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1.	  IntroducBon	

Ø 惑星(系)形成の原点は円盤	  
Ø 特に質量は惑星に利用できる物の量そのもの	  
ダスト質量・・・ミリ波連続波、分子雲ではg/d	  100	  (Dame+	  2001)	  
ガス質量・・・Herschel	  (FIR)でHD観測	  TW	  Hydra	  (Bergin+	  2013)	  

Ø しかしHerschelはもう動いていない。	  
Ø  COは光学的に厚い。	  
Ø  13CO,	  C18Oは分子雲コアでやられている(Goldsmith+	  1997)。	  



2.	  ObservaBons	
Ø  9個のClass	  II,	  可視で見える、シングル、スペクトル型K/M	  
Ø 赤外全域で超過つまりfull	  dusty	  disk	  
Ø  L*とTeffからM*=0.6–0.7	  Mo,	  age=1–3	  Myr	  
Ø  SMA	  アンテナ8台、compact-‐extended,	  5	  m	  –	  240	  m	  
Ø  2010	  Nov	  –	  2013	  Jan	  19	  nights,	  0.28	  km/s,	  1.2”×0.9”	  
Ø  COと連続波は分解されたが13COとC18Oは分解できなかった。	  
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Table 1. SMA 1.3 mm flux densities

Fcont (mJy) FCO (Jy km s�1) F13CO (Jy km s�1) FC18O (Jy km s�1)

Source Value � Value � Value � Value �

AA Tau 54.8 0.7 5.33 0.11 1.26 0.09 < 0.27 0.09

BP Tau 42.5 1.0 1.11 0.08 < 0.24 0.08 < 0.21 0.07

CI Tau 152 1.1 2.51 0.13 2.70 0.13 < 0.39 0.13

CY Tau 102 1.0 2.02 0.08 0.81 0.06 < 0.15 0.05

DL Tau 164 1.1 1.98 0.12 0.43 0.06 0.12 0.05

DO Tau 113 0.8 63.7 0.38 1.52 0.10 < 0.30 0.10

DQ Tau 62.6 0.7 0.97 0.11 < 0.24 0.08 < 0.21 0.07

Haro 6-13 140 0.9 17.6 0.17 3.95 0.14 0.47 0.10

IQ Tau 57.6 1.0 2.52 0.08 0.48 0.07 < 0.21 0.07

Table 2. Parameter values of the model grid

Parameter Range

Mgas 10�4, 3 ⇥ 10�4, 10�3, 3 ⇥ 10�3, 10�2, 3 ⇥ 10�2 M�

Rc 30, 60, 100, 200, 300 AU

� 0.0, 0.8, 1.5

Tatm(1 AU) 300, 500 1000, 1500 K

qatm 0.45, 0.55, 0.65

Tmid(1 AU) 50, 100, 250, 500 K

qmid 0.45, 0.55, 0.65

inclination 0�, 30�, 60�, 90�

Mstar 0.5, 1.0, 2.0 M�

J=2–1	



3.	  Modeling	
Ø  Robitaille+	  2006のSED	  modelingに似た方法でgrid	  of	  models	
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Images were produced from the calibrated visibilities using standard inversion and clean-

ing procedures. The typical resolution (beamsize) of the final maps was 1.002 ⇥ 0.009 for the

uniformally weighted continuum maps and ⇠ 50% larger for the naturally weighted line

maps, the choice of weighting based on the signal-to-noise in the data. Figure 1 presents the

continuum and velocity integrated line maps for each source.

Whereas the continuum and CO emission are strongly detected in all sources, and

generally resolved, the much weaker 13CO and C18O lines were not detected with su�cient

dynamic range to study their spatial structure. However, we found that we can determine

gas masses accurately from their integrated emission alone. The total flux densities and rms

noise levels for the continuum and velocity integrated line maps are tabulated in Table 1.

3. Modeling

Cicumstellar disks are relatively small, faint objects that have, to date, required long

integrations with millimeter wavelength interferometers to study their molecular gas content.

Consequently, relatively few disks have been imaged in isotopologue lines and most analyses

have been tailored to the individual object. Driven by the moderately large sample size

but low signal-to-noise level in our data here, we use a di↵erent approach. Rather than

analyze each disk individually, we create a large grid of models that span a wide range of

disk parameters, particularly in gas mass, and compare with the data in a uniform way.

This approach is similar to the SED modeling of young stellar objects by Robitaille et al.

(2006) and is also motivated by the grid modeling of mostly fine structure, far-infrared lines

of atomic species for comparison with Herschel observations (Woitke et al. 2010; Kamp et al.

2011).

3.1. A parametric disk model

3.1.1. Density Structure

The basic model for the gas structure is an exponentially tapered accretion disk profile in

hydrostatic equilibrium (Williams & Cieza 2011). This has its basis in the works of Hughes

et al. (2008) and Andrews et al. (2009), who followed theoretical descriptions by Pringle

(1981) and Hartmann (2009).

We define the azimuthally symmetric gas density ⇢(r, z) and temperature T (r, z) in

cylindrical coordinates. For a given temperature structure (see below), we can determine the
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shape of the vertical density structure by integrating the equation of hydrostatic equilibrium,

@ ln ⇢

@z
= �

✓
GMstarz

(r2 + z2)3/2

◆⇣µmH

kT

⌘
+

@ ln T

@z

�
, (1)

where µ = 2.37 is the mean molecular weight of the gas and mH is the mass of a hydrogen

atom. The resulting vertical profile is normalized at each radius to have a vertically inte-

grated surface density appropriate for an accretion disk around a central gravitating point
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where rin is the inner radius of the disk that we set to 0.05 AU, appropriate for the dust

sublimation radius for the observed stars.

To calculate the raditive transfer, we also require the velocity field, which we assume to

be Keplerian plus a small turbulent component,

v(r, z) =

✓
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+ vturb. (4)

The turbulent component is known to be small (Hughes et al. 2011). and we fix its value at

vturb = 0.1 km s�1.

3.1.2. Temperature Structure

The disk temperature structure is purely parametric, but grounded in detailed modeling

and observations. The density at the disk midplane is su�ciently high for gas and dust to

be thermally coupled, and continuum radiative transfer modeling shows that the midplane

temperature gradient is a power law,

Tmid(r) = Tmid,1
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with typical values, Tmid,1 ' 200 K, qmid ' 0.55, for Taurus protostars similar to those in

our CO survey (Andrews et al. 2009).

– 5 –

shape of the vertical density structure by integrating the equation of hydrostatic equilibrium,

@ ln ⇢

@z
= �

✓
GMstarz

(r2 + z2)3/2

◆⇣µmH

kT

⌘
+

@ ln T

@z

�
, (1)

where µ = 2.37 is the mean molecular weight of the gas and mH is the mass of a hydrogen

atom. The resulting vertical profile is normalized at each radius to have a vertically inte-

grated surface density appropriate for an accretion disk around a central gravitating point

source,

⌃(r) = ⌃0

✓
r

rc

◆�!

exp

"
�

✓
r

rc

◆2�!
#

. (2)

The global normalization is to the gas mass via

⌃0 = (2 � �)
Mgas

2⇡r2
c

exp

✓
rin

rc

◆2�!

, (3)

where rin is the inner radius of the disk that we set to 0.05 AU, appropriate for the dust

sublimation radius for the observed stars.

To calculate the raditive transfer, we also require the velocity field, which we assume to

be Keplerian plus a small turbulent component,

v(r, z) =

✓
GMstar

r

◆1/2

+ vturb. (4)

The turbulent component is known to be small (Hughes et al. 2011). and we fix its value at

vturb = 0.1 km s�1.

3.1.2. Temperature Structure

The disk temperature structure is purely parametric, but grounded in detailed modeling

and observations. The density at the disk midplane is su�ciently high for gas and dust to

be thermally coupled, and continuum radiative transfer modeling shows that the midplane

temperature gradient is a power law,

Tmid(r) = Tmid,1

⇣ r

1 AU

⌘�qmid

. (5)

with typical values, Tmid,1 ' 200 K, qmid ' 0.55, for Taurus protostars similar to those in

our CO survey (Andrews et al. 2009).

Ð 5 Ð

shape of the vertical density structure by integrating the equation of hydrostatic equilibrium,

! ln "
! z

= !
!"

GMstarz
(r 2 + z2)3/ 2

# $ µmH

kT

%
+

! ln T
! z

&
, (1)

whereµ = 2.37 is the mean molecular weight of the gas andmH is the mass of a hydrogen
atom. The resulting vertical proÞle is normalized at each radius to have a vertically inte-
grated surface density appropriate for an accretion disk around a central gravitating point
source,

! (r ) = ! 0

"
r
r c

# ! !

exp

'

!
"

r
r c

# 2! !
(

. (2)

The global normalization is to the gas mass via

! 0 = (2 ! #)
Mgas

2$r 2
c

exp
"

r in

r c

# 2! !

, (3)

where r in is the inner radius of the disk that we set to 0.05 AU, appropriate for the dust
sublimation radius for the observed stars.

To calculate the raditive transfer, we also require the velocity Þeld, which we assume to
be Keplerian plus a small turbulent component,

v(r, z) =
"

GMstar

r

# 1/ 2

+ vturb . (4)

The turbulent component is known to be small (Hughes et al. 2011). and we Þx its value at
vturb = 0.1 km s! 1.

3.1.2. Temperature Structure

The disk temperature structure is purely parametric, but grounded in detailed modeling
and observations. The density at the disk midplane is su" ciently high for gas and dust to
be thermally coupled, and continuum radiative transfer modeling shows that the midplane
temperature gradient is a power law,

Tmid (r ) = Tmid ,1

$ r
1 AU

%! qmid

. (5)

with typical values, Tmid ,1 " 200 K, qmid " 0.55, for Taurus protostars similar to those in
our CO survey (Andrews et al. 2009).

Ð 5 Ð

shape of the vertical density structure by integrating the equation of hydrostatic equilibrium,

! ln "
! z

= !
!"

GMstarz
(r 2 + z2)3/ 2

# $ µmH

kT

%
+

! ln T
! z

&
, (1)

whereµ = 2.37 is the mean molecular weight of the gas andmH is the mass of a hydrogen
atom. The resulting vertical proÞle is normalized at each radius to have a vertically inte-
grated surface density appropriate for an accretion disk around a central gravitating point
source,

! (r ) = ! 0

"
r
r c

# ! !

exp

'

!
"

r
r c

# 2! !
(

. (2)

The global normalization is to the gas mass via

! 0 = (2 ! #)
Mgas

2$r 2
c

exp
"

r in

r c

# 2! !

, (3)

where r in is the inner radius of the disk that we set to 0.05 AU, appropriate for the dust
sublimation radius for the observed stars.

To calculate the raditive transfer, we also require the velocity Þeld, which we assume to
be Keplerian plus a small turbulent component,

v(r, z) =
"

GMstar

r

# 1/ 2

+ vturb . (4)

The turbulent component is known to be small (Hughes et al. 2011). and we Þx its value at
vturb = 0.1 km s! 1.

3.1.2. Temperature Structure

The disk temperature structure is purely parametric, but grounded in detailed modeling
and observations. The density at the disk midplane is su" ciently high for gas and dust to
be thermally coupled, and continuum radiative transfer modeling shows that the midplane
temperature gradient is a power law,

Tmid (r ) = Tmid ,1

$ r
1 AU

%! qmid

. (5)

with typical values, Tmid ,1 " 200 K, qmid " 0.55, for Taurus protostars similar to those in
our CO survey (Andrews et al. 2009).

Ð 5 Ð

shape of the vertical density structure by integrating the equation of hydrostatic equilibrium,

! ln "
! z

= !
!"

GMstarz
(r 2 + z2)3/ 2

# $ µmH

kT

%
+

! ln T
! z

&
, (1)

whereµ = 2.37 is the mean molecular weight of the gas andmH is the mass of a hydrogen
atom. The resulting vertical proÞle is normalized at each radius to have a vertically inte-
grated surface density appropriate for an accretion disk around a central gravitating point
source,

! (r ) = ! 0

"
r
r c

# ! !

exp

'

!
"

r
r c

# 2! !
(

. (2)

The global normalization is to the gas mass via

! 0 = (2 ! #)
Mgas

2$r 2
c

exp
"

r in

r c

# 2! !

, (3)

where r in is the inner radius of the disk that we set to 0.05 AU, appropriate for the dust
sublimation radius for the observed stars.

To calculate the raditive transfer, we also require the velocity Þeld, which we assume to
be Keplerian plus a small turbulent component,

v(r, z) =
"

GMstar

r

# 1/ 2

+ vturb . (4)

The turbulent component is known to be small (Hughes et al. 2011). and we Þx its value at
vturb = 0.1 km s! 1.

3.1.2. Temperature Structure

The disk temperature structure is purely parametric, but grounded in detailed modeling
and observations. The density at the disk midplane is su" ciently high for gas and dust to
be thermally coupled, and continuum radiative transfer modeling shows that the midplane
temperature gradient is a power law,

Tmid (r ) = Tmid ,1

$ r
1 AU

%! qmid

. (5)

with typical values, Tmid ,1 " 200 K, qmid " 0.55, for Taurus protostars similar to those in
our CO survey (Andrews et al. 2009).

Ð 5 Ð

shape of the vertical density structure by integrating the equation of hydrostatic equilibrium,

! ln "
! z

= !
!"

GMstarz
(r 2 + z2)3/ 2

# $ µmH

kT

%
+

! ln T
! z

&
, (1)

whereµ = 2.37 is the mean molecular weight of the gas andmH is the mass of a hydrogen
atom. The resulting vertical proÞle is normalized at each radius to have a vertically inte-
grated surface density appropriate for an accretion disk around a central gravitating point
source,

! (r ) = ! 0

"
r
r c

# ! !

exp

'

!
"

r
r c

# 2! !
(

. (2)

The global normalization is to the gas mass via

! 0 = (2 ! #)
Mgas

2$r 2
c

exp
"

r in

r c

# 2! !

, (3)

where r in is the inner radius of the disk that we set to 0.05 AU, appropriate for the dust
sublimation radius for the observed stars.

To calculate the raditive transfer, we also require the velocity Þeld, which we assume to
be Keplerian plus a small turbulent component,

v(r, z) =
"

GMstar

r

# 1/ 2

+ vturb . (4)

The turbulent component is known to be small (Hughes et al. 2011). and we Þx its value at
vturb = 0.1 km s! 1.

3.1.2. Temperature Structure

The disk temperature structure is purely parametric, but grounded in detailed modeling
and observations. The density at the disk midplane is su" ciently high for gas and dust to
be thermally coupled, and continuum radiative transfer modeling shows that the midplane
temperature gradient is a power law,

Tmid (r ) = Tmid ,1

$ r
1 AU

%! qmid

. (5)

with typical values, Tmid ,1 " 200 K, qmid " 0.55, for Taurus protostars similar to those in
our CO survey (Andrews et al. 2009).

Ð 5 Ð

shape of the vertical density structure by integrating the equation of hydrostatic equilibrium,

! ln "
! z

= !
!"

GMstarz
(r 2 + z2)3/ 2

# $ µmH

kT

%
+

! ln T
! z

&
, (1)

whereµ = 2.37 is the mean molecular weight of the gas andmH is the mass of a hydrogen
atom. The resulting vertical proÞle is normalized at each radius to have a vertically inte-
grated surface density appropriate for an accretion disk around a central gravitating point
source,

! (r ) = ! 0

"
r
r c

# ! !

exp

'

!
"

r
r c

# 2! !
(

. (2)

The global normalization is to the gas mass via

! 0 = (2 ! #)
Mgas

2$r 2
c

exp
"

r in

r c

# 2! !

, (3)

where r in is the inner radius of the disk that we set to 0.05 AU, appropriate for the dust
sublimation radius for the observed stars.

To calculate the raditive transfer, we also require the velocity Þeld, which we assume to
be Keplerian plus a small turbulent component,

v(r, z) =
"

GMstar

r

# 1/ 2

+ vturb . (4)

The turbulent component is known to be small (Hughes et al. 2011). and we Þx its value at
vturb = 0.1 km s! 1.

3.1.2. Temperature Structure

The disk temperature structure is purely parametric, but grounded in detailed modeling
and observations. The density at the disk midplane is su" ciently high for gas and dust to
be thermally coupled, and continuum radiative transfer modeling shows that the midplane
temperature gradient is a power law,

Tmid (r ) = Tmid ,1

$ r
1 AU

%! qmid

. (5)

with typical values, Tmid ,1 " 200 K, qmid " 0.55, for Taurus protostars similar to those in
our CO survey (Andrews et al. 2009).

Ð 6 Ð

As the density decreases with increasing scale height, the gas and dust thermally decou-
ple and the gas can be signiÞcantly warmer due to photoelectric heating (Kamp & Dullemond
2004). Observations of CO lines with di! erent optical depths provide some information on
the temperature gradient in the molecular emitting region of the disk, showing a steep ver-
tical gradient from the midplane to an approximately isothermal upper layer (Dartois et al.
2003). Using the same procedure as in Andrews et al. (2012), we parameterize the atmo-
spheric temperature as a radial power law as for the midplane proÞle,

Tatm (r ) = Tatm ,1

! r
1 AU

" ! qatm

, (6)

where typical values areTatm ,1 ! 500" 1000 K (Kamp & Dullemond 2004). We then impose
the vertical structure in the following way,
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Here,zq is a Þxed parameter that speciÞes the height in the disk atmosphere above which the
temperature is constant for a given radius, and is set to four times the pressure scale height
derived from the midplane temperature, 4Hp = 4( kTmid r 3/GM starµmH)1/ 2. We show later
that the CO isotopologue line intensities are fairly insensitive to the temperature parameters
and, therefore, the exact form of this connecting function is not critical.

3.1.3. CO chemistry

CO has a relatively simple chemistry that is readily incorporated into our paramet-
ric model. CO forms quickly in the gas phase and uses up all the available carbon (van
Dishoeck & Blake 1998). It is a very stable molecule with just two main destruction mech-
anisms, freeze-out onto dust grains at low temperatures near the disk midplane and photo-
dissociation in the upper disk atmosphere. These have each been well characterized through
several detailed studies.

CO depletion via freeze-out onto dust grains was Þrst characterized in molecular cores
(J¿rgensen et al. 2002), then inferred in circumstellar disks (Qi et al. 2011), and now directly
resolved (Rosenfeld et al. 2013). The resulting CO ÒsnowlineÓ also manifests itself in the
enhanced abundance of N2H+ and DCO+ (Qi et al. 2013; Mathews et al. 2013). From these
results, we parameterize the freeze-out region as being at temperatures,T < 20 K. Energetic
radiation from the central star and accretion shocks creates a photo-dissociation region in the
upper layers of the disk atmosphere. H2 provides the dominant source of opacity for shielding
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enhanced abundance of N2H+ and DCO+ (Qi et al. 2013; Mathews et al. 2013). From these
results, we parameterize the freeze-out region as being at temperatures,T < 20 K. Energetic
radiation from the central star and accretion shocks creates a photo-dissociation region in the
upper layers of the disk atmosphere. H2 provides the dominant source of opacity for shielding
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Fig. 2.— The density and temperature distribution of a model disk. The star is at the origin

and the disk is radially symmetric with mirror symmetry about the midplane at Z = 0. The

color scale represents the H2 gas density on a logarithmic scale. The gas temperature is

shown and labeled in the white contours. The black contours, labeled CO, represent the

boundary of a warm molecular layer within which CO is expected to be in the gas phase

and emit millimeter wavelength rotational lines. The disk parameters used for this model

are Mstar = 1 M�, Mgas = 0.01 M�, Rc = 50 AU, � = 1.0, Tmid,1 = 100 K, qmid = 0.5, Tatm,1 =

500 K, qatm = 0.5.

Ø 白のコントアが温度(K)。	  
Ø 円盤表面では密度が下がりガスがダストとdecouple
し、光電効果で温まる(Kamp	  &	  Dullemond	  2004)。	



3.	  Modeling	
Ø  COのchemistryとしてfreeze-‐outとdissociaBon	  
Ø このようなdepleBonは分子雲コア(Jorgensen+	  2002)、IRでの
円盤(Qi+	  2011)、分解もされている(Rosenfeld	  2013)	  

Ø  CO	  snowlineも見えている(Qi+	  2013,	  Mathews+	  2013)	  

Ø  freeze-‐outは低温で起きる。	  
Ø  H2の密度が小さいとshieldingされずにdissociaBonが起きる。	
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CO and other molecules. Qi et al. (2011) shows that the CO abundance jumps abruptly from

e↵ectively zero to a constant value at a column density, N(H2) = Ndissoc = 1.3 ⇥ 1021 cm�2.

Our models have a constant CO abundance in a warm molecular layer between the

dissociation and freeze-out regions,

x(CO) =

(
5 ⇥ 10�5 where T > 20 K and NH

2

> Ndissoc

0 elsewhere.
(8)

An example disk density and temperature structure is shown in Figure 2. The warm molec-

ular layer where CO exists in the gas phase, and which we observe with our millimeter

wavelength observations, is outlined by the black contours.

The CO isotopologues share the same chemistry as CO and have the same density

profile scaled by ratios, [CO]/[13CO]=70 and [CO]/[C18O]=550 (Wilson & Rood 1994). The

resulting value for the 13CO abundance relative to H2 is similar to that derived from detailed

modeling of the HD 163296 disk by Qi et al. (2011), but about a factor of 2 lower than that

measured in the more di↵use gas in the Orion star forming cloud (Ripple et al. 2013).

We emphasize that the model assumptions for the gas structure are only azimuthal

symmetry and hydrostatic equilibrium. The models are completely independent of the dust,

as they must be to fit observations that show the gas and dust are structurally, thermally, and

dynamically decoupled in disks. Our constraints on gas masses are therefore independent of

dust mass measurements or, within the confines of our modeling parameters, any particulars

of the dust structure such as inner holes or strong azimuthal features (van der Marel et al.

2013).

3.1.4. Radiative Transfer

We calculate integrated line intensities for the models using the radiative transfer code

RADMC-3D1. The gas density, temperature, velocity, and CO abundances are defined as

prescribed above on a grid of 100 logarithmically spaced points in radius from 0.05 AU to

600 AU and 60 linear steps in polar angle, ✓ = 0� to 60�, where z = r sin(✓). The densities

and temperatures are high enough in circumstellar disks for the low lying CO rotational states

to be in Local Thermodynamic Equilibrium. This substantially reduces the computational

time.

1
http://www.ita.uni-heidelberg.de/⇠dullemond/software/radmc-3d/
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Ø  COの同位体は同じchemistryを受けるので比だけ設定する。	



3.	  Modeling	
Ø モデルの仮定は軸対称と静水圧平衡だけ。	  
Ø ダストはガスと構造的、熱的、力学的にdecoupleしており、
ダスト観測とは独立にガス質量がわかる。	  

Ø つまりダストのinner	  holeや非軸対称性にも左右されない。	  

Ø 輻射輸送はRADMC-‐3Dで解いた。	  
Ø  r方向は0.05–600	  AUをlogで100	  grid	  
Ø  z=r	  sinθ	  でθは0°–60°をlinearで60	  grid	  
Ø  COの低励起に対しては十分高温高密度なのでLTEを仮定。	

– 18 –

Table 1. SMA 1.3 mm flux densities

Fcont (mJy) FCO (Jy km s�1) F13CO (Jy km s�1) FC18O (Jy km s�1)

Source Value � Value � Value � Value �

AA Tau 54.8 0.7 5.33 0.11 1.26 0.09 < 0.27 0.09

BP Tau 42.5 1.0 1.11 0.08 < 0.24 0.08 < 0.21 0.07

CI Tau 152 1.1 2.51 0.13 2.70 0.13 < 0.39 0.13

CY Tau 102 1.0 2.02 0.08 0.81 0.06 < 0.15 0.05

DL Tau 164 1.1 1.98 0.12 0.43 0.06 0.12 0.05

DO Tau 113 0.8 63.7 0.38 1.52 0.10 < 0.30 0.10

DQ Tau 62.6 0.7 0.97 0.11 < 0.24 0.08 < 0.21 0.07

Haro 6-13 140 0.9 17.6 0.17 3.95 0.14 0.47 0.10

IQ Tau 57.6 1.0 2.52 0.08 0.48 0.07 < 0.21 0.07

Table 2. Parameter values of the model grid

Parameter Range

Mgas 10�4, 3 ⇥ 10�4, 10�3, 3 ⇥ 10�3, 10�2, 3 ⇥ 10�2 M�

Rc 30, 60, 100, 200, 300 AU

� 0.0, 0.8, 1.5

Tatm(1 AU) 300, 500 1000, 1500 K

qatm 0.45, 0.55, 0.65

Tmid(1 AU) 50, 100, 250, 500 K

qmid 0.45, 0.55, 0.65

inclination 0�, 30�, 60�, 90�

Mstar 0.5, 1.0, 2.0 M�
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Fig. 3.Ñ The distribution of gas mass fraction in di↵erent regions of the disk for all the
models in the grid. The top panel shows the mass fraction in the warm molecular layer,
which is shielded from dissociation and is warm enough for CO to be in the gas phase. The
dashed line shows the median of 66%. The hashed region shows that most of the models
with low mass fractions are large, low mass disks. The lower panels show the distribution
of the mass fraction in all models where CO is dissociated,N (H2) < 1.3 ⇥ 1021 cm�2 (red
histogram) and where it is frozen out,T < 20 K (blue histogram). The dashed line in each
panel indicates the median values, 16% and 9% respectively.

Ø 赤は全COのうちdissociaBonする
割合の分布	  (メディアン16%)	  

Ø 青はfreeze-‐outの割合分布	  (9%)	  
Ø 緑は気相にあるCOの割合分布	  

Ø 黒は、大きく軽い円盤ではCOが
気相でなくなることを示す。	  

Ø つまりM>1MJupならCOを検出で
きる。	  
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Fig. 4.Ñ Flux densities for the J = 2 ! 1 transitions of 13CO and C18O for the 136080
calculations in the model grid, color-coded by gas mass. The side panels show the projected
histograms for each line for three gas mass bins. There is a general trend of increasing ßux
density with increasing mass, but a given ßux density of a single line can correspond to a
very wide range of gas masses, about two orders of magnitude for13CO, and an order of
magnitude for C18O. The combination of both lines, however, allow a much more precise
estimate of the gas mass, typically to within the factor of 3 model grid binning. The locations
of the nine observed disks are noted in black.

Ø 全モデルの13COと
C18O	  2–1のフラックス	  

Ø メディアンで	  
Ø  13CO/C18O=4.7	  

Ø 単一の輝線ではフ
ラックスと質量は1対
1ではない。	  

Ø  2輝線でフラックスの
グリッドからfactor	  3
で観測と比較できる。	
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Fig. 5.Ñ Histograms of the nine parameters and the derived dissociated and frozen mass
fractions for the models that match the DL Tau observations to within 20%. The grey
histogram shows Þts to the13CO 2-1 integrated intensity only; the cyan is a subset that Þts
both the 13CO and C18O line intensities; and the blue Þts all 3 observed lines. For each
source, the histograms are normalized such that the grey histogram sums to a total fraction
of 1.

Ø  DL	  TauはCO,	  13CO,	  C18O
で受かった。	  

←	  
Ø フラックスのキャリブ精
度20%で一致するモデ
ルの数。	  

Ø 灰色が13COだけ、水色
が13COとC18O、青が3つ	  

Ø Mとfdissoc,	  ffreezeだけが制
限される。	
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Ø 光学的に薄いとinclinaBonには依らない。	  
Ø 質量以外が決まらないということは、温度の鉛直分布など
の不定因子がガス質量を決める能力を制限しないという
こと。	  

Ø 大規模サーベイに対しても個々の系毎の特殊なモデリン
グをしなくてよい。	  

Ø  13COとC18Oに、COが加わると温度とサイズ、幾何学にも制
限がつく。	
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Fig. 6.— The results of model grid fitting for gas masses for the eight other disks in the

survey. Each panel is a histogram of the proportion of the models that match the observed

line fluxes. The color coding and normalization is the same as in Figure 5. No fits for the CO

were made for AA Tau, CI Tau, DO Tau, and Haro 6-13 as the disk emission is not cleanly

separated from background cloud or residual envelope.

Ø 他の天体にもやっている。	  

Ø  13COが受からないBP	  TauとDQ	  
Tau	  

Ø ではC18Oの非検出は制限を与え
ない。	  

Ø この2天体はCOでは受かってい
るのでガスはあるはず。	  

Ø  COはwarm	  molecular	  layerでは
すでに励起され、且つそこまで光
学的に厚くなっていないので良い
gas	  mass	  tracerである。	  
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Fig. 7.— The fitted gas masses and inferred gas-to-dust ratios for the nine observed Taurus

disks. The upper panel shows the mean gas masses with a dashed line at a Jupiter mass for

comparison. Uncertainties are estimated from the range of the fits and the factor of 3 mass

binning, except for the two sources, BP Tau and DQ Tau, which were undetected in 13CO

and have strong upper limits. The lower panel is the ratio of gas mass to the dust mass

derived from the continuum flux density, and is compared to the ISM value of 100 shown by

the dashed line.
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detection does not provide any additional constraint. A wide range of gas masses fit the data,

though lower masses are clearly preferred. Both disks were detected in CO which indicates

that at least some gas exists, though the models imply very low masses, Mgas
<
⇠

3⇥10�3 M� '

0.3 MJup.

As with the histograms in Figure 5 for DL Tau, we find for all the disks that the low

excitation CO isotopologue lines do not strongly constrain the other model parameters. This

is because they are readily excited at the temperatures and densities in the warm molecular

layer and their emission is not strongly optically thick. This weak dependence on other

parameters is the reason why these lines are such good mass tracers.

4.3. Dust masses and gas-to-dust ratios

For comparison with the gas masses derived above, we calculated the dust masses using

the standard equation,

Mdust =
Fcontd

2

⌫B⌫(Tdust)
, (9)

assuming optically thin emission and a constant temperature, Tdust. Here Fcont is the con-

tinuum flux density listed in Table 1, d = 140 pc is the distance, B⌫ is the Planck function

at the central observing frequency ⌫ = 225 GHz, and ⌫ = 2.25 cm2 g�1 is the dust grain

opacity at this frequency from the prescription in Beckwith & Sargent (1991) without the

implicit gas-to-dust ratio. Following Andrews et al. (2013) we scale the dust temperature

with the stellar luminosity, Tdust = 25(Lstar/L�)1/4 K. The derived gas and dust masses, and

their ratios, are listed in Table 4.

The continuum fluxes indicate dust masses of order 10�4 M� which would indicate total

disk masses comparable to the MMSN for an ISM gas-to-dust ratio of 100. However, the

low line intensities generally indicate much lower gas masses and therefore much lower gas-

to-dust ratios ⇠ 10. Figure 7 plots the gas masses with a fiducial Jupiter mass marker and

the gas-to-dust ratios with the fiducial ISM value.

5. Discussion

The gas masses derived from the 13CO and C18O lines, and CO in the two cases where

the isotopologues were not detected, are surprisingly low in that they imply gas-to-dust

ratios that are about an order of magnitude lower than the ISM value. The composition of

the disks has therefore evolved significantly from their initial conditions.
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Ø Mdust〜10–4	  Moでg/d=100と
するとMMSN	  (〜0.01	  Mo)	  

Ø しかし、ガスの方から求めると
g/d〜10	  

Andrews+	  2013	



5.	  Discussion	

Ø  g/dはISMより100より一桁小さい。	  
Ø 円盤の組成が初期条件(ISM)からすごく進化している。	  

Ø  Dutrey+	  2003・・・BP	  TauでCO検出13CO非検出。	  
Ø  Chapillon+	  2010・・・low	  g/d,	  ガスの早期散逸を示唆。	  
Ø  Class	  IIからnon-‐accreBng	  Class	  IIIになる途中でガスはダス
トより早く散逸する。	  

Ø  13COのline-‐to-‐conBnuumの1–5は、星形成コアNGC1333
の>100よりずっと小さい(Sun+	  2006,	  Leflocht	  1998)	  

Ø  grain	  growthでミリ波強度が上がるかもしれないが、主に
はガスの柱密度の減少が原因だろう。	



5.	  Discussion	
g/dの進化の原因は2つ考えられる。	  
Ø  grain	  growthしてseolingすると表面がガスだけになり、UV
に蒸発される(Throop	  &	  Bally	  2005)。	  

•  これで数十AUに渡って数MJupしかガスは残らない。	  
•  (Class	  0-‐Iではエンベロープと円盤は区別しにくいがg/dは
大きいことが確認されている)	  

Ø  COのabundanceが一桁小さいかもしれない。	  
•  snow	  lineに対する上下とradialのmixingがCOをwarm	  

laperからなくす。	  
•  TW	  Hydra	  Qi+	  2013の13CO,	  C18Oから求めた質量は10–3	  

Mo	  
•  Bergin+	  2013でHDから求めた質量は>0.05	  Mo	  
•  モデルではfreeze-‐outは20%程度なので90%に上がる何
かがあるのかも。	  



6.	  Summary	

Ø  9個のClass	  II,	  Taurus,	  1.3	  mm	  CO,	  13CO	  ,C18O	  J=2–1	  
Ø 軸対称モデル、freeze-‐outはT<20	  K、dissociaBonは

NH2<1.3×1021	  cm–2。	  
Ø  9個のフリーパラメーター、積分強度はほとんどのパラメー
ターを制限しない。	  

Ø  1	  MJup以下の質量があればfreeze-‐out,	  dissociaBonは少な
い。	  

Ø  2つの輝線比からガス質量をsimple,	  robustに診断できる。	  
Ø 連続波と比較して、g/d=3–10	  
Ø  COのabundaceがISMと同じならgas	  lossを示唆し、Class	  II円
盤で巨大惑星は希少だろう。	


