
CO/H2 ABUNDANCE RATIO ≈ 10−4 IN A PROTOPLANETARY DISK
France et al., ApJ

目的：円盤でのCO/H2 ratio を求めたい
手法：HSTのCosmic Origins Spectrograph(COS)を使ってfar-UVでH2, COを観測する
今回の天体：RW Aur (K型原始星の連星, primary: 1.1-1.4Msun, secondary: 30-50%重い)
近赤超過から円盤はあると思われていて円盤質量は電波で4×10^(-3)Msun

今回の観測：HST, 波長帯は1064–1130 Å, resolutionはR>10^4 (=波長分解能0.1Å以下)

結果：
中心星付近の降着領域、円盤、アウトフローという多成分でできていそう(速度で分離)
モデリングの結果、基本的に円盤上層部からの放射である。
この円盤表層（暖かい）では、H2の面密度は19.9 cm^-2 (Trot=440K),molecular fraction 
>0.47  COの面密度は16.1 cm^-2 (Trot=440K)
fractional abundance: CO/H2 = 1.6 * 10^-4 : 星間物質とほとんど同じ
→余り化学変化がおきていない？(warm layerでは)
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Figure 1. Overview of the 2013 August 29 HST-COS observations of RW Aur A. The data are displayed as the black histogram with representative error bars shown
in gray.
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Figure 2. HST-COS spectra of the 1092–1106 Å spectral region, with the continuum function shown as the solid red line (top panel). The bottom panel shows the
normalized flux and the best-fit H2 absorption model as the blue solid line (Section 4.1). The strongest H2 absorption lines with J

′′ ! 5 are labeled in purple. The data
and the normalized spectra are binned by 4 pixels and smoothed with a 3 pixel boxcar average for display. The normalized spectra are smoothed with a 3 pixel boxcar
average prior to H2 fitting.
(A color version of this figure is available in the online journal.)

in CTTSs is a superposition of a molecular quasi-continuum
(1400 ! λ ! 1660 Å) and a component that can be well-
represented by a linear or quadratic function (France et al.
2011b). The linear continuum is well-correlated with accretion
indicators such as C iv line flux; however, it appears distinct

from the well-studied near-UV Balmer continuum (France et al.
2014). In any case, the far-UV continuum is smoothly varying
on spectral scales of ∼10 Å, and we assume the local continua
have a linear shape for the purposes of continuum normalization
(Figure 2).
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Table 3
RW Aur A Disk Abundance Ratiosa

Species log10N(X) N(X)/N(Htotal)a

H i <20.25+0.05
−0.21 <0.53

H2 19.90+0.33
−0.22 >0.24

CO 16.1+0.3
−0.5 >3.7 × 10−5

Notes.
a The majority of the neutral atomic hydrogen on the RW Aur A
sightline is thought to be interstellar (McJunkin et al. 2014), therefore
relative abundance ratios are lower limits.
b N(Htotal) = N(H i) + 2N(H2).

We constrain the molecular fraction in the warm disk atmo-
sphere of RW Aur to be fH2 ! 0.47. This large molecular
fraction is interesting because it has been suggested that cir-
cumstellar material with large molecular fractions may explain
the discrepancy between optical/IR-based reddening values and
N(HI)-based reddening values without having to invoke grain
populations or gas-to-dust ratios that differ significantly from
the diffuse and translucent ISM (McJunkin et al. 2014). Table 3
summarizes the atomic and molecular results from this work.
The combination of dense cloud CO/H2 ratio and high molec-
ular fraction argue that the warm molecular surface layers of
protoplanetary disks retain some of the physical characteristics
of the dense clouds out of which they formed, at least to the
∼1 Myr age of RW Aur.

Finally, as described in the Introduction, observations of H2
and CO UV fluorescence lines suggested high CO/H2 ratios
(0.1–1; e.g., France et al. 2011b; 2012). While we caution
that the results presented in the present study are based on
a sample size of one, they suggest that the CO/H2 ratios
derived from the emission line studies were likely misleading
because of the spatial stratification of the emitting regions
being studied. With a 2.′′5 diameter spectroscopic aperture,
HST-COS emission line observations sample the entire inner
disk surface (r " 200 AU), where disk surface temperatures
change from a few thousands to a few tens of degrees. The
combination of the derived rotational excitation temperatures
and analyses of the rotationally broadened line widths argue
that the Trot(H2) ∼2500 K gas originates inside 3 AU, while the
cooler fluorescent CO emission originates between 2 and 10 AU
(Schindhelm et al. 2012a; France et al. 2012b). These regions
are spatially unresolved by COS, so while the local column
densities derived for each component are robust, the columns
refer to different populations of gas and therefore the inferred
local CO/H2 ratio from spatially unresolved UV fluorescence
observations is not meaningful.

The UV fluorescent picture of the inner disk appears to be
the following: the hot H2-emitting population has too little
CO associated with it to be detectable and the warm CO-
emitting population is too cold for Lyα fluorescence of H2 to
operate efficiently. The new H2 and CO absorption line spectra
presented in this work overcome these geometric complications
by sampling material on a single pencil-beam sightline to
the central star. The similarity of the CO and H2 excitation
temperatures and velocity structure argue for a common spatial
origin, with a CO/H2 abundance ratio of CO/H2 ≈ 1.6 × 10−4.

6. SUMMARY

We have presented new contemporaneous measurements of
CO and H2 absorption through the “warm molecular layer”

in the protoplanetary disk around the Classical T Tauri Star
RW Aurigae A. We have demonstrated the use of a newly
commissioned observing mode of the HST to detect warm H2
in this region for the first time. Spectral analyses of these data
reveal the following major findings.

1. The spectra are composed of emission from the accretion
region near the stellar photosphere, the molecular disk,
and several outflow components. The relative spatial dis-
tribution of these components can be inferred from their
velocities.

2. Absorption spectra from H2 and CO are observed and are
consistent with an origin in the upper layers of the RW Aur
circumstellar disk. A low-ionization, low-velocity atomic
outflow is also detected in absorption.

3. Spectral synthesis modeling indicates that the molecular
absorbers arise in a common parcel of disk gas, charac-
terized by log10 N(H2) = 19.90+0.33

−0.22 cm−2 at Trot(H2) =
440 ± 39 K, with a molecular fraction fH2 ! 0.47. The CO
component has log10 N(CO) = 16.1+0.3

−0.5 cm−2 at Trot(CO) =
200+650

−125 K.
4. We derive an abundance ratio of CO/H2 = 1.6+4.7

−1.3 ×
10−4 for the inner disk gas, consistent with the canonical
interstellar dense cloud value.

The data presented here were obtained through HST Guest
Observing program 12876. Initial design and characterization
of the COS G130M λ1222 mode was performed as part of
HST Guest Observing program 12505. We appreciate helpful
discussions with Eric Burgh, Eric Schindhelm, and Christian
Schneider during the course of this work. This work was par-
tially supported by NASA grant NNX08AC146 to the University
of Colorado at Boulder and K.F. acknowledges support from a
Nancy Grace Roman Fellowship during a portion of this work.
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Table 1
RW Aur A H2 Parametersa

H2 Level log10N(H2, v
′′ = 0, J

′′
)

J
′′ = 0 19.13 ± 0.14

J
′′ = 1 19.61 ± 0.06

J
′′ = 2 . . .

J
′′ = 3 19.28 ± 0.07

J
′′ = 4 18.76 ± 0.17

J
′′ = 5 17.61 ± 0.42

J
′′ = 6 16.69 ± 0.20

J
′′ = 7 . . .

J
′′ = 8 14.81 ± 0.12

Trot(H2) 440 ± 39 K
bH2 4 ± 1 km s−1

f H2
cov 0.974 ± 0.027

Note. a Column densities in each ground rotational
state, J

′′
, are in units of molecules cm−2. Spectral

fitting of J
′′ = 2 and 7 levels are compromised by

spectral blending at the resolution and S/N of the
COS data.

structures must be derived from the spectra. The H2 absorption
lines were fitted with an IDL-based routine that combines the
H2ools optical depth templates (McCandliss 2003) and the
MPFIT least-squares minimization routines (Markwardt 2009).
The column densities of each rotational level J

′′
in the ground

electrovibrational level, N(H2[v
′′ = 0, J

′′
]) (in units of cm−2), are

allowed to vary simultaneously. The first nine rotational levels
are considered (J

′′ = 0–8); lines originating in J
′′ ! 9 were

not detected. The Doppler b-value (bH2 = (2kTrot(H2)/mH2 +
v2

turb)1/2, in units of km s−1), the radial velocity of the absorption
lines (in units of km s−1), and the molecular gas covering
fraction are also free parameters in the fit. The normalized
spectra (Figures 2 and 3) are smoothed with a 3 pixel boxcar
average prior to H2 fitting. A synthetic normalized absorption
spectrum is created for each combination of free parameters
and this theoretical spectrum is convolved with the COS line-
spread-function4 (Kriss 2011). The process iterates until the
best-fit parameters are found.

Systematic uncertainties on the continuum normalization are
explicitly taken into account during the fitting, and we execute
an independent test to assess the magnitude of systematic un-
certainties. We vary parameters on the continuum normalization
function until it deviates beyond the 1σ photometric error bars
on the data. The best-fit H2 parameters are then re-derived and
the difference between these and the nominal best-fit parameters
are taken as the systematic errors.

The spectral model comparison was carried out over the
1092.5–1117 Å spectral window that covers most of the Lyman
band absorptions from the (1–0) and (0–0) systems. The
individual best-fit column densities and statistical errors are
shown in Table 1. Spectral blending with J

′′ = 3 states makes
the column densities for J

′′ = 2 and J
′′ = 7 unreliable;

the J
′′ = 3 lines are reasonably well-constrained from the

(1–0) band alone, and therefore these states are more robustly
determined and dominate the fits in the 1106–1117 Å region.
Consequently, we do not incorporate the J

′′ = 2 and 7 lines

4 The COS LSF experiences a wavelength-dependent non-Gaussianity due to
the introduction of mid-frequency wave-front errors produced by the polishing
errors on the HST primary and secondary mirrors;
http://www.stsci.edu/hst/cos/documents/isrs/
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Figure 5. H2 excitation diagram for the RW Aur disk absorption. As described
in the text, J

′′ = 2 and 7 are poorly fit due to line blends and are not considered
in the best-fit excitation fit. We find a best-fit rotational excitation temperature
of the H2 of Trot = 440 ± 39 K.
(A color version of this figure is available in the online journal.)

in the subsequent analysis.5 The best-fit H2 model spectrum is
displayed in blue in Figures 2 and 3. We find a total column
of log10 N (H2) = 19.90+0.33

−0.22 cm−2. The uncertainty on the
column density determination is a combination of statistical
errors associated with the fitting process and systematic errors
based on our choice of continuum normalization. These errors
are distributed as ±0.05 statistical fitting uncertainties and
+0.33/−0.21 systematic uncertainties on the normalization. The
model finds a best fit b-value of 4 ± 1 km s−1, a radial velocity
vH2abs = 5 ± 5 km s−1, and a covering fraction consistent with
unity, f H2

cov = 0.974 ± 0.027.
The critical densities for the low-J

′′
rotational levels of H2

are " 2 × 104 cm−3 (Mandy & Martin 1993). At the expected
densities of the warm molecular disk layer (nH2 ∼106; Woitke
et al. 2009; Bruderer 2013) we expect the H2 level populations
to be determined by collisions. As such, the population will be
described by the Maxwell-Boltzmann distribution with a form

N (J
′′
)/N (J

′′ = 0) = gJ
′′

g0
e(−E

J
′′ /kTrot) (1)

where Trot is the rotational excitation temperature of the
molecules, equal to the kinetic temperature (Trot = Tkin) for
a thermalized population. Figure 5 displays the H2 excitation
diagram for RW Aur A, from which a best fit Trot(H2) = 440 ±
39 K is derived. Interestingly, a 440 K rotational temperature
only corresponds to an H2 thermal broadening of ≈2 km s−1,
suggesting that a turbulent velocity of vturb ∼3–3.5 km s−1

could be present. However, this result is somewhat speculative
because the strongest absorption lines are damped and therefore
not highly sensitive to the exact b-value. Higher S/N and spec-
tral resolution measurements of H2 absorption lines should be
able to provide more direct constraints on the turbulent broad-
ening in inner disks.

4.2. CO Fitting

The CO absorption line fitting and error estimation procedure
is described in detail by McJunkin et al. (2013). We summarize

5 Including the J
′′ = 2 and 7 column densities in the rotational temperature

fit reduces the rotational temperature by !10 %.
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Constraints on photoevaporation models from (lack of) radio 
emission in the Corona Australis protoplanetary disks⋆
Galvan-Madrid et al., A&A

VLA3.5cmで円盤をたくさん観測した。その結果、10天体中7つでnon-detection
→EUV photonの数に制限をつけた（EUV→電離→free freeが出るはずだから）
→ΦEUV < 1−4 × 1041 s−1

→これはかなり強い制限。
A&A 570, L9 (2014)

Table 2. Comparison with Pascucci12.

Name ΦEUV,model LX,model

[s−1] [erg s−1]
G-95 <4.0 × 1041 <4.9 × 1031

G-87 <1.3 × 1041 <1.6 × 1031

G-85 <1.3 × 1041 <1.6 × 1031

V709 !1.1 × 1042 !1.4 × 1032

HBC-677 <1.0 × 1041 <1.2 × 1031

IRS 8 <2.7 × 1041 <3.2 × 1031

R CrA !4.1 × 1041 !5.0 × 1031

CrA-465 <1.3 × 1041 <1.6 × 1031

G-32 <1.3 × 1041 <1.6 × 1031

T CrA !3.8 × 1041 !4.6 × 1031

Notes. Upper limits using Eqs. (2) and (3) of Pascucci12. The seven
nondetections are marked as simple upper limits with a <symbol. For
the three detections, we list the estimates of their free-free flux from
the coadded nondetections, which are still an strict upper limit to the
free-free emission from a photoevaporating disk (see Sect. 2). We mark
them with a !symbol.

model predictions. We did not compare the results of Owen13
with our remaining sources with lower LX, since it is not clear
which fraction of the predicted free-free emission is only due to
the X-rays in the input stellar spectrum of Owen13.

Since photoevaporation driven purely by X-rays would pro-
duce lower free-free fluxes, deeper observations are needed to
probe this regime. Model predictions spanning parameter space
toward lower EUV and X-ray luminosities and different X-ray
hardness are also needed.

5. Conclusions
With the purpose of constraining models of protoplanetary
disk clearing via photoevaporation, we inspected the 8.5 GHz
(3.5 cm) continuum emission of disks in the nearby (130 pc)
CrA star formation region. We used the deep (noise down to
8 µJy beam−1 in the center of the field of view) maps from our
monitoring survey of low-mass YSOs (Liu14).

We found that disks are radio faint: seven out of ten targets
are not detected. Five of the nondetections have 3σ upper limits
≤60 µJy beam−1, and all of them have 3σ ≤ 180 µJy beam−1.
Furthermore, the radio variability and X-ray properties of the
three radio detections indicate that a significant fraction of their
radio flux is due to nonthermal processes, and not to the puta-
tive photoevaporative flow. We measured the stable 3.5 cm flux
(∼170 to 507 µJy) of the three detections and attribute it to free-
free emission. Strictly, these are still upper limits to the fluxes
from photoevaporation.

Using the prescription of Pascucci12 for EUV-driven pho-
toevaporation, we derived tight upper limits to the rate of ion-
izing photons that reach the disk ΦEUV: nine out of ten disks
in our field of view have ΦEUV < 1−4 × 1041 s−1. These upper
limits discard the higher end of what EUV-driven photoevapora-
tion models require to clear a protoplanetary disk within the ob-
served timescale of a few Myr. In addition, the limits we derived
from radio observations are lower than the previous estimates
of the EUV photons emitted by the star derived by Alexander
et al. (2005) and Herczeg (2007). This suggests that a significant
fraction of the emitted EUV photons does not reach the disk.
Our results, together with those recently reported by Pascucci
et al. (2014), show that EUV photons are unlikely to be the main
driver in disk dispersal.

We also compared our results with models of X-ray driven
photoevaporation. This comparison is more qualitative because
there is more room for variation in the model assumptions. Most
of the observed fluxes (upper limits) are roughly consistent with
the (scaled) predictions. Some detections appear to be too bright
in the radio. However, their stable cm flux might still be slightly
contaminated.

Future, deeper maps of this and other star formation re-
gions (including variability information), together with X-ray
and near-infrared data (to obtain accretion rates) will help to set
tighter constraints on the mechanisms that drive protoplanetary
disk photoevaporation. More specific predictions, in particular
for lower EUV and X-ray luminosities, are also needed.
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Table 1. Disks in CrA within the VLA primary beam.

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
Name RA Dec CSA11 SA13 S 3.5 cm PB-corrected noise LX Spectral Comments

[h:m:s] [deg:arcmin:arcsec] [µJy] [µJy] [erg s−1] type
G-95 19:01:28.72 –36:59:31.7 TD ... <180 60 1.03 × 1030 M1 ...
G-87 19:01:32.32 –36:58:03.0 TD TD <60 20 ... M1.5 ...
G-85 19:01:33.85 –36:57:44.8 PD pre-TD <60 20 4.28 × 1029 M0.5 ...
V709 19:01:34.84 –37:00:56.7 TD/DD ... 892 ± 79 50 4.17 × 1030 K1 a
HBC-677 19:01:41.62 –36:59:53.1 PD PD <45 15 2.21 × 1029 M2 ...
IRS8 19:01:51.11 –36:54:12.5 PD ... <120 40 ... M2 ...
R CrA 19:01:53.67 –36:57:08.3 PD ... 285 ± 10 10 7.7 × 1029 A5 b
CrA-465 19:01:53.74 –37:00:33.9 PD ... <60 20 ... M5-M7.5 ...
G-32 19:01:58.33 –37:00:26.7 PD ... <60 20 ... >M5 ...
T CrA 19:01:58.79 –36:57:50.1 PD PD 181 ± 9 15 ... F0 c

Notes. Columns 1 to 3: names and coordinates from CSA11 (who use the Chandra positions of Forbrich & Preibisch 2007) and SA13. Columns 4
and 5: classification in CSA11 and SA13. Primordial disk (PD), pre-transitional disk (pre-TD), transitional disk (TD), debris disk (DD). A blank
field means that the source is either not detected or not mentioned, or that the photometry was affected by extended nebulosity, mostly an issue in
the Herschel observations (SA13). Column 6: flux density at 3.5 cm or 3σ upper limits. For the detections, the VLA coordinates from Gaussian fits
are given as a comment, together with the estimation of the 3.5 cm flux due to free-free emission from the coadded nondetection epochs. Column 7:
primary-beam-corrected noise, measured individually around the position of each source. Column 8: X-ray luminosity in the 0.2–8 keV band from
Forbrich & Preibisch (2007). A blank field means that only ∼101 counts were detected, and the X-ray spectral shape and luminosity could not
be derived. However, under typical assumptions, their measured count number would imply LX ∼ 1 × 1029 erg s−1. Column 9: spectral types
reported by CSA11. Compiled from Forbrich & Preibisch (2007), Meyer & Wilking (2009), López Martí et al. (2005), and CSA11. Column 10:
comments. a) RA = 19:01:34.86, Dec = –37:00.55.8. S V709,ff ! 507 ± 88 µJy. b) RA = 19:01:53.68, Dec = –36:57:08.0. S RCrA,ff ! 183 ± 20 µJy.
Intermediate-mass YSO (Acke & van den Ancker 2004). c) RA = 19:01:58.79, Dec = –36:57:49.9. S TCrA,ff ! 170 ± 26 µJy. Intermediate-mass
YSO (Acke & van den Ancker 2004).

(e.g., Choi et al. 2008; Lindberg et al. 2014; Peterson et al. 2011;
Forbrich et al. 2007, and references therein). The distance to CrA
is ≈130 ± 10 pc (Neuhäuser & Forbrich 2008).

2. Data
The data analyzed here were presented in Liu et al. (2014, here-
after Liu14) and are part of a larger VLA2 program to mon-
itor the time variability of radio sources in nearby, low-mass
star formation regions. One of the main products of the pro-
gram are radio continuum images with sensitivity down to a few
microjansky.

The main continuum map used here concatenates
14 VLA epochs in 2012. It covers the continuous frequency
range from 8 GHz (3.7 cm) to 9 GHz (3.3 cm) and reaches an
rms noise of σ ∼ 8 µJy beam−1 in the center of the field. The
half-power beam width (HPBW) of the primary beam is 315′′,
and the beamwidth at 10% power is 530′′. The synthesized
HPBW is 4.6′′ × 2.1′′, PA = −179.4◦. More details of the
observations are described in Liu14. Analysis of the data was
performed in CASA (McMullin et al. 2007).

3. Results

3.1. Source list
We compiled a list of the protoplanetary disks in CrA and
searched for their radio continuum emission in our deep
VLA images, restricting ourselves to sources within the 10%
response level of the primary beam (the interferometric field of
view). Protoplanetary disks were identified based on the catalogs
of Currie & Sicilia-Aguilar (2011; hereafter CSA11) and Sicilia-
Aguilar et al. (2013; hereafter SA13). CSA11 used Spitzer
IRAC and MIPS photometry and IRS spectroscopy in their mod-
els, whereas SA13 complemented their data with Herschel far-
infrared PACS photometry.

2 The National Radio Astronomy Observatory is operated by
Associated Universities, Inc. under cooperative agreement with the
National Science Foundation.

Fig. 1. Deep coadded VLA 3.5 cm (8.5 GHz) image of CrA. The im-
age is corrected for primary-beam attenuation down to 10% response
(530′′ diameter). The synthesized HPBW is 4.6′′ × 2.1′′, PA = −179.4◦.
The disk sources listed in Table 1 are marked with circles and labeled.
The intensity scale is in units of µJy beam−1.

Table 1 lists the basic properties of the disks in CrA, and
Fig. 1 shows the deep radio map with the targets labeled. We
only consider objects classified as primordial, pre-transitional,
or transitional disks (roughly equivalent to class II YSOs). The
age of the considered sources is 1 to 3 Myr (CSA11).

3.2. Radio-continuum of disks in CrA

The radio-continuum emission of YSOs associated with disks
can in principle receive contributions from several physi-
cal mechanisms. Disk-photoevaporation models emphasize the
contribution from the free-free emission of the photoionized disk
wind (Avalos & Lizano 2012, Pascucci12, Owen13). Free-free
emission from magnetohydrodynamical jets dominates in class
0 and I YSOs (e.g., Anglada et al. 1998; Reipurth et al. 2004), but
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Astrometric follow-up observations of directly imaged sub-stellar 
companions to young stars and brown dwarfs⋆
Ginski et al., MNRAS

＊アブストのみ
6つの星の伴星に対して、アストロメトリーを行った。
軌道要素をモンテカルロ法で制限
特にGQ Lupではseparation と position angleが両方変わった
エキセントリック or 傾いた円軌道
更にもう一点検出した（かも）



On the filtering and processing of dust by planetesimals
1. Derivation of collision probabilities for non-drifting planetesimals
Guillot et al., A&A

T. Guillot, S. Ida & C. W. Ormel: On the filtering of dust by planetesimals: 1. Derivation

planetesimalsplanetesimals
2hp2hp 2hd 2hg

gas disk

dust subdisk

?

Fig. 1. Geometry of the problem considered in this study. The gas disk
has a characteristic height hg and is accreting onto the star thus yield-
ing a small but non-negligible inflow velocity. Dust particles grow by
mechanisms not modeled in this study. They settle to the mid-plane and
drift inward as a result of gas drag, at a pace set both by their size and
the thermodynamical conditions in the gas disk. Their vertical extent is
hd. Planetesimals are supposed to have formed preferentially near the
star. They have sizes in the kilometer range or much larger and negli-
gible inward drift. Their vertical extent hp is mainly governed by self-
scattering.

vertical density structure writes (e.g., Hueso & Guillot 2005):

⇢g,z = ⇢ge
�(1/2)(z⌦K/cg)

2

. (1)

It is natural to define the gas scale height hg as the one at which
the gas density has decreased by a factor e compared to ⇢g, that
of the mid-plane:

hg =

p
2

cg

⌦K
. (2)

We note that other choices are sometimes made in the literature.
With this choice, the relation between the midplane density and
the surface density is obtained by a simple vertical integration:

⇢g =

⌃gp
⇡hg

. (3)

A further simplification is to assume that the radial struc-
ture of the disk is described by power laws. Following Hayashi
(1981) and Nakagawa et al. (1986), we adopt the following scal-
ing laws for the so-called minimum mass solar nebula (MMSN),

⌃g = 1.7⇥ 10

3
�

MMSN
r

�3/2
AU g cm

�2
, (4)

T = 280r

�1/2
AU K, (5)

where rAU ⌘ r/1AU, and �MMSN is a scaling factor on the den-
sity. The MMSN is a convenient representation of the planetesi-
mal disk. It is based on the present-day observed planets and can
therefore be considered representative of the last stages of the
formation of the solar system at the time of the dispersal of the
gas disk. It does not account for planetesimal-driven migration
after the disk disperses. It is also less clear that is it a good repre-
sentation of the gas disk (simulations of disk evolution generally
yield different power laws both for ⌃g and T ). However, the re-
sults of this work are easily scalable for any profile other than
the MMSN.

The values of a number of quantities of relevance to this
work based on the MMSN scalings are presented in Appendix A.
For the gas disk scale height, the following relation applies:

hg ' 4.7⇥ 10

�2
r

5/4
AU

✓
L⇤
L�

◆1/8 ✓
M⇤
M�

◆�1/2

AU. (6)

The dust grains settle onto the midplane because of friction
with the gas and the vertical component of the star’s gravitational
force, yielding a sedimentation terminal velocity vz = �⌧s⌦Kz

(Nakagawa et al. 1981). The sedimentation timescale is thus
⌧sed ⌘ z/|vz| ⇠ (2⇡⌧s)

�1
⌦

�1
K , i.e., it is proportional to the

local Keplerian orbital timescale divided by the dimensionless
stopping time ⌧s (see Sect. 2.4 hereafter for the definition of ⌧s).
Except for the smallest particles, we can consider that dust has
fully sedimented and has a scale height that is determined by its
stopping time and turbulent stirring. Dubrulle et al. (1995) show
that

hd = min

⇣
1,

p
↵/⌧s

⌘
hg, (7)

where ↵ is the traditional turbulence parameter(Shakura & Sun-
yaev 1973). (We note that Youdin & Lithwick (2007) extend this
relation to any eddy mixing timescale with a slightly more com-
plex dependence on ⌧s which is minor and not taken into account
here). We will use a fiducial value ↵ = 10

�2 broadly compati-
ble with measured T-Tauri accretion rates and disk observations
(e.g., Hartmann et al. 1998; Hueso & Guillot 2005) and simula-
tions of magneto-rotational instability in disks (e.g., Heinemann
& Papaloizou 2009; Flock et al. 2013). We will also use a lower
value ↵ = 10

�4 more relevant to the turbulence inside dead
zones (e.g., Okuzumi & Hirose 2011). For the (compact) grains
with sizes ranging from microns to tens of meters considered
in this study, values of ⌧s range between about 10�8 and 10

2

(see Fig. 3 hereafter for the correspondence between grain size
and ⌧s in the MMSN). With this value of the turbulence parame-
ter, hd = hg for all grains smaller than about 1 cm at 1AU and
0.1mm at 100 AU. For larger grains in the Stokes drag regime
the scale height decreases inversely with the square root of the
grain size.

The scale height of planetesimals is determined directly from
their inclinations i:

hp = r < sin i > . (8)

Inclinations are determined by the balance between excitation
(scattering by planetesimals or density fluctuations in the gas
disk) and damping (gas drag, tidal interactions with the disk and
collisions). As discussed in the next section, damping is gener-
ally strong and eccentricities small (e ⇠< 0.05 for r < 10AU;
see Fig. 2). Eccentricities and inclinations are directly linked.
For example, in the case of mutual scattering by planetesimals,
i ⇠ e/2 (Ida & Makino 1992). On the basis of this approxima-
tion, at 1 AU and for 1000 km, we can expect hp ⇠ 5 ⇥ 10

�3
r,

about an order of magnitude smaller than hg.
We can therefore expect that the geometry indicated by

Fig. 1, i.e., hp  hd  hg, holds for all grains smaller than
about 1m at 1AU and 0.1mm at 100AU . For larger grains the
possibility that hp > hd is to be considered.

2.2. Sizes and eccentricities of planetesimals

Planetesimals will have a size distribution that will be affected
both by accretion and destruction processes, by mechanisms
leading to their formation and by gain and losses due to migra-
tion in the protoplanetary disk. In the present work, we will sim-
ply assume that their sizes are distributed between Rp,min and
Rp,max. For simplicity, we use Rp,min = 1 km which roughly
corresponds to the size below which the drift of the planetesi-
mals must be taken into account. The maximum radius will de-
pend upon accretion processes. Early in the evolution of the disk,
streaming instabilities might provide an efficient way of making
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円盤内の固体はダスト(ミクロン~cm~)から微惑星までサイズが多岐にわたる。
大きなダスト(mm~m)は動径方向に落ちていく
もし、微惑星(km)が漂っていたら、落ちていく大きなダストは微惑星と衝突合体するだろ
うか？
この論文：ダストが微惑星に衝突する確率を導出・定式化

Rp
bset(τ*)

Bondi

HillHill

bset(τs<τ*)

gas flowgas flow

b0b0

Fig. 8. Illustration of dust capture in the settling regime. Planetesimals
with a radius Rp between about 100 km and 1000 km have a Bondi
radius larger than Rp but smaller than the Hill radius (see text). For
the critical stopping time ⌧

⇤
s corresponding to a stopping time equal to

the time necessary for the unperturbed dust particle to cross the Bondi
sphere, the effective cross section for capture is bset ⇠ RB. The approx-
imate trajectory of the dust for ⌧s = ⌧

⇤
s is indicated by red lines. For

smaller dust particles with ⌧s < ⌧

⇤
s (dashed green lines), the deflection

by the gravitational pull of the planetesimal is smaller, hence a smaller
effective capture radius.

settling regime



設定：
微惑星が0.1AU-35AUに分布しているとする

結果: 
乱流が典型的な値の場合(α=10^-2)、filtering efficiency は低い（ダストは微惑星にあまり
衝突せず、中心星に落下していく。
乱流が弱い場合(α=10^-4)、微惑星サイズに依存してfilteringが変わる

1)微惑星が10kmよりも小さい時
幾何断面積での衝突
filtering efficiency ∝r-7/4

2)微惑星(原始惑星)が1000kmより大きく、そのスケールハイトがガスの1/10以下で、か
つダストがmmより大きい時、
沈殿regimeで衝突
filtering efficiency ∝r-1/4 ~ r1/4

応用例：例えば、地球付近が水浸しにならないのは、氷ダストが途中で微惑星に食べられ
たから？→だとすると、弱い乱流モデルがfavorされる

T. Guillot, S. Ida & C. W. Ormel: On the filtering of dust by planetesimals: 1. Derivation

lead to accretion, although the reality may be different. We con-
sider Np(Rp, r)dRpdr, the number of planetesimals with sizes
between Rp and Rp + dRp, and at orbital distances between r

and r + dr. We define the disk-integrated filtering efficiency for
dust of size s as

Xfilter(s) ⌘
Z rout

rin

d

dr

 Z Rp,max

Rp,min

P dNp

dRp
dRp

!
dr. (55)

Using the distribution of planetesimal sizes defined by eq. (49)
and the surface density of planetesimals ⌃p(r), the disk-
integrated filtering efficiency can be written in the form

Xfilter(s) =

Z rout

rin

2xfilter(s, r)
dr

r

, (56)

where xfilter(s, r) is the characteristic filtering efficiency for dust
of size s at orbital distance r,

xfilter(s, r) =
⇡r

2
⌃p(r)

Mfilter(s, r)
, (57)

where Mfilter is defined by eq. (50). The quantity xfilter thus
measures the filtering efficiency at each orbital distance, allow-
ing us to estimate where the dust is mostly absorbed.

In the geometrical, circular limit, eq. (51) leads us to

xfilter,geo,circ =
3

8

p
⇡

⌃p

⇢̃pRp,mean

r

hg
�↵,⌧s . (58)

Replacing ⌃p and hg by their MMSN scaling relations yields the
filtering efficiency of a swarm of planetesimals with the same
total mass as the present solar system:

xfilter,geo,circ,MMSN = 1.1

⇣
�⌧s,↵

10

3

⌘
⇥

✓
⇢̃p

1 g cm

�3

◆�1✓
Rp,mean

1 km

◆�1

r

�7/4
AU . (59)

Integrating over orbital distances, and assuming that rin ⌧ rout

yields

Xfilter,geo,circ,MMSN = 1.2

⇣
�⌧s,↵

10

3

⌘
⇥

✓
⇢̃p

1 g cm

�3

◆�1✓
Rp,mean

1 km

◆�1

r

�7/4
in,AU. (60)

These equations show that, in the geometrical circular limit,
perfect filtering (i.e., Xfilter,geo,circ,MMSN ⇠ 1) by a MMSN disk
of solids is only possible close to the star, for small particles,
and/or weak turbulence (keeping in mind that �⌧s,↵ is between
1/↵ for small particles and 1/

p
(2↵) for larger ones), and by a

swarm of very small planetesimals dominated by km-sized plan-
etesimals. This is shown in Fig. 5 for two values of ↵: the filter-
ing efficiency in the geometrical circular limit is minimum for
⌧s ⇠ 1, and increases both for larger and smaller particle sizes.
As shown by the dashed curves in Fig. 5, if gas advection by the
accreting disk could be neglected (�⌧s,↵ ⇠ 0), the filtering effi-
ciency would increase steadily for smaller dust particles because
of their very slow migration which increases the probability of
hitting a planetesimal. However, gas advection forces small par-
ticles to move at a rate which prevents this increase: the filter-
ing efficiency then becomes independent of the size for particles
such that ⌧s ⇠< ↵.

This demonstrates that an efficient filtering of dust particles
is difficult to achieve at least in the geometrical, circular limit,
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Fig. 5. Filtering factor by an MMSN disk of planetesimals of size
Rp,mean = 1 km and density ⇢̃p = 1g cm

�3 in a MMSN gas disk
at 1 AU, as a function of the dust stopping time ⌧s for two values of
the turbulence parameter ↵ = 10

�4 (blue curves) and ↵ = 10

�2 (red
curves), respectively. The corresponding physical sizes of dust particles
(top axis) assume a density of 1 g cm�3 and the MMSN conditions at
1 AU. The solid lines are obtained from eq. (59). The dashed lines in-
dicate the results obtained when neglecting gas advection (�⌧s,↵=0).
Small values of ⌧s < ↵ correspond to a situation in which the dust
particles are mixed with the gas vertically and have a radial migration
due to gas drag that is slower than advection by the gas. We note that
the filtering factor is inversely proportional to Rp,mean, implying that
for size distributions equivalent to that of the present-day asteroid belt
(Rp,mean ⇠ 70 km), filtering would be very inefficient.

even with a mass of planetesimals equivalent to the MMSN,
which likely represents the maximum available limit, at least for
the solar system. Importantly, the filtering efficiency is inversely
proportional to planetesimal density and size, implying that it is
most effectively done by small and/or porous planetesimals. It is
also proportional to the surface density of planetesimals which
is generally thought to be a strong function of orbital distance,
implying that filtering is most effective close to the star.

However, we must consider additional processes arising in
real disks.

4. Filtering: Additional effects

4.1. Accounting for eccentric orbits

Following Ormel & Klahr (2010), we have so far only consid-
ered planetesimals with circular orbits. In this case, the rela-
tive motion between the planetesimal and the dust results from
the combination of the difference in azimuthal velocity of the
planetesimal (Keplerian) and of the dust (sub-Keplerian) and the
small radial drift velocity of the dust. For the more general case
of planetesimals on eccentric orbits, the encounter velocities are
generally much larger because of the non-zero radial velocity of
the planetesimals themselves. A detailed solution of the problem
is complex (see Kary & Lissauer 1995). We provide instead a
simplified treatment.

We now consider the encounter of a dust grain at orbital dis-
tance r with a planetesimal with eccentricity e and true anomaly
⌫p. Its semi-major axis a is thus such that a(1 � e

2
) = r(1 +

e cos ⌫p), and its radial and azimuthal velocities are, respectively,
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Xfilter>1 ⇒効率よく微惑星に食べられる
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Fig. 21. Filtering efficiency of dust of 1 micron to 100 meters by a
MMSN planetesimal belt with planetesimals of 1 to 10,000 km in ra-
dius extending from 0.1 to 35 AU for a turbulent parameter ↵ = 10

�2

and assuming monodisperse size distributions for planetesimals and
dust grains. Top panel: Contours of the disk-integrated filtering fac-
tor Xfilter. Bottom panel: Orbital distance at which Xfilter(r) = 1 for
dust particles drifting in from beyond 35 AU. (The integration thus starts
from 35 AU and goes inwards.)

for planet embryos (Rp ⇠> 1000 km) and pebbles of centimeter to
meter size, or when planetesimals are very small (Rp ⇠< 10 km)
for dust larger than millimeter size. These correspond to colli-
sions in the settling and geometric regimes, respectively.

Even in these islands, dust is able to penetrate deep inside
the planetesimal belt, most of it reaching orbital distances be-
tween 0.1 AU to 1 AU. The clear gradient in the abundance of
ices measured in the asteroid belt and its scarcity in asteroids
that are closer than 2 AU to the Sun implies that either the gas
disk was much less turbulent or another physical mechanism led
to the present composition of the solar system.

6.5. Filtering in a weakly turbulent disk

We now turn to the case of a weakly turbulent disk (or equiv-
alently, a disk with an extended dead-zone) by considering the
case of a turbulent parameter ↵ = 10

�4. This case is more fa-
vorable because dust settles closer to the mid-plane and the mean
gas flow is also slower. Appendix C demonstrates that for most
grain sizes, xfilter / ↵

�1/2. Appendix D provides the same fig-
ures as in the previous sections, but for the weak-turbulence case
instead of the fiducial ↵ = 10

�2. In all cases, filtering is found
to be much more efficient.
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Fig. 22. Same as Fig. 21, but for a turbulent parameter ↵ = 10

�4.

This is exemplified by Fig. 22 which shows the integrated
filtering coefficient as a function of planetesimal and dust sizes
for ↵ = 10

�4. The two islands of efficient filtering previously
observed in Fig. 21 are now much wider and more pronounced.
Large embryos (Rp ⇠> 1000 km) can now efficiently filter dust
between millimeter and meter size in the settling regime. This is
directly linked to the efficient accretion of pebbles by protoplan-
etary cores discussed by Ormel & Klahr (2010) and Lambrechts
& Johansen (2012). (It should be noted that this requires a small
value of the planetesimal scale height hp, as discussed in Ap-
pendix E.) Small planetesimals are able to efficiently filter small
dust in the geometric regime and millimeter-sized dust particles
can now be captured beyond 1 AU, in better agreement with the
meteoritic record.

It is thus possible to imagine that the relative lack of wa-
ter in the inner solar system may have been due to filtering of
ice grains by planetesimals and/or planet embryos beyond 2 to
3 AU in a weakly turbulent disk and/or by its inefficient capture
around 1 AU. Conversely, the presence of abundant chondrules
of micron to millimeter-size in meteorites may be due both to
their inefficient filtering by planetary embryos and their more ef-
ficient capture by small size planetesimals. At this point, without
a proper model to predict the distribution of sizes of planetesi-
mals and its evolution, these are only conjectures. However, we
may affirm that the complex dependency of filtering with plan-
etesimal and dust size must have played a crucial role in shaping
our solar system.
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ダストが大きくないとfilterされない
0.1-1AUというとても内側



Slow ionized wind and rotating disklike system associated with the 
high-mass young stellar object G345.4938+01.4677
Guzman et al., ApJ

ALMA 85-99GHzの連続波で、大質量星形成クランプIRAS16562−3959を観測
中に大質量YSOのG345.49+1.47. (~15Msun)がある。ionized windがふいている
1.7kpc, cluster: ~900Msun

結果：
H40α, H42α, H50β の水素再結合線を検出。
低速アウトフローモデルで結果を再現した。
Lorentzian wingから電子密度を求めると5 × 107 cm−3

SOとSO2も検出(~3000AU)：回転構造も検出
→遅い電離ウインドを伴った大質量原始星の描像



– 7 –

Fig. 1.— Continuum emission detected at 92.3 GHz toward IRAS 16562�3959. Bottom panel: Con-

tours shown correspond to �15, 15, 30, 60, 120, 250, 500, 1000, and 2000�, with � = 50 µJy beam�1.

� represents the r.m.s. variations of the dynamic range limited image measured at the edge of the

field. Compact sources are identified by the number given in Table 2. All sources are within the

primary beam.
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Fig. 2.— Spectra of the HRLs detected toward G345.49+1.47. Blue dots: Observed data. Dashed

lines: Voigt profile fits to the spectra, using the same central velocity and thermal parameter for

the three lines. Left column: The flux density plotted in linear scale. The red lines indicate the

residuals from the fits. Right column: The flux density displayed in log scale in order to emphasize

the wing emission.
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Fig. 2.— Spectra of the HRLs detected toward G345.49+1.47. Blue dots: Observed data. Dashed

lines: Voigt profile fits to the spectra, using the same central velocity and thermal parameter for

the three lines. Left column: The flux density plotted in linear scale. The red lines indicate the

residuals from the fits. Right column: The flux density displayed in log scale in order to emphasize

the wing emission.
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Stark効果によるブロードニング
→電子密度を求めた


