Nakamura, Duncan Christie, Qi Li

やったこと：２つのGMCがぶつかる場合とぶつからない場合のシミュレーション
を行い、違いを比較した。 

数値計算：Enzo code, 理想MHD, 自己重力あり、超音速乱流、heating/cooling, 

AMRで一番高いところで0.0625pcの分解能 
計算セットアップ 

128pc^3の計算ボックス、GMCを２つ準備、RGMC=20pc, 個数密度100 cm^-3, 

M=9.3×10^4 Msun、impact parameter= 0.5RGMC 

周りは10 cm^-3のCold neutral medium,　non-colliding caseでは、GMCと
CNMはどちらも10km/sでconvergingしていると仮定。 

B=10µG, uniform B-fields, θ=60度（衝突方向に対して）mass to flux ratio=4.3 

(supercritical) 
T=15K (thermal-to-magnetic pressure ratio = 0.015)
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Fig. 1. Row 1: Time evolution of projected mass surface density for the non-colliding model. Row 2: Connected extractions (CEs), the largest spatially-
connected sub-structures for each density threshold are shown plotted over the corresponding grayscale mass surface density map. Blue, green, red,
and cyan correspond to CEnc

2 , CEnc
3 , CEnc

4 , and CEnc
5 , respectively (see text). Rows 3–4: Same as rows 1–2 except for the colliding model. Snapshots at

t = 1, 2, 3, and 4 Myr are shown. The visualizations adopt the rotated coordinate system (x′, y′, z′) (i.e., the simulation coordinates (x, y, z) transformed
by a (θ , φ) = (15◦, 15◦) rotation used throughout this paper series. (Color online)

localized within the collisional interface and grow over time
as additional gas is fed into the region.

3.2 Volume density PDFs

Probability distribution functions (PDFs) of gas have been
used to quantify various properties of supersonic tur-
bulence. They can be shaped by self-gravity, shocks,
and magnetic fields (see, e.g., Vazquez-Semadeni 1994;
Padoan et al. 1997a, 1997b; Kritsuk et al. 2007; Feder-
rath et al. 2008; Price 2012; Collins et al. 2012; Burkhart
et al. 2015). A notable feature both in observations (of mass
surface density, #) and simulations (of volume density, ρ) is
a lognormal distribution of densities. Paper II compared #-
PDFs with an observed Infrared Dark Cloud (IRDC) from
Butler, Tan, and Kainulainen (2014) and Lim et al. (2016),
and found consistency between the observed #-PDF and
those formed in colliding GMC simulations, though later
stages (t > 4 Myr) of non-colliding GMCs were not ruled
out.

A lognormal PDF takes the form

pV(s) = 1
√

2πσ 2
s

exp
[

(s − s)2

2σ 2
s

]
d ln ρ, (1)

where s ≡ ln (ρ/ρ0), and the mean (s) and variance (σ s) of
ln ρ are related by s = −σ 2

s /2 (Vazquez-Semadeni 1994).
The turbulent sonic Mach number, M, has been shown

in simulations to be related to the standard deviation of the
logarithm of density, σ s, via

σs =
√

ln(1 + b2M2). (2)

The constant b, often referred to as the turbulence driving
parameter, depends on the turbulent driving modes of
the acceleration field. From numerical simulations of
periodic boxes of driven turbulence, b = 1/3 for fully
solenoidal (divergence-free) forcing (Padoan et al. 1997b;
Kritsuk et al. 2007; Federrath et al. 2008, 2010), while
b = 1 for fully compressive (curl-free) forcing (Federrath
et al. 2008, 2010).

Figure 2 shows volume-weighted and mass-weighted
density PDFs at t = 2 and 4 Myr, normalized to total gas
fraction. PDFs for non-colliding and colliding clouds, along
with their respective CEs, are plotted together for compar-
ison.

The volume-weighted PDFs at 2 Myr show a more
broadened distribution for the colliding case. Densities have

Downloaded from https://academic.oup.com/pasj/advance-article-abstract/doi/10.1093/pasj/psx140/4801125
by National AstronomicalObservatory, Japan user
on 25 January 2018

Blue, green, red, and cyan correspond to CEnc2, CEnc3, CEnc4, and CEnc5,  
*CE: connected extractions, clump-finding algorithm finding the largest structure 
*CEnc2は個数密度10^2個以上の領域で、ひと塊とみなせるもの
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Fig. 2. Left: Volume-weighted PDFs at t = 2 and 4 Myr of GMC evolution are shown. PDFs for the total gas (black), CE2 (blue), CE3 (green), CE4 (red),
and CE5 (cyan) are plotted. Dashed lines represent the non-colliding case, while solid lines represent the colliding case. Power laws are fitted to each
total gas PDF for nH > 104 cm−3. Right: Same as left, except for mass-weighted PDFs. (Color online)

also reached an order of magnitude higher at this time, to
∼105 cm−3. The non-colliding PDF is fitted with σ s = 1.06
and the colliding PDF, with σ s = 1.14.

Mass-weighted sonic Mach numbers, directly calculated
from the individual cell values, yield M = 10.90 for the
non-colliding case and M = 13.05 for the colliding case.
Values of b = 0.13 were found (i.e., relatively low values,
but not indicative of any particular turbulent driving mode.)
The collision also produces CEs that occupy a higher frac-
tion of total gas at their given densities. This indicates
that most of the high-density gas in a collision is con-
tained within connected structures concentrated at the colli-
sional interface. In the non-colliding case, high-density gas
is decentralized. This trend is seen throughout all of the
PDFs.

As the simulations progress to 4 Myr, the PDFs broaden
in both models. They show similar behavior at low den-
sities, but the collision forms a higher-end tail, reaching
densities that are almost two orders of magnitude greater,
to ∼108 cm−3. These PDFs are fitted with σ s = 1.42 for
the non-colliding case and σ s = 1.63 for the colliding case.
Notably, the Mach number for the non-colliding case has
decreased to M = 9.73 while for the colliding case it has
instead increased to M = 15.22. This may be indicative of

the collision-inducing increased turbulence in the GMC–
GMC system. In this time, the turbulent driving mode b
has increased to 0.26 and 0.24 for the non-colliding and
colliding models, respectively. We note, with caveats that
our boundary conditions are not those of a periodic box
and that the precise effects of the non-turbulent ambient
medium are unaccounted for, that our measured values of
b are close to those seen in purely solenoidal driving simula-
tions. Additionally, these have increased relative to earlier
times, perhaps trending toward more compressive modes
as gravitational collapse begins to dominate. The similarity
of b measured between isolated and colliding clouds indi-
cates that this parameter is not strongly affected by cloud
collisions in our particular simulation set-up.

Deviations from purely lognormal PDFs at high densi-
ties in the form of power-law tails, i.e., p(ρ) = aρ−k, are
often attributed to gravitational collapse (Klessen 2000;
Vázquez-Semadeni et al. 2008). From isothermal self-
gravitating supersonic turbulence simulations, Kritsuk,
Norman, and Wagner (2011) found indices of −1.67
and −1.5 for intermediate- and high-density thresholds,
respectively, with flattening potentially due to the onset
of rotational support. Self-gravitating MHD simulations in
Federrath and Klessen (2013) produced high-density tails

Downloaded from https://academic.oup.com/pasj/advance-article-abstract/doi/10.1093/pasj/psx140/4801125
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mass-weighted PDF. 

マッハ数 2Myr 4Myr

無衝突 10.9 9.73

衝突 13.05 15.22
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Fig. 4. Velocity dispersions as functions of density. Each panel represents a different snapshot in time, from t = 1 to 4.5 Myr. The non-colliding case
is represented by dashed lines, while the colliding case is represented by solid lines. For each model, σv (averaged over the x, y, and z lines-of-sight)
for the total gas content (black), CE2 (blue), CE3 (green), CE4 (red), and CE5 (cyan) is plotted. (Color online)

of a few and were in agreement with observed velocity dis-
persions of ∼ a few km s−1 (Hernandez & Tan 2015).

Figure 3 shows p–v diagrams of the gas density in the
non-colliding and colliding simulations, measured along
lines of sight for the collision axis (vx) and for a side view
(vz). Results for vy are not displayed, but are in general
similar to those along vz.

In the non-colliding model at 2 Myr, the overall gas dis-
tribution shows turbulent kinematic structures that are gen-
erally within ±5 km s−1. The individual GMCs can be dis-
tinguished in the x direction. CEnc

2 , which traces GMC 2
at this time (see subsection 3.1), shows similar kinematic
structure. CEnc

3 and CEnc
4 can also be seen, with relatively

narrow velocity spreads of at most a few km s−1.
At 2 Myr, the colliding model has formed a more spa-

tially compact structure and exhibits much stronger kine-
matic signatures. Portions of the GMCs exceed ± 10 km s−1,
due to the bulk flow velocity combined with initially turbu-
lent gas. This gas has not yet interacted with the incoming
GMC. CEc

2, which contains the combined GMC gas, shows
more disrupted structures with high velocity dispersions.
The cloud collision can be clearly seen in the vx vs. y and
vx vs. z panels, with two large, opposing velocity compo-
nents bridged by an overdense intermediate-velocity region.
It is within this collisional interface that the primary higher-
density structures—CEc

3, CEc
4, and CEc

5—form. Compared
with the non-colliding model, the velocity dispersion is

much higher, although CEcs at successively higher densi-
ties similarly form with lower relative velocity dispersions.
The cloud collision is less apparent along vz, but higher
velocity dispersions relative to the non-colliding case can
be seen at the interface.

At 4 Myr, p–v diagrams for the non-colliding model
reveal the presence of higher density structures via the total
projected cell mass values, but overall velocity dispersion
is similar. CEnc

2 now includes both GMCs, and CEnc
3 tracks

the majority of GMC 2. CEnc
4 and CEnc

5 , which have now
formed, contain gas with relatively low velocity dispersions.

The colliding case at 4 Myr reveals very different
behavior, exhibiting much higher velocities and more com-
pact gas structures. CEs at this stage of evolution now
include gas with much higher velocity dispersions, with
higher-density CEs showing large amounts of disruption.
Compared to the colliding case at 2 Myr, the gas kinematics
are now dominated by post-collisional gas located in the
central structure rather than the pre-collisional gas from
the original GMCs.

3.3.2 Velocity dispersion
To understand the evolution of GMC kinematics in greater
detail, we analyze the velocity dispersion, σ v, both as func-
tions of density (figure 4) and time (figure 5). σ v is calculated
as the cumulative mass-weighted gas velocity dispersion,
taking the average of the x, y, and z lines of sight. For the
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detection of this star indicates an extinction of A
K

� 60,
consistent with obscuration by an edge-on disk, assum-
ing its X-ray luminosity is that of a typical T Tauri
star. Robberto et al. (2012) combine published 2MASS
and Spitzer photometry, with unresolved HST fluxes to
fit properties of the disk and central star using the on-
line library of 20,000 models of young circumstellar sys-
tems compiled by Robitaille et al. (2006). These mod-
els include the central star, a di↵use envelope and an
accreting disk (Whitney et al. 2003a,b, 2004). The au-
thors find the disk is best fit by an inclination of ⇠ 87.1
degrees, L

bol

= 0.8 ± 0.4L�, Mstar

= 0.33 ± 0.03M�,
Rstar = 2.5±0.6R�, and give an upper limit for the sub-
mm disk mass of 0.005M�. Rodgers-Lee et al. (2014)
included Herschel data and found a best fit inclination of
81.4 degrees. More recently, Pascucci et al. (2016) pro-
vide 1.3 millimeter continuum data which corresponds
to a disk mass estimate of 0.0046M�, using an assumed
opacity of  = 2.3cm2/g, a gas to dust ratio of 100, and
a disk temperature of 20 K.

2. OBSERVATIONS

2.1. HST Scattered Light Images

Scattered light images of the ESO H↵ 569 disk were
obtained using HST ACS/WFC in both the F814W and
F606W broad band filters on March 9th, 2012 as part
of program GO 12514. The total exposure times were
1440 s for F606W and 960 s for F814, with each filter’s
exposure split as two integrations for cosmic ray rejec-
tion. The reduced and calibrated data produced by the
HST pipeline were retrieved from the Mikulski Archive
for Space Telescopes (MAST).
Figure 1 provides the reduced images, rotated to place

the disk major axis horizontal. The bipolar appear-
ance unequivocally demonstrates the edge-on nature of
ESO H↵ 569. The western side is much brighter than
the eastern (by ⇠ 20⇥ comparing their peak surface
brightnesses) and, along with the curvature of the neb-
ula, indicates this side is tilted slightly toward us. There
is no sign of starlight directly peeking through as an un-
resolved point source. The position angle of the disk’s
minor axis was evaluated to be 65 ± 1 degrees. This was
computed as the position angle for which mirroring the
image across the minor axis minimized the flux di↵er-
ence between the left and right sides. The disk is close
to left/right symmetric, though the southern side (right
side as shown in Fig. 1) is very slightly brighter.
The disk is very red (much brighter in F814W than

F606W). The flux density of the disk was measured in
both filters using a 50 pixel aperture, which corresponds
to a spatial scale of 2” x 2” and was chosen to encom-
pass all disk flux with surface brightness � 3� above the

Figure 1. HST images of the protoplanetary disk ESO-
H↵569. Top: F814W. Bottom: F606W. Both images show
the dark dust lane and asymmetries between the top and
bottom of the disk, while only F606W establishes the pres-
ence of an outflow jet. The 100 au scale bar corresponds to
an angular scale of 0.62500.

background noise. The measured flux density is 0.058 ±
0.001 mJy for F606W and 0.21 ± 0.01 mJy for F814W,
which gives a color [F814W]-[F606W] = 1.4 AB magni-
tudes.
The disk has an apparent outer radius of 0.80 ± 0.0500

which corresponds to 125 ± 8 au at a distance of 160 pc.
Here, the outer radius is inferred as the o↵set at which
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Figure 2. A wider F606W filter image displaying the di↵use
nebula extending outward from the disk. The direction of the
H↵ filament HH919 is shown by the arrow. The jet lines up
well with the reported position of HH 919, consistent with
ESO H↵ 569 being the origin of this outflow. The 500 au
scale bar corresponds to an angular scale of 3.12500.

Figure 3. An image of the jet created by subtracting
the F814W image from the F606W image. Contours are
drawn from 0.01 to 0.19 mJy/arcsec2 in intervals of 0.03
mJy/arcsec2. The 100 au scale bar corresponds to an angu-
lar scale of 0.62500.

compared to the flux in 9 neighboring pixels with no
jet signature. The peak surface brightness of the jet is
⇠ 0.19 mJy/arcsec2. The ability to measure color vari-
ations in the shape of the disk and width of the dark
lane between the F606W and F814W bands is hindered
by the presence of this bright jet.

2.3. Spectral Energy Distribution

A spectral energy distribution (SED) for the disk
was compiled from the literature, including data from

HST, 2MASS, Spitzer, WISE, Herschel, ALMA, and the
LABOCA instrument on the APEX telescope (see Fig-
ure 4). Table 1 provides the SED values with photomet-
ric errors and references for each value. The SED shows
the characteristic double-peaked shape of edge-on disks
with contributions from both the scattered light from
the central star peaking at about 1.5 µm and the thermal
emission from the surrounding optically thick disk peak-
ing at roughly 70 µm. Data at similar wavelengths from
di↵erent epochs show variability at the 10 � 20% level,
consistent with variability seen in other young disks (Es-
paillat et al. 2011; Flaherty et al. 2012; Muzerolle et al.
2009).

Figure 4. Spectral energy distribution for ESO-H↵ 569 with
upper limits indicated by triangles. The SED exhibits the
double peaked structure typical of an optically thick, edge-
on disk. The values were compiled from the literature with
more information given in Table 1. The stellar spectrum for
an M2.5 star with Teff = 3500 K is overplotted.

ESO H↵ 569 was imaged with Herschel as part of
the Gould Belt survey in the PACS 70 and 160 µm
bands and the SPIRE in the 250, 350 and 500 µm bands
(Winston et al. 2012). The source is barely detected in
the PACS bands, hence the large uncertainties reported
by Winston et al. (2012). There seems to be a very
marginally-detected point source in the SPIRE bands
(100± 100 mJy at 250 µm and 50± 50 mJy at 350 and
500 µm), but given the coarse angular resolution, it’s
hard to exclude contamination from dust emission from
the surrounding cloud itself. Given the low significance
of these detections, the Herschel fluxes are not included
in our SED fits.
An ALMA Band 3 continuum (2.8 mm, 106 GHz)

measurement was obtained by Dunham et al. (2016)
with ALMA in a compact configuration that achieved
a ⇠2” beam, and does not resolve the disk. Because the
disk is not resolved, the ALMA continuum flux could
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measurement was obtained by Dunham et al. (2016)
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a ⇠2” beam, and does not resolve the disk. Because the
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西の方が東より20倍明るい 

赤い（814の方が606より明る
い） 
円盤はざっくり125au 

814画像を606画像から引くと
ジェット成分が見える 
SEDは一般論としてedge-on円
盤っぽい（1.5µmに散乱光、
70µmに光学的に厚い円盤がみ
えるはず） 
814(0.8µm)画像をモデル
フィットした。 



Akimasa Kataoka (NAOJ)

ESO H↵ 569 Radiative Tranfer Modeling 15

The apparent disagreement is likely a result of some
limitations in the disk model. If the opacity of the dust
grains in the disk was decreased, the optically thick/thin
boundary would move to shorter wavelengths, recover-
ing some of the flux in the several tens of µm range
of the SED. However, to improve the flux ratio be-
tween the top/bottom nebulae in the modeled image we
would need to move the inclination farther from edge-
on and/or change the scattering properties of the grains
(i.e. increase the forward scattering or decrease the dust
albedo), which would most likely necessitate an increase
in the dust opacity.

Table 3. MCMC Best fit Paramters

Parameters Best-fit Values

Inclination (�) 83.0+2.6
�4.8

Scale Height (au) 16.2+1.7
�2.0

Dust Mass (M�) 0.00057+0.00017
�0.00022

Surface Density ↵ �1.77+0.94
�0.14

Flaring � 1.19+0.09
�0.08

Note—Best fit values for the covari-
ance likelihood estimation mode of the
MCMC.

3.7. Dust Mass

The best-fit disk dust mass is 0.00057+0.00017
�0.00022 M�,

which corresponds to a disk mass of 0.057M� (assuming
the standard ISM gas to dust ratio of 100). This is 16%
of the stellar mass for a 0.35 M� star like ESO H↵ 569,
a surprisingly high disk to star mass ratio.
In the grid fit and the initial MCMC run using the

�2 estimator, the fit to the disk mass relied heavily on
the 870 µm measurement. Given the surprisingly high
mass estimate, we speculated that the 870 µm photom-
etry might be in some way compromised (for instance,
contaminated by excess flux from a background source).
To test the dependence of the derived mass on this mea-
surement, another MCMC run was tested excluding this
datapoint, but the overall fit still preferred high disk
masses. Subsequent to these initial MCMC runs, Dun-
ham et al. (2016) published their ALMA 2.8 mm con-
tinuum observations, from which they found a total disk
mass (gas+dust assuming a gas to dust ratio of 100)
of 0.057 ± 0.002M�. The excellent agreement between
these independent results (their estimate and our result
from fits without including their 2.8 mm data point) pro-

vides increased confidence in the apparently high mass
of this disk. Our final MCMC fit using the covariance
framework included the 2.8 mm measurement as well as
the other photometry.
A key aspect here is the assumed dust opacity. The

mass estimate by Dunham et al. (2016) was made un-
der the assumption that the disk is optically thin, in
which case the mass may be directly computed via
M(gas + dust) = F⌫D

2

⌫B⌫(T ) . The derived mass thus de-
pends on both the opacity and the disk temperature.
Dunham et al. (2016) assumed a disk average tempera-
ture of T=10 K. Our best-fit MCFOST model yields
the disk internal temperature as a byproduct of the
MCMC radiative transfer calculation, and the results
are fairly consistent: a calculated disk midplane tem-
perature of 10 K at 100 AU, increasing inwards to 30
K at 5 AU. The larger source of potential systematic
bias in the disk mass is thus the assumed dust opac-
ity. Dunham et al. (2016) use a dust opacity charac-
teristic of coagulated dust grains with thin icy mantles
( = 0.23, cm2/g Ossenkopf & Henning 1994). Our
model uses olivine dust as described in section 3.2, which
yields a similar opacity at 2.8 mm within a factor of 2.
But other results can easily be obtained. For instance,
if we instead adopt the dust opacity law from Beck-
with et al. (1990) (

⌫

= 0.03 cm2/g at 870 µm) and
use T=20 K, then that yields an estimated disk mass
M(gas + dust) = F⌫D

2

⌫B⌫(T ) = 0.0055M�, a factor of ten

lower (again assuming the standard gas to dust ratio
of 100). Better constraints on the dust particle proper-
ties and thus the millimeter opacities could help clarify
the true mass of this disk. Some disagreement between
predictions from the 2.8 mm and 870 µm continuum
measurements may be unsurprising since derived dust
masses from sub-mm data may be biased downwards in
the case of EODs if they begin to become optically thick
at that wavelength. That said, the good agreement be-
tween the Dunham et al. (2016) millimeter-continuum-
derived mass and the result from our fit to the full SED
and the HST scattered light image seems to indicate
that the relative importance of absorption/emission and
scattering of the dust model (which includes, but is not
limited to, the dust albedo) used here is a reasonable
approximation.
Lastly, we note that a reduced gas-to-dust ratio would

of course directly a↵ect the inferred total gas+dust to
star mass ratio, but the available observations do not
provide any evidence towards (or against) such a hy-
pothesis.

3.8. Scale Height
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Figure 13. We show the evolution of the shape of the image and SED for di↵erent dust masses. Our best fit model is shown
in blue. The other models use the same parameter values except for the mass, which is some fraction of the best fit dust mass
as indicated in the legend. For a fixed inclination, decreasing the dust mass moves photons from the thermal peak in the SED
to the scattered light peak. Decreasing the mass by a factor of 10 generates a flat SED without the double peaked structure.
Likewise, if the dust mass is one tenth the best fit value, the double nebula shape begins to disappear in the scattered light
image, and is not seen at all in the 1.9⇥ 10�5 M� model.

– The best fit disk mass of 0.057 M� is abnormally
large, especially considering the small central ob-
ject, though multiple mm continuum observations
support this estimate. Assuming a gas to dust ra-
tio of 100, the disk mass is 16% the mass of the
central star, establishing the ESO H↵ 569 disk as
a clear outlier in the Cha I SFR. Despite the high
mass, the disk appears gravitationally stable at all
radii.

– The vertical structure of the disk as defined by the
scale height and the power law flaring exponent is
well constrained. The best fit model has a mass-
averaged disk temperature of ⇠ 23 K, similar to
other disk observations. The scale height is self-
consistent with the modeled temperature profile,
supporting a flared disk model in which the gas
and dust are well-coupled.

A large e↵ort was put into simultaneous and consis-
tent fitting of the images and the SEDs, resulting in a
disk model that is is a good compromise between the

two. But naturally a separate fit to each individual ob-
servable is capable of yielding a better fit to that one, at
the cost of an inferior fit to the other. This is likely due
to: (1) Limitations in the parameterization of the com-
plex physical processes ongoing in protoplanetary disks.
In this work, a fairly simple analytic disk structure for-
malism with a single grain population was used. (2) The
inability of our dataset to constrain some aspects of rel-
evant physics and processes (e.g. neither the SED nor
the scattered light image provide much information on
the innermost regions of the disk).
Using a combination of di↵erent observables (spec-

tral data, images in scattered light, and thermal emis-
sion, and polarimetry data to constrain grain proper-
ties) helps to break degeneracies between various model
parameters. However, care must be taken to determine
the correct approach for the relative weighting of observ-
ables with di↵erent noise properties and model sensitiv-
ities. Now that high contrast imaging systems designed
to study these circumstellar environments in greater de-
tail are coming on line, there is a plethora of great obser-

面白い点：円盤質量が大きい。ガスダスト比を100とすると、0.057Msunで、円盤
質量が中心星の16%にもなる。 

だが、これはALMAによる2.8mm 連続は観測の結果（0.057Msun）とよく一致。 

＃ただし、ALMAの結果は、小さいオパシティ、高い温度を仮定すれば下がる 

実は、double-peaked SEDは、相当質量の高いedge-on円盤を見てるかも？
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ately apparent in su�ciently high resolution images. As
a result, it becomes di�cult to develop a good metric
that combines both images and SEDs in a well-balanced
manner for the purposes of a simultaneous MCMC fit.
To address this di�culty in fitting disk observations,

a new method has been developed that explicitly takes
into account the covariant and correlated residuals in
the image fitting. Czekala et al. (2015) introduced this
approach in the context of 1D spectral fitting. That ap-
proach has been extended to work on heterogenous disk
datasets including 2 dimensional images, and use that
to implement an MCMC fitting process that balances
both the image and SED data for ESO H↵ 569.

3.2. Radiative Transfer Modeling with MCFOST

For this work, the MCFOST radiative transfer code
(Pinte et al. 2006, 2009) was used to construct SEDs and
0.8 µm scattered light images for each of the models.
The 0.6 µm scattered light images were not modelled
because the strong jet signature required masking� 50%
of the integrated disk flux.
The selected model assumes an axisymmetric disk

with a surface density, ⌃, described by a power law dis-
tribution in radius given by ⌃ = ⌃0(R/R0)↵ where ↵
is termed the surface density exponent and R0 is the
reference radius of 100 au. In this “sharp-edged” model
the disk is abruptly truncated at an outer radius R

out

.
In order to achieve a good fit to the di↵use emission
above the disk and the disk mass and inclination simul-
taneously, a “tapered-edged” disk model was tested, in
which the density ⌃ falls o↵ exponentially with some
critical radius R

c

of material outside of the disk:1

⌃ = ⌃
c

✓
R

R
c

◆
↵

exp

✓
� R

R
c

◆2+↵

�
(1)

For this work, R
c

= R
out

. This exponential taper is
predicted by physical models of viscous accretion disks
(Hartmann et al. 1998), but observations were not sen-
sitive enough to detect this outer gradual fall-o↵ until
Hughes et al. (2008) used this form to model both gas
and dust continuum observations in the millimeter. It
is expected that the small dust grains seen in scattered
light should be well coupled with the gas for young disks,
suggesting the use of this surface density distribution is
justified here. (See also recent work by Guidi et al. 2016;
Pohl et al. 2017, for HD 163296 and T Cha respectively).
The scale height is also defined as a power law in radius
by H(R) = H0(R/R0)� where � is the flaring exponent

1
Note that some authors give this equation using the notation

� = �↵.

describing the curvature of the disk and again R0 = 100
au.
Several model parameters were held fixed to mini-

mize the degrees of freedom and to save computation
time. Values for these parameters were either mea-
sured directly from the HST images or taken from the
literature. The disk is within the SFR Chamaeleon I
(Cha I), therefore we fix the distance to the disk at
160 pc (Whittet et al. 1997). From the angular size
of the disk measured above and the distance, we cal-
culate an outer radius of 125 au. The inner radius
was defined by a conservative estimate of the sublima-
tion radius Rsub = Rstar(Tstar/Tsub)2.1 ⇠ 0.1AU where
Tsub = 1600K (Robitaille et al. 2006).
The free parameters in the model are inclination (with

90�as edge-on), scale height, dust mass, maximum dust
particle size, dust porosity, disk vertical flaring expo-
nent (�), surface density exponent (↵), and disk edge
type (sharp or tapered). For the maximum particle size,
the grain population is described by a single species of
amorphous dust of Olivine composition (Dorschner et al.
1995) with a particle size distribution following a -3.5
power law extending from 0.03 µm up to the free param-
eter a

max

. We assume that the dust is well mixed with
the gas, irrespective of the particle size. This combina-
tion of dust properties (with a

max

= 100µm) results in
a mean scattering phase function asymmetry factor of
g = 0.54. Dust porosity is modeled simply as a frac-
tion between 0 and 1 of vacuum that is mixed with the
silicates following the Bruggeman e↵ective mixing rule.
For comparison with the observed 0.8 µm scattered

light images, each model image was convolved with a
Tiny Tim simulated PSF (Krist 1995). The 0.8 µm ob-
servations were masked to select only the pixels with
flux values � 3� above the background noise level. A
2D map of the noise was generated by converting the
observed image to electrons, and assigning � =

p
N

e�
for the �2 values. The model images were aligned with
the observations via a cross correlation and normalized
to the total observed flux. The models were then com-
pared to the data via an error-weighted pixel-by-pixel �2

calculation. For similar work see Duchêne et al. (2010)
and McCabe et al. (2011). For the SEDs, when fitting
each model point, the foreground extinction is allowed
to vary from A

V

= 0 � 10 with R
V

= 3.1, and the
extinction value that minimizes the observed - model
residuals is chosen.
While the robust treatment of radiative transfer pro-

vided by MCFOST is essential for modeling optically
thick disks, it is computationally intensive. Generating
a single model SED requires ⇠ three minutes of desk-
top CPU time, with an additional ⇠ minute to generate
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Tiny Tim simulated PSF (Krist 1995). The 0.8 µm ob-
servations were masked to select only the pixels with
flux values � 3� above the background noise level. A
2D map of the noise was generated by converting the
observed image to electrons, and assigning � =

p
N

e�
for the �2 values. The model images were aligned with
the observations via a cross correlation and normalized
to the total observed flux. The models were then com-
pared to the data via an error-weighted pixel-by-pixel �2

calculation. For similar work see Duchêne et al. (2010)
and McCabe et al. (2011). For the SEDs, when fitting
each model point, the foreground extinction is allowed
to vary from A

V

= 0 � 10 with R
V

= 3.1, and the
extinction value that minimizes the observed - model
residuals is chosen.
While the robust treatment of radiative transfer pro-

vided by MCFOST is essential for modeling optically
thick disks, it is computationally intensive. Generating
a single model SED requires ⇠ three minutes of desk-
top CPU time, with an additional ⇠ minute to generate


