
The protoplanetary disk of FT Tauri: multi-wavelength data analysis 
and modeling
Garufi et al., arXiv:1405.7692

・FT Tauという星+円盤のSEDを文献から作成

・合うモデルを輻射輸送込みで計算(モデ

ル:MCFOST and ProDiMo)

・観測結果の解釈

　中心星: 0.3Msun, 0.35Lsun, 年齢 1.6Myr

　M型星にしては高い降着率(3.1 · 10−8 Msun/yr)

　それなりに重い円盤(0.02Msun)←中心星の

0.06倍

　円盤内縁が非常に小さい(0.05AU)

   ←COのline幅から導出。inclinationは輻射輸送モデルから持っ

てくる

　小さいsilicate (0.1μm)は円盤表面にまだ存在

　←silicate feature at 10 μmが見えるから

Garufi et al.: The protoplanetary disk of FT Tauri
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Fig. 2. SED of FT Tau. All the available photometric and spectroscopic non-simultaneous observations are plotted. The reddened
Phoenix model is reproducing the stellar photospheric emission (grey line). The SED clearly shows UV/optical excess emission at
wavelengths shorter than ⇠ 0.8 µm and infrared excess beyond ⇠ 2 µm. IRAS photometry is excluded and the higher IRAC 5.8 and
8 µm photometry is omitted giving more weight to the IRS spectrum. Error bars are not visible at this scale.

Table 5. Estimated stellar properties.

Visual extinction AV 1.8 ± 0.6
Spectral type M3 ± 1
E↵ective temperature Te↵ 3400 ± 200 K
Luminosity L⇤ 0.35 ± 0.09 L�
Radius R⇤ 1.7 ± 0.2 R�
Mass M⇤ 0.3 ± 0.1 M�
Age 1.6 ± 0.3 Myr

3.2. Disk properties

3.2.1. Disk flaring and dust composition

FT Tau shows a very prominent IR excess (see Fig. 2). By inte-
grating the excess emission over the photosphere, we obtained
an IR excess luminosity LIR = 0.12 ± 0.01 L�.

We also measured the IR excess at di↵erent wavelengths (see
Table 6) by subtracting the photospheric model from the ob-
served photometry. This provides qualitative information on the
geometry of the disk. As the dust grows and settles toward the
mid-plane, the vertical scale height of the disk decreases, caus-
ing less reprocessing of the stellar radiation and, thus, a smaller
MIR excess. According to the evolutionary scheme by Fang et
al. (2009), the excess shown by FT Tau is typical of objects with
disks that are evolving from a mildly flaring to a flat geometry.

The MIR spectrum of FT Tau (see Fig. 1e) shows prominent,
narrow and smooth silicate features. These are thought to origi-
nate in the warm, optically thin disk surface and provide infor-
mation on the silicate dust in this layer. As shown by Bouwman
et al. (2001) for Herbig Ae/Be stars, silicate features peaking at

⇠ 10 µm, as in the case of FT Tau, are indicative of a dust popu-
lation dominated by grains as small as 0.1 µm. The flattening of
these features (see Furlan et al. 2006 for a large sample of TTSs)
can be a tracer of the evolution of the dust population at the disk
surface. Some processes such as stellar winds and radiation pres-
sure can deplete sub-µm size grains (Olofsson et al. 2009). The
narrow and prominent nature of the silicate features shown by
FT Tau suggests that these processes are not yet e�cient in this
disk. The 10 µm feature can also provide insight into the crys-
tallinity of the silicate (e.g. Sargent et al. 2006). The absence of
substructure in the MIR spectrum of FT Tau indicates that the
silicates are mostly amorphous.

Finally, the MIR spectrum does not show Polycyclic
Aromatic Hydrocarbon (PAH) emission features. PAH emission
is indeed hardly detected in TTSs (Furlan et al. 2006), while it is
common in more massive Herbig Ae/Be stars (see e.g. Meeus et
al. 2001). This can be explained either in terms of di↵erent grain
composition or the weaker UV radiation field of low-mass stars.

3.2.2. Disk inner radius

Most of the CO ro-vibrational lines detected with
Keck/NIRSPEC are from transitions from the first vibra-
tional level (⌫ = 1� 0) and their fluxes are typically a factor of a
few higher than those from ⌫ = 2 � 1 (see Table 4).

All ⌫ = 1 � 0 low-J (up to J=12) lines are strongly contam-
inated by atmospheric absorption/emission lines which does not
allow to recover the full line profile. The uncertainty on the line
fluxes is obtained by assuming a lower/upper flux limit equal to
the line intensity at the edges of the region a↵ected by the telluric
lines. On the contrary, ⌫ = 1 � 0 high-J (from J=30 to 40) lines
do not su↵er from telluric contamination, and their profiles are
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Table 9. Parameters of the FT Tau model. The di↵erence between an ‘explored’ and ‘free’ parameter is that the former is set after
an exploratory parameter study while the latter is derived using �2 fitting of the SED.

Parameter Symbol Comments Value
Stellar luminosity L⇤ Derived from observations 0.35 L�
Stellar mass M⇤ ” 0.3 M�
Stellar radius R⇤ ” 1.7 R�
E↵ective temperature Te↵ ” 3400 K
Distance d ” 140 pc
Slope of UV excess distribution pUV Fixed in MCFOST 2.0
Slope of grain size distribution apow ” 3.5
Dust mass density ⇢d ” 3.5 g cm�3

Slope of surface mass density ✏ ” �1
Flaring reference radius R0 Explored with MCFOST 100 AU
Flaring reference height H0 ” 12, 14 AU (high/low fUV)
Flaring exponent � ” 1.15
Disk inner radius Rin ” 0.09, 0.05 AU (high/low fUV)
Minimum dust grain size amin ” 0.05, 0.1 µm (high/low fUV)
Maximum dust grain size amax ” 1 cm
Stratification exponent sset ” 0.2, 0.3 (high/low fUV)
Stratification grain dimension aset ” 0.05, 0.1 µm (high/low fUV)
Inclination i ” 60�
Disk outer radius Rout ” 50, 100, 200 AU
Optical extinction AV Free parameter in MCFOST 1.6
Disk dust mass Md ” 9 · 10�4 M�
Cosmic Ray Ionization rate ⇣ Fixed in ProDiMo 1.7 · 10�17 s�1

UV excess fUV Explored with ProDiMo 0.07, 0.025
PAH abundance fPAH ” 10�2, 10�3, 10�4

Disk gas mass Mg ” (9, 4.5, 1.8) ·10�2 M�

line profiles (Rin = 0.05 AU, see Sect. 3.2.2 and above). If we
assume that the dust and gas inner radii are coincident, the dust
temperature at that radius has to be below the sublimation tem-
perature. Thus, grains with a < 0.1 µm cannot survive at that
radius and we use amin = 0.1 µm. Another possibility is that a
fraction of the CO ro-vibrational line emission originates from
gas inside the dust sublimation radius. amax is not well con-
strained and degenerate with the slope of the grain size distri-
bution. Thus, we use amax = 1 cm, which is a typical value for
disks at this stage. The high fUV model requires a slightly larger
Rin of 0.09 AU and has a slightly smaller minimum grain size,
amin = 0.05 µm.

4.1.3. Disk flaring and dust settling

The surface mass density of the disk is parametrized as

⌃ / r�✏ (3)

and the disk scale height as

H(r) = H0 ·
 

r
R0

!�
(4)

with r being the distance from the star and H0 the disk height at
the reference radius R0. According to the qualitative analysis of
the IR excess in Sect. 3.2.1, the disk is mildly flared and we thus
fixed the flaring angle to be � = 1.15. The best fit resulted in a
scale height of H0 = 12 AU and H0 = 14 AU for the high and
low fUV respectively at R0 = 100 AU. Smaller scale heights lead
to an underprediction of the FIR fluxes.

Dust settling is parametrized assuming that the scale height
changes with grain size for grains larger than aset

H(r, a) = H(r) · (a/aset)�sset/2 (5)

The best match of the observed silicate features is found by in-
cluding dust settling with all particles involved, i.e. aset= 0.05
µm, and an exponent sset = 0.2.

4.2. Gas modeling with ProDiMo

ProDiMo calculates the chemistry and heating/cooling of the gas
self-consistently using a large chemical network of 111 species
and 1462 reactions. An extensive list of all heating and cool-
ing processes can be found in Woitke et al. (2009, 2012). In this
work, we do not feed the gas temperatures back into the verti-
cal hydrostatic equilibrium, but instead keep the vertical flaring
structure given by the MCFOST parametrization found for the
best fitting SED model. Using the results from the MCFOST
models described in the previous section, we ran a small grid of
ProDiMo models with di↵erent values of UV excess, gas mass
and PAH abundance.

Two UV excess cases were considered (high state, fUV =
0.07, and low state fUV = 0.025, see Sect. 4.1). We fixed Mdust
as suggested by MCFOST and explored dust-to-gas mass ratios
of 0.01, 0.02, and 0.05, i.e. Mgas=0.090, 0.045, and 0.018 M�
(hereafter denoted as hGAS, iGAS, and lGAS). Even the most
massive model with Mgas=0.09 M� is gravitational stable ac-
cording to the Toomre criterion (see Eq. A.10 of Kamp et al.
2011). The abundance of PAHs, fPAH, was set to 10�2, 10�3, and
10�4 times the one in the ISM (hereafter denoted as hPAH, iPAH,
and lPAH). The combination of these three parameters yields a
total of 18 disk models.

The level populations for the line radiative transfer are cal-
culated from statistical equilibrium and escape probability (see
Woitke et al. 2009, for details). Using these populations, we
carry out a detailed line radiative transfer using ray tracing and
taking into account the disk rotation and inclination (Woitke et
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Shadows and cavities in protoplanetary disks: HD163296, 
HD141569A, and HD150193A in polarized light
Garufi et al., arXiv:1406.7387

・近赤外の高分解能偏光観測により円盤を観測（VLTのNACOという装置）

・観測天体：HD163296, HD141549A, HD150193A

・結果：HD163296ではHとKsの両方で円盤を検出、他２つは受からない

AOの引き残りがたくさん

動径分布はぱっと見0.6’‘くらいにピークを持つようにみえる

→transitional diskっぽい？？→self-shadowingの議論

【コメント】（外側2’’以遠の明るさの変動を円盤内側の変動＋self-shadowing

で議論しているが、本観測からは有益な結論はあまりなさそう…）Garufi et al.: Shadows and cavities in protoplanetary disks
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Fig. 2. Polarized emission distribution from HD163296 in H and KS band. Top: radial profile obtained from a 3 pixel-wide cut along the major axis
(left side is East). Bottom: azimuthal profile obtained integrating over concentric ellipses from 0.600 to 0.700 (see text for details). Only detections
with more than 3� are shown. The errors and the sensitivity are calculated from the local noise in both the QT and UT images. The sensitivity
bumps are due to the AO spots. Systematic errors from the photometric calibration are not included. The vertical grey stripes in the azimuthal
profile indicate the location of the major axis.

✓ ' 70�. The scattering angle along the minor axis is given by
✓ = 90� ± i � �, where i is the disk inclination. The plus sign is
for the far side, yielding ✓ ' 115�, and the minus sign for the
near side, yielding ✓ ' 25�.

From the QT images of Fig. 1, it is clear that the brightness
distribution is maximized along the direction of the major axis.
In particular, the polarized emission from the major axis (✓ '
70�) is two times higher than that from the SW minor axis (the
far side, ✓ ' 115�, detected in KS band) and at least 1.5 times
higher than that from the NE minor axis (the near side, ✓ ' 25�,
non-detected but constrained from the 3�-sensitivity). The scat-
tering function due to interstellar dust is monotonically decreas-
ing with the angle, meaning fscat(25�) > fscat(70�) > fscat(115�).
Therefore, the observed azimuthal distribution of polarized light
translates into limits on the polarization fraction distribution:
fpol(70�) & 1.5 · fpol(25�)
fpol(70�) . 2.0 · fpol(115�) (2)

Given the typical fpol(✓) curves (e.g. Murakawa 2010; Min et al.
2012), these constraints are satisfied by all dust grain sizes and
types. In other words, flared and moderately inclined disks might
show a polarized light distribution maximized along the major
axis, similarly to HD163296, regardless of their grain properties.

The forward-scattering nature of dust may also suggest that
the detection from the far side only is a contradiction. We note

however that the images are more noisy along the near side (see
Fig. 2). Given our sensitivity, we can only claim that the near
side is not much brighter than the far side (less than a factor
1.5). This is not necessarily suggestive of an isotropic scatter-
ing function, because the high polarizing e�ciency at 115� can
compensate for a lower fscat at those angles (like in HD142527,
Avenhaus et al. 2014). To constrain the scattering asymmetry, an
assumption on the fpol(115�)/ fpol(25�) ratio is thus needed. By
looking at the typical fpol(✓) curves at � ' 2 µm (Perrin et al.
2009; Murakawa 2010), this ratio varies with dust grain size and
composition from 2.5 to 12. Assuming a conservative value of
12, the above claim yields:

fscat(25�) . 18 · fscat(115�) (3)

This constrain in turn translates into a Henyey-Greenstein
asymmetry parameter g . 0.6. The parameter such obtained
is only an approximation of the real g (Henyey & Green-
stein 1941), which can be obtained even though the knowledge
of fscat(✓) is limited to a few values of ✓. In near-IR, values
lower than 0.6 are expected for sub-µm size particles (Pinte
et al. 2008). However, particles can potentially be so forward-
scattering that most of the radiation is scattered by ✓ < 25�. In
that case, the approximated g significantly diverge from the real
asymmetry parameter (e.g. Mulders et al. 2013).
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2. Observations and data reduction

HD163296, HD141569A, and HD150193A were observed be-
tween 2012 July 23 and 25 with VLT/NACO in PDI mode, con-
sisting of AO assisted high resolution imaging polarimetry with
a Wollaston prism and a rotatable half-wave plate for beam ex-
change. These sources were observed in the context of a mini-
survey of six young stars, where the other objects (HD169142,
HD142527, and SAO206462) were discussed by Quanz et al.
(2013), Avenhaus et al. (2014), and Garufi et al. (2013).

We used the NACO SL27 camera (pixel scale = 27 mas
pixel�1) in HighDynamic mode and readout in Double RdRstRd
mode. The targets were observed in H and KS bands, as well
as in the respective narrow band filters (NB 1.64 and NB 2.17).
Since no photometric standard star was observed, narrow band
filters were necessary to obtain unsaturated exposures for photo-
metric calibration. Observing conditions were photometric with
average seeing varying from 0.5800 to 1.6600 (see Table 1 for ob-
serving settings and conditions).

The data were reduced with the procedure described in Aven-
haus et al. (2014). Besides dark current, flat field, and bad pix-
els corrections, this method consists of (i) performing a row-
by-row subtraction to compensate for a non-static readout noise,
(ii) determining the center of the stellar profile by fitting a two-
dimensional gaussian to the point spread function (PSF), (iii)
extracting ordinary and extraordinary beams from each image,
upscaling the images by a factor 3 and aligning them on top of
each other. The images such obtained have a 3.2400 ⇥ 3.2400 field
of view. Instrumental polarization and cross-talk e↵ects (Witzel
et al. 2010; Quanz et al. 2011) were considered by implement-
ing the correction outlined in the Appendix of Avenhaus et al.
(2014). However, this approach requires to quantify all instru-
mental e↵ects directly from the data. Since the targets of this
paper show only a marginal or no polarized signal, some param-
eters (e.g., the relative e�ciency between the Stokes parameters)
were fixed to the values found for other objects (see Table C1 of
Avenhaus et al. 2014).

The photometric calibration (only accurate to ⇠ 40%) was
performed as described by Quanz et al. (2011). To do that, we as-
sumed that the sources have the same magnitude in H and KS as
in NB 1.64 and NB 2.17 respectively. We converted the pixel-by-
pixel count rates of the narrow band images into surface bright-
ness using the 2MASS magnitudes (Cutri et al. 2003) and ap-
plied a scaling factor to the H and KS images taking into account
the di↵erent transmission curves and exposure times. However,
further uncertainties may derive from the variable near-IR flux
of these sources (Sitko et al. 2008; Pogodin et al. 2012).

In our analysis, we use the tangential Stokes parameters QT
and UT, defined as:

QT = +Q cos(2�) + U sin(2�)
UT = �Q sin(2�) + U cos(2�) (1)

with � being the polar angle of a given position with respect
to a polar coordinate system centered on the star, and Q and U
being the Stokes parameters measured at half wave plate position
angles of 0�/-45� and -22.5�/-67.5� respectively (see e.g. Schmid
et al. 2006). In systems with tangential polarization only, QT is
by construction equal to P =

p
Q2 + U2 but does not generate a

biased noise due to the square calculation. On the other hand, UT
should not contain any signal and it can be used to estimate the
error. Here, errors were calculated from the standard deviation of
pixel values in a resolution element of both QT and UT images.
Finally, the intensity I images of the sources were obtained by
summing up the contributions from ordinary and extraordinary

Fig. 1. Polarized light QT images (left column) and intensity I images
(right column) of HD163296, HD150193, and HD141569A. North is
up, East is left. The white central area denotes the saturated pixels, not
included in the analysis. All images are scaled by r2 to compensate for
stellar dilution. This enhances the brightness of the companion and of
all outer speckles. All QT images are shown with the same linear scale,
whereas the scale of the I images is arbitrary to highlight each PSF.
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The masses of young stars: CN as a probe of dynamical masses
Guilloteau et al., arXiv:1406.3805

・中心星の質量を知りたい。COは分子雲などのコンタミが大きいので、ここ

では円盤のCN(1-0)のフィッティングによる中心星質量の導出を提案する。

・サンプルは12天体 (うちT Tauri星が 9個)

・Kepler回転からのズレはごくわずか v ∝r^(0.5 + 0.005)くらい→星の質量が

正確に決まる

A&A proofs: manuscript no. printer

Table 3. Comparison between CO and CN results.

Tracer Orientation Inclination VLSR V100 sin(i)
(◦) (◦) ( km s−1) ( km s−1)

CY Tau
CN 62.5 ± 1.8 24.0 ± 2.4 7.26 ± 0.01 0.99 ± 0.06
Cont. (a) 36 ± 6 34 ± 9 –
CO 63 ± 1 29 ± 5 7.27 ± 0.02 0.95 ± 0.05
Cont. (b) 63 ± 5 34 ± 3 –

DL Tau
CN 322.6 ± 0.6 43.6 ± 2.5 6.10 ± 0.01 1.94 ± 0.02
Cont. (a) 320.5 ± 0.3 42.3 ± 0.3 –
CO (*) 321.0 ± 2.4 39.6 ± 1.3 6.00 ± 0.10 2.04 ± 0.10
Cont. (b) 321 ± 3 38 ± 2 –

CI Tau
CN 281.5 ± 0.5 50.1 ± 1.9 5.73 ± 0.02 2.61 ± 0.04
Cont. (a) 282.7 ± 1.1 45.7 ± 1.1 –
CO 285.2 ± 0.8 53.3 ± 1.9 5.77 ± 0.03 2.46 ± 0.05
Cont. (b) 286.0 ± 2.1 53.8 ± 1.7 –

Notes. (a) This work with 1.3′′ resolution. (b) From Guilloteau et al.
(2011) with $ 0.5′′ resolution. (*) Guilloteau et al. (2011) incorrectly
reported the orientation modulo 180◦ for this source.

Comparison with the CN results is given in Table 3. Unlike
the CN data, the CO results are dominated by high resolution
data, but both agree within the noise. The agreement also applies
for the disk size: although CO and CN may have different radial
distributions, they have identical outer radii, ∼ 460 AU for DL
Tau and ∼ 280 AU for CY Tau (with typical formal errors about
15 AU).

3. Results and method limitations
Figure 1 presents the self-calibrated continuum images.

For each source, we have two or three data cubes of 128×128
pixels and 460 channels each. Signal is spread over 50 to 100
channels, but the signal to noise per channel is in general rather
low (see for example Fig.A.4). It is hopeless to present the full
data cubes. For each source, we present instead two “optimal”
quantities. The first quantity is the set of spectra for each (group
of) hyperfine component, integrated over the disk area defined
below. The second one are images of optimally filtered spectra,
as computed for N2H+ by Dutrey et al. (2007). Each channel is
multiplied by the intensity of the integrated spectrum predicted
by the best fit model. All channels are then summed together:
the resulting quantity has the dimension of an intensity squared
summed over velocity, and no simple physical interpretation,
but gives the signal-to-noise for detecting line emission which
matches the model profile. This signal to noise image shows
where the emission is located. The process is applied separately
for each (group of) hyperfine component, and then globally. The
global S/Nmap serves as a mask to compute the integrated spec-
tra, using a 2 σ threshold.

An example of these integrated spectra and signal to noise
maps is given in Fig.2. All other sources are shown in Appendix
A in Figs.A.1-A.11, except for DG Tau B which is discussed
in Sect.3.3.4. Unless noted, the spectra have been smoothed to
0.206 km s−1 resolution for better clarity. The agreement be-
tween the observed line profiles and the best fit results appears
sometimes limited, but this is a result of the difficulty to decon-
volve low signal to noise data combined with synthesized beams
with substantial sidelobes. Under such circumstances, the decon-
volution cannot recover the total flux.

All sources show clear evidence for rotation, but illustrat-
ing the velocity gradient is not straightforward because of the
multiple (and for the strongest, blended) hyperfine components

(see Fig.B.1). We show in Fig.3 the first moment map derived
from the isolated hfs component near 290 km s−1 in GO Tau.
The fitting procedure, which takes all hyperfine components into
account, retrieves the related information (orientation, velocity
field and inclination) with much better precision.

Relevant parameters from the fit results are presented in
Table 4. To illustrate the fit quality, we present in Appendix
(Fig.B.1) channelmaps for the strongest group of hyperfine com-
ponents in GO Tau: observations, best model and residuals. On
average, there is no systematic dependency of the residuals with
velocities, and channels with strong emission have similar resid-
uals than channels without. Although a few channels have some
systematic residuals, this can be ascribed by the limitations of
our disk model, such as the assumption of power law for the
CN surface density, and should not affect the derived velocity
field. For all other sources, we obtained significantly less signal
to noise than for GO Tau, and noise is the limiting factor in the
velocity field derivation.

A comparison between geometric parameters derived from
CN and dust emission is given in Table 2. The stellar mass is
derived from the Keplerian rotation of the disks. Because the
maps provide only an angular scale the derived masses are pro-
portional to the distance to the star. The masses listed in Table
4 are given at the star-forming region’s (SFR) average distance,
140 pc (Kenyon et al. 1994).

Fig. 3. Velocity gradient for GO Tau. Contour spacing is 0.2 km s−1.

3.1. CN as a dynamical mass tracer

A first important result from this study is an unambiguous confir-
mation that CN is essentially unaffected by contamination from
the molecular clouds. The full kinematic pattern of the disk is
visible, leading to accurate determination of the systemic ve-
locity. However, the disk interpretation does not apply for the
two embedded (presumably younger) objects DG Tau B and
IRAS04302+2247.

A second essential result from Table 4 is that all sources ap-
pear in Keplerian rotation. The weighted mean deviation from
the Keplerian exponent v = 0.50 + 0.01δv is δv = 0.5 ± 0.6.
Thus, we can safely interpret the rotation pattern as being driven
by a central mass.

The third result is the good agreement between geometric
parameters (position angle and inclination) derived from other
tracers. This is shown for CI Tau, DL Tau and CY Tau in Table
3. This agreement is important, because the geometric parame-
ters are affected by different systematic effects due to calibration
uncertainties. For continuum data, phase errors (for the high res-
olution data of Guilloteau et al. 2011) or amplitude errors (for
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Fig. 2. Results for GO Tau. Top: Integrated line flux for CN N=2-1 hyperfine components (histogram) with the best fit profile superimposed (red
curve). Bottom: Signal to noise maps for each group of component, and for all observed components (rightmost panel); contour spacing is 2σ.

Table 4. Disk and Star parameters derived from CN

Source V100 i Rout M∗ δv
name (kms−1) (◦) AU (M$)
DM Tau 2.31 ± 0.17 -30.9 ± 2.9 641 ± 19 0.60 ± 0.09 0.1 ± 1.5
MWC 480 4.03 ± 0.41 36.3 ± 2.5 539 ± 39 1.83 ± 0.37 -2.2 ± 2.0
LkCa 15 3.11 ± 0.10 47.0 ± 1.3 567 ± 39 1.09 ± 0.07 0.0 ± 2.4
CI Tau 2.67 ± 0.03 51.0 ± 0.9 520 ± 13 0.80 ± 0.02 -2.7 ± 2.0
CY Tau 2.36 ± 0.12 24.0 ± 2.0 295 ± 11 0.63 ± 0.05 1.7 ± 1.7
GO Tau 2.07 ± 0.01 54.5 ± 0.5 587 ± 55 0.48 ± 0.01 4.0 ± 2.0
HV Tau C 3.76 ± 0.10 89.1 ± 3.0 256 ± 51 1.59 ± 0.08 -0.0 ± 2.9
DL Tau 2.83 ± 0.04 44.1 ± 2.6 463 ± 6 0.91 ± 0.02 1.9 ± 1.1
IQ Tau 2.64 ± 0.02 56.3 ± 3.9 225 ± 21 0.79 ± 0.02 -0.3 ± 4.9
DN Tau 2.91 ± 0.25 29.2 ± 3.0 241 ± 7 0.95 ± 0.16 -0.6 ± 1.8
04302+2247 4.18 ± 0.09 58.9 ± 2.1 750 ± 56 1.97 ± 0.08 -0.4 ± 2.3

Notes. δv is the departure from Keplerian rotation: v(r) ∝ r−(0.50+0.01 δv).

to the disk surface. However, the number of free parameters be-
comes large, and the fits sometimes converge towards unrealistic
solutions (e.g. very large H100 and h > −1.0). Third, we used the
method described by Guilloteau et al. (2012) for the analysis of
CS in DM Tau. We assumed CN molecules to be absent at any
point where the H2 column disk towards the disk surface Σo(r, z)
is larger than a given value, Σd. Σo(r, z) density is computed us-
ing the prescribed scale height (H100 = 16.5 AU and h = −1.25),
and with the surface density profile corresponding to the best fit
viscous disk model to the 226 GHz continuum data:

Σg(r) = Σ0
(

r
R0

)−γ

exp
(

−(r/Rc)2−γ
)

. (2)

Despite the much more limited angular resolution of the
new data, we reached a similar precision on γ and Rc as
Guilloteau et al. (2011), thanks to the higher sensitivity and
lower phase noise due to self-calibration. Furthermore, the val-
ues found for γ and Rc were within the errors equal to those

measured by Guilloteau et al. (2011). We varied the depletion
scale height Σd between 1021 and 1024 cm−2. The most extreme
values provided significantly worse fit to the data, with a best
fit Σd around 1023 found for most sources. The derived disk in-
clinations and dynamical masses only change by small amounts
as a function of Σd: less than ∼ σ/3 over the acceptable range
of values for Σd , and even at most about 1σ for more extreme
values.

We thus conclude that the uncertainties in the spatial distri-
bution of CN due to our limited knowledge of the disk structure
and chemistry do not affect the reliability of the CN N=2-1 tran-
sition as a tracer of the dynamical mass.

3.3. Special sources

We derived accurate dynamical masses for most sources in our
sample. However, a few sources are peculiar in this respect, be-
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Fig. 7. Stars on the modified, distance-independent, HR diagram L/M2vs Teff from Dotter et al. (2008) evolutionary tracks. Left: stars with dy-
namical masses accurate to < 5%, right: other stars.

Table 6. Comparison of best Masses with tracks

# Star Dynamical Agreement & Evolutionary Track Mass range
Mass BCAH SDF Pisa Dartmouth

3. IQ Tau 0.79 ± 0.02 F 0.65-0.70 F 0.45-0.70 F 0.48-0.72 P 0.50-0.60
5. DL Tau 0.91 ± 0.02 E 0.72-0.92 E 0.60-0.92 F 0.62-0.88 F 0.68-0.88
6. DM Tau 0.53 ± 0.02 E 0.50-0.70 E 0.35-0.59 E 0.43-0.62 E 0.44-0.62
7. CI Tau 0.80 ± 0.02 E 0.70-0.88 E 0.58-0.90 E 0.60-0.82 E 0.59-0.80
9. LkCa 15 1.01 ± 0.03 E 0.92-1.30 E 0.95-1.30 E 0.90-1.25 E 0.92-1.30
11. GO Tau 0.48 ± 0.01 P 0.70-0.92 E 0.45-0.75 F 0.52-0.82 E 0.48-0.70
13. GM Aur 1.00 ± 0.02 P 1.35-? P 1.51-? P 1.30-? P 1.20-?

Notes. Qualitative agreement: E= Excellent G= Good F= Fair P= Poor

Table 7. Approximate ages (Myr)

# Star Evolutionary Tracks
BCAH SDF Pisa Dartmouth

3. IQ Tau 2 3 3 2
5. DL Tau 3 4 4 3
6. DM Tau 5 8 5 3.5
7. CI Tau 1.5 2.5 2.5 1.5
9. LkCa 15 3 4 4 3
11. GO Tau 2 4 3 3
13. GM Aur 2 2 2 1.5

In conclusion, the reliability of these comparisons of the
measured masses with the theoretical tracks is compromised by
the uncertainties on the effective temperatures and distances.
Also, a definitive assessment of the theoretical evolutionary
tracks must await mass measurements of stars with masses be-
low 0.5M!. We look ahead to GAIA to provide precise distances
to stars in the Taurus star forming region and have started mea-
surements that we hope will improve the determinations of Teff
and will extendmass measurements to masses smaller than those
presented in this paper.

5. Conclusion

We have analyzed ∼ 1.2′′ arcsecond resolution observations of
the CN N=2-1 line in a sample of T Tauri stars, and performed a
comparison with ∼ 0.6′′ resolution data obtained in 12CO for
several sources. The results show that the CN transition is a
good, sensitive, contamination free, dynamical mass tracer for
stars in the M1 - A4 spectral type range that are surrounded by
disks larger than about 250 AU. The striking ability of CN to
overcome the contamination problem is best shown by the de-
tection of the disk in IQ Tau that escaped detection in CO at
similar angular resolution.

The largest uncertainty in the mass derivation comes from
the determination of the inclination, although the impact is small
for sources with i > 45◦. This uncertainty can be reduced by
higher angular observations, at the expense of more observing
time. Another pending problem is that the more embedded, pre-
sumably younger, objects like DG Tau-B or IRAS04302+2247,
have more complex structure and CN does not appear to be a
very good disk tracer in these sources.

We used the derived dynamical masses in conjunction with
similar measurements performed using other tracers to compare
with the evolutionary tracks. Agreement of the measured masses
with the evolutionary tracks is quite good. The discrepancies are

Article number, page 10 of 20

A&A proofs: manuscript no. printer

3.8 3.7 3.6 3.5 3.4
Log (Teff)

-1.0

-0.5

0.0

0.5

1.0

1.5
Lo

g 
(L

/M
2 )

3.8 3.7 3.6 3.5 3.4
Log (Teff)

-1.0

-0.5

0.0

0.5

1.0

1.5

Lo
g 

(L
/M

2 )
Fig. 7. Stars on the modified, distance-independent, HR diagram L/M2vs Teff from Dotter et al. (2008) evolutionary tracks. Left: stars with dy-
namical masses accurate to < 5%, right: other stars.
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Mass BCAH SDF Pisa Dartmouth

3. IQ Tau 0.79 ± 0.02 F 0.65-0.70 F 0.45-0.70 F 0.48-0.72 P 0.50-0.60
5. DL Tau 0.91 ± 0.02 E 0.72-0.92 E 0.60-0.92 F 0.62-0.88 F 0.68-0.88
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11. GO Tau 0.48 ± 0.01 P 0.70-0.92 E 0.45-0.75 F 0.52-0.82 E 0.48-0.70
13. GM Aur 1.00 ± 0.02 P 1.35-? P 1.51-? P 1.30-? P 1.20-?

Notes. Qualitative agreement: E= Excellent G= Good F= Fair P= Poor

Table 7. Approximate ages (Myr)

# Star Evolutionary Tracks
BCAH SDF Pisa Dartmouth

3. IQ Tau 2 3 3 2
5. DL Tau 3 4 4 3
6. DM Tau 5 8 5 3.5
7. CI Tau 1.5 2.5 2.5 1.5
9. LkCa 15 3 4 4 3
11. GO Tau 2 4 3 3
13. GM Aur 2 2 2 1.5

In conclusion, the reliability of these comparisons of the
measured masses with the theoretical tracks is compromised by
the uncertainties on the effective temperatures and distances.
Also, a definitive assessment of the theoretical evolutionary
tracks must await mass measurements of stars with masses be-
low 0.5M!. We look ahead to GAIA to provide precise distances
to stars in the Taurus star forming region and have started mea-
surements that we hope will improve the determinations of Teff
and will extendmass measurements to masses smaller than those
presented in this paper.

5. Conclusion

We have analyzed ∼ 1.2′′ arcsecond resolution observations of
the CN N=2-1 line in a sample of T Tauri stars, and performed a
comparison with ∼ 0.6′′ resolution data obtained in 12CO for
several sources. The results show that the CN transition is a
good, sensitive, contamination free, dynamical mass tracer for
stars in the M1 - A4 spectral type range that are surrounded by
disks larger than about 250 AU. The striking ability of CN to
overcome the contamination problem is best shown by the de-
tection of the disk in IQ Tau that escaped detection in CO at
similar angular resolution.

The largest uncertainty in the mass derivation comes from
the determination of the inclination, although the impact is small
for sources with i > 45◦. This uncertainty can be reduced by
higher angular observations, at the expense of more observing
time. Another pending problem is that the more embedded, pre-
sumably younger, objects like DG Tau-B or IRAS04302+2247,
have more complex structure and CN does not appear to be a
very good disk tracer in these sources.

We used the derived dynamical masses in conjunction with
similar measurements performed using other tracers to compare
with the evolutionary tracks. Agreement of the measured masses
with the evolutionary tracks is quite good. The discrepancies are
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Fig. 7. Stars on the modified, distance-independent, HR diagram L/M2vs Teff from Dotter et al. (2008) evolutionary tracks. Left: stars with dy-
namical masses accurate to < 5%, right: other stars.

Table 6. Comparison of best Masses with tracks

# Star Dynamical Agreement & Evolutionary Track Mass range
Mass BCAH SDF Pisa Dartmouth

3. IQ Tau 0.79 ± 0.02 F 0.65-0.70 F 0.45-0.70 F 0.48-0.72 P 0.50-0.60
5. DL Tau 0.91 ± 0.02 E 0.72-0.92 E 0.60-0.92 F 0.62-0.88 F 0.68-0.88
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11. GO Tau 0.48 ± 0.01 P 0.70-0.92 E 0.45-0.75 F 0.52-0.82 E 0.48-0.70
13. GM Aur 1.00 ± 0.02 P 1.35-? P 1.51-? P 1.30-? P 1.20-?

Notes. Qualitative agreement: E= Excellent G= Good F= Fair P= Poor

Table 7. Approximate ages (Myr)

# Star Evolutionary Tracks
BCAH SDF Pisa Dartmouth

3. IQ Tau 2 3 3 2
5. DL Tau 3 4 4 3
6. DM Tau 5 8 5 3.5
7. CI Tau 1.5 2.5 2.5 1.5
9. LkCa 15 3 4 4 3
11. GO Tau 2 4 3 3
13. GM Aur 2 2 2 1.5

In conclusion, the reliability of these comparisons of the
measured masses with the theoretical tracks is compromised by
the uncertainties on the effective temperatures and distances.
Also, a definitive assessment of the theoretical evolutionary
tracks must await mass measurements of stars with masses be-
low 0.5M!. We look ahead to GAIA to provide precise distances
to stars in the Taurus star forming region and have started mea-
surements that we hope will improve the determinations of Teff
and will extendmass measurements to masses smaller than those
presented in this paper.

5. Conclusion

We have analyzed ∼ 1.2′′ arcsecond resolution observations of
the CN N=2-1 line in a sample of T Tauri stars, and performed a
comparison with ∼ 0.6′′ resolution data obtained in 12CO for
several sources. The results show that the CN transition is a
good, sensitive, contamination free, dynamical mass tracer for
stars in the M1 - A4 spectral type range that are surrounded by
disks larger than about 250 AU. The striking ability of CN to
overcome the contamination problem is best shown by the de-
tection of the disk in IQ Tau that escaped detection in CO at
similar angular resolution.

The largest uncertainty in the mass derivation comes from
the determination of the inclination, although the impact is small
for sources with i > 45◦. This uncertainty can be reduced by
higher angular observations, at the expense of more observing
time. Another pending problem is that the more embedded, pre-
sumably younger, objects like DG Tau-B or IRAS04302+2247,
have more complex structure and CN does not appear to be a
very good disk tracer in these sources.

We used the derived dynamical masses in conjunction with
similar measurements performed using other tracers to compare
with the evolutionary tracks. Agreement of the measured masses
with the evolutionary tracks is quite good. The discrepancies are
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・ シートがものを重力で集めるタイムスケール。圧力無視してfree-fallで落ちてくるとす

るとaccretion rateが出る。これでmass-to-flux ratioが　　　　　　　　を超えるためには

Accretion and Diffusion Timescales in Sheets and Filaments
Heitsch and Hartmann, arXiv:1406.2191

星形成において、subcriticalからどうやってsupercriticalになるか、遷移過程を知りたい。

subcritical状態でも磁力線に沿ってものが降着した場合、そのうちsupercriticalになる

→accretionとdiffusion/gravitational fragmentationのどちらが早いかで決まる

→なのでタイムスケールを調べる

2 F. Heitsch and L. Hartmann

lines (Vázquez-Semadeni et al. 1995; Hartmann et al. 2001,
see also Kim & Ostriker 2006).

Support for the idea of mass accumulation along field
lines comes from the comprehensive observational analy-
sis of Crutcher et al. (2010), who found no evidence for
increasing average field strength with increasing density
below n ∼ 300 cm−3 (see also Troland & Heiles 1986,
but Marchwinski, Pavel, & Clemens 2012 for newer results
from polarimetry). At higher densities, the maximum field
strength increases as B ∝ n2/3, which Crutcher et al. suggest
is due to isotropic contraction under gravity. In addition,
recent studies of star formation occurring in filamentary
gas structures, which appears to be common (André et al.
2010), also provide support for the idea of building dense
structures initially via flows along the magnetic field. In
some well-studied cases, such as B216/17, B18, L1506
(Heyer et al. 1987; Goodman et al. 1990; Moneti et al.
1984) and B211/13 in Taurus (Palmeirim et al. 2013), and
the Pipe Nebula (Alves et al. 2008) the magnetic field ap-
pears relatively ordered and nearly perpendicular to the fil-
amentary gas, as would be expected in this scenario. Fur-
thermore, Palmeirim et al. (2013) show that the CO emis-
sion around B211 exhibits differing radial velocities on either
side of the filament, interpreting this as evidence for inflow of
ambient molecular gas. For a systematic study of the align-
ment of ambient magnetic fields with local molecular clouds,
see Li et al. (2013).

These observational results motivate us to address the
question of ambipolar and turbulent diffusion vs. mass ac-
cumulation using a relatively simple geometric setup. We
compare the accretion and diffusion timescales for magne-
tized sheets (Sec. 2) and filaments (Sec. 3), based on an
earlier study discussing the evolution of the Pipe nebula
(Heitsch et al. 2009). We find for both sheet- and filament-
like geometries that accretion will dominate a cloud’s evo-
lution from subcritical to supercritical.

2 ACCRETION AND
AMBIPOLAR/TURBULENT DIFFUSION
TIMESCALES FOR A SHEET

We assume that star-forming molecular clouds are assem-
bled by flows along magnetic field lines. This is reasonable
given the fact (a) that perpendicular field components can
efficiently prevent compression and high density contrasts
(Inoue & Inutsuka 2008, 2009; Heitsch et al. 2009), and (b)
that magnetic field vectors seem aligned perpendicularly to
filamentary structures (Heyer et al. 1987; Palmeirim et al.
2013, see also Hartmann (2002) for a scenario). We envi-
sion cloud formation to occur conceptually in two phases.
The first involves the accumulation of lower-density gas
as a result of large-scale flows in the interstellar medium
(Sec. 2.1). This has usually been considered in terms of
the sweep-up of diffuse atomic gas (Vázquez-Semadeni et al.
1995; Hartmann et al. 2001), though there is no reason why,
in environments other than the solar neighborhood, accu-
mulation of partially or mostly diffuse molecular gas cannot
occur as well (Pety et al. 2013). The second phase addresses
the observation that star formation occurs in the densest re-
gions of molecular clouds, where such regions generally rep-
resent a small fraction of the total cloud mass (Lada et al.

2010; Heiderman et al. 2010). We explore this later phase
(Sec. 2.2) by considering the development of denser sheets
and filaments within the molecular cloud driven by self-
gravity (e.g. Vázquez-Semadeni et al. 2007).

2.1 Cloud Formation by Sweep-up of Diffuse Gas

We assume that the cloud is forming due to the collision
of two identical flows of diffuse atomic gas, with constant
density n0 and velocity v0. The flows are parallel to the
background magnetic field B. Then, the cloud can be treated
as a ”sheet” of column density NH , accreting gas at a rate
2n0v0, or

NH = 2n0v0t (1)

= 6.31× 1020
( n0

cm−3

)( v0
10km s−1

)

(

t
Myr

)

cm−2.

A thin sheet that is permeated by a magnetic field B can
fragment if

NH >
B

2πmG1/2
, (2)

or, if the mass-to-flux ratio at a given mass column density
Σ = mNH is larger than the critical value,

Σ
B

>

(

Σ
B

)

c

≡ 1

2πG1/2
, (3)

(Nakano & Nakamura 1978). The time τacc needed for the
cloud to reach criticality results from equations 1 and 2,

τacc =
B

4πn0v0mG1/2
(4)

= 5.65

(

B
5µG

)

( n0

cm−3

)

−1 ( v0
10km s−1

)

−1

Myr.

The ambipolar diffusion timescale at a given length
scale L can be written as (see App. A)

τAD = 1.38×103
(

L
pc

)2(

n
3× 102cm−3

)3/2 (
B

5µG

)

−2

Myr.

(5)
Note that we use a different scaling for the density cor-
responding to the transition from B ∝ n0 to B ∝ n2/3

(Crutcher et al. 2010), since we are interested in ambipolar
diffusion within the sheet-like cloud. Comparing equations 4
and 5 suggests that accretion may be faster than ambipolar
diffusion on the whole.

More specifically, we discuss two regimes. (1) For a
cloud forming from the diffuse interstellar gas via sweep-
up, we set the flow densities and velocities to 1 cm−3 and
10 km s−1. For the (still) diffuse, forming cloud, we as-
sume n = 300 cm−3, and a length scale of a parsec. For
these numbers, accretion is faster than ambipolar diffusion
(τacc < τAD) if B ! 30µG. Note that ambipolar diffusion
will not be relevant before a (UV-shielding) column density
corresponding to AV = 1 (or B ≈ 8µG) has been accu-
mulated (see App. A). (2) Once sufficient mass has been
accumulated, the accretion flows will start to be driven by
gravity (see Sec. 2.2). In this case, we assume a flow density
of 100 cm−3, and a flow velocity of 1 km s−1. At the same
lengthscale of 1 pc, τacc < τAD for B ! 540µG. At a tenth
of a parsec, the condition is reached for B ! 5.4µG.
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2.2 Dense Gas Formation by Gravitationally
Driven Flows

We next follow the evolution of a sheet-like cloud that is
allowed to accrete gas at free-fall velocities. Here we are
thinking of the accumulation of diffuse molecular gas - usu-
ally constituting the majority of the cloud - driven by gravity
into a dense structure that can form stars, adopting a sheet
geometry for simplicity (we consider filaments in Sec. 3).
The gravitational acceleration towards an infinite sheet with
mass column density Σ is given by

|as| = 2πGΣ . (6)

For steady-state accretion, the velocity profile can be written
as

vz = −2(πGΣ(zref − z))1/2, (7)

if we assume that Σ does not vary strongly while the column
of ambient gas

Σacc ≡ 2ρ0zref (8)

is accreted. We will justify this assumption in Appendix B.
Here, zref is a reference distance to be chosen, and will be
on the order of 1 pc. For a field strength of 10µG (using
eq. 2), this results in an infall velocity of 1 km s−1, consistent
with observational estimates (Kirk et al. 2013; Friesen et al.
2013; Palmeirim et al. 2013).

We ignore the ram pressure of the infalling gas (see
App. C). Thus, we can set z in equation 7 to the scaleheight
of an isothermal sheet (at given sound speed cs),

H =
c2s

πGΣ
. (9)

Then, the accretion rate onto the sheet is given by

Σ̇ = 2ρ0vz

= 4ρ0

(

πGzrefΣ

(

1− H
zref

))1/2

= a (Σ− b)1/2 . (10)

In the last step we defined

a ≡ 4ρ0 (πGzref )
1/2 (11)

b ≡ H
zref

Σ =
c2s

πGzref
. (12)

The solution to eq. 10 is

Σ(t) =
1
4

(

a2t2 + 2aΣ1/2
0 t+ 4b+ Σ0

)

, (13)

with the initial column density Σ0 = mN(t = 0) to be
chosen. Equating this with eq. 2 and solving for the accretion
time τacc yields

τacc =
1
a

(

2

(

B
2πG1/2

− b

)1/2

−Σ1/2
0

)

. (14)

To develop physical insight, we further simplify equation 14.
First, we can choose Σ0, the initial column density, to be
negligibly small, i.e. Σ0 # Σc ≡ B/(2π

√
G). Second, b is

essentially the ratio of H/zref , which for an evolved sheet
will also be small, if we set zref = 3 pc. With these simpli-
fications, equation 14 turns into

τacc ≈ (2πGρ0)
−1/2

(

Σc

Σacc

)1/2

, (15)

i.e. the timescale to reach criticality is given by the free-fall
time of the ambient gas multiplied by the square root of
how many columns of Σacc are needed to achieve criticality.
The criticality parameter µ(t) can be derived directly from
eq. 13, as can the ambipolar diffusion timescale τAD, using
the fact that Σ = 2ρcH .

2.3 Comparison of Timescales

Figure 1 summarizes the evolution of an infinite, magnetized
sheet accreting diffuse molecular gas via gravity (Sec. 2.2).
The ambient gas density is n0 = 100 cm−3, and the refer-
ence distance zref = 3 pc. The criticality parameter (panel
(a)) is proportional to the column density. Vertical lines indi-
cate τacc (eq. 14). Comparing τacc to the ambipolar diffusion
timescale (panel (b), solid lines labeled τlam), we see that
τacc # τlam. Figure 1 of Crutcher et al. (2010) suggests that
for densities 103 < n < 104 cm−3, the upper limit for the
field strength is between 30 and 100µG. Yet, such densities
would not be expected at early evolutionary stages (which
are of concern here), thus, we do not consider magnetiza-
tions higher than 30µG. It is easy to see that cranking up
the magnetic field strength would eventually lead to a regime
where τlam < τacc, but such a regime is not physically acces-
sible. Finally, it is worth pointing out that for t = 0, there
would be no sheet. The cloud would appear in CO when an
AV ≈ 1 is reached. For typical flow parameters, this occurs
a few Myr after flow collision (Heitsch & Hartmann 2008).

The physically correct length scale for laminar ambipo-
lar diffusion would be the gravitational forcing scale, i.e.
the fastest-growing, gravitationally unstable mode λmax of
a magnetized sheet (Larson 1985, see panel(c), long-dashed
lines). Note that while we show λmax, the growth rate drops
only slowly for wavelengths λ > λmax. For instance, at
λ = 5λmax, the timescale is only ∼ 60% longer than at
λmax. Thus, we slightly underestimate the relevance of frag-
mentation in Figure 1. Since this length scale is undefined
for µ ≤ 1, we also show the corresponding hydrodynami-
cal scale (Larson 1985, long-dashed lines in panel (c)). The
short-dashed line shows the scaleheight H (eq. 9) for com-
parison. The latter would be an inappropriate choice for an
ambipolar diffusion scale in this context, since we are not in-
terested in the vertical diffusion of the magnetic field. Sum-
marizing, the sheet turns supercritical due to accretion on

timescales substantially shorter than the laminar ambipolar

diffusion timescale.
Can turbulence accelerate ambipolar diffusion suffi-

ciently to win over accretion? While there is a variety
of implementations of turbulent ambipolar diffusion, such
as acceleration through stagnation point flows (Zweibel
2002), stochastic acceleration through field and density vari-
ations (Fatuzzo & Adams 2002), turbulent mixing generat-
ing small scales (Heitsch et al. 2004) and – to a large ex-
tent combining much of the above – turbulent compression
(Li & Nakamura 2004), they all sugest that turbulent am-
bipolar diffusion can break the flux-freezing assumption on
dynamical rather than on diffusive timescales. While we will
focus our discussion on turbulent ambipolar diffusion for the
sake of consistency with previous literature (Li & Nakamura
2004; Kudoh & Basu 2011), the exact mechanism of how
flux-freezing is broken at the smallest scales may not be that
relevant, as long as the turbulent diffusivity λtrb ( λlam, the
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a2t2 + 2aΣ1/2
0 t+ 4b+ Σ0

)

, (13)

with the initial column density Σ0 = mN(t = 0) to be
chosen. Equating this with eq. 2 and solving for the accretion
time τacc yields

τacc =
1
a

(

2

(

B
2πG1/2

− b

)1/2

−Σ1/2
0

)

. (14)

To develop physical insight, we further simplify equation 14.
First, we can choose Σ0, the initial column density, to be
negligibly small, i.e. Σ0 # Σc ≡ B/(2π

√
G). Second, b is

essentially the ratio of H/zref , which for an evolved sheet
will also be small, if we set zref = 3 pc. With these simpli-
fications, equation 14 turns into

τacc ≈ (2πGρ0)
−1/2

(

Σc

Σacc

)1/2

, (15)

i.e. the timescale to reach criticality is given by the free-fall
time of the ambient gas multiplied by the square root of
how many columns of Σacc are needed to achieve criticality.
The criticality parameter µ(t) can be derived directly from
eq. 13, as can the ambipolar diffusion timescale τAD, using
the fact that Σ = 2ρcH .

2.3 Comparison of Timescales

Figure 1 summarizes the evolution of an infinite, magnetized
sheet accreting diffuse molecular gas via gravity (Sec. 2.2).
The ambient gas density is n0 = 100 cm−3, and the refer-
ence distance zref = 3 pc. The criticality parameter (panel
(a)) is proportional to the column density. Vertical lines indi-
cate τacc (eq. 14). Comparing τacc to the ambipolar diffusion
timescale (panel (b), solid lines labeled τlam), we see that
τacc # τlam. Figure 1 of Crutcher et al. (2010) suggests that
for densities 103 < n < 104 cm−3, the upper limit for the
field strength is between 30 and 100µG. Yet, such densities
would not be expected at early evolutionary stages (which
are of concern here), thus, we do not consider magnetiza-
tions higher than 30µG. It is easy to see that cranking up
the magnetic field strength would eventually lead to a regime
where τlam < τacc, but such a regime is not physically acces-
sible. Finally, it is worth pointing out that for t = 0, there
would be no sheet. The cloud would appear in CO when an
AV ≈ 1 is reached. For typical flow parameters, this occurs
a few Myr after flow collision (Heitsch & Hartmann 2008).

The physically correct length scale for laminar ambipo-
lar diffusion would be the gravitational forcing scale, i.e.
the fastest-growing, gravitationally unstable mode λmax of
a magnetized sheet (Larson 1985, see panel(c), long-dashed
lines). Note that while we show λmax, the growth rate drops
only slowly for wavelengths λ > λmax. For instance, at
λ = 5λmax, the timescale is only ∼ 60% longer than at
λmax. Thus, we slightly underestimate the relevance of frag-
mentation in Figure 1. Since this length scale is undefined
for µ ≤ 1, we also show the corresponding hydrodynami-
cal scale (Larson 1985, long-dashed lines in panel (c)). The
short-dashed line shows the scaleheight H (eq. 9) for com-
parison. The latter would be an inappropriate choice for an
ambipolar diffusion scale in this context, since we are not in-
terested in the vertical diffusion of the magnetic field. Sum-
marizing, the sheet turns supercritical due to accretion on

timescales substantially shorter than the laminar ambipolar

diffusion timescale.
Can turbulence accelerate ambipolar diffusion suffi-

ciently to win over accretion? While there is a variety
of implementations of turbulent ambipolar diffusion, such
as acceleration through stagnation point flows (Zweibel
2002), stochastic acceleration through field and density vari-
ations (Fatuzzo & Adams 2002), turbulent mixing generat-
ing small scales (Heitsch et al. 2004) and – to a large ex-
tent combining much of the above – turbulent compression
(Li & Nakamura 2004), they all sugest that turbulent am-
bipolar diffusion can break the flux-freezing assumption on
dynamical rather than on diffusive timescales. While we will
focus our discussion on turbulent ambipolar diffusion for the
sake of consistency with previous literature (Li & Nakamura
2004; Kudoh & Basu 2011), the exact mechanism of how
flux-freezing is broken at the smallest scales may not be that
relevant, as long as the turbulent diffusivity λtrb ( λlam, the⇒

・filamentの場合のaccretionも計算。質量がTomisaka 2013式を超えるまで。
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3.1 Model

We follow the evolution of a filament under free-fall, steady-
state accretion, using a model series of externally pressur-
ized, accreting cylinders, with B ∝ ρ1/2 (Heitsch 2013b).
Assumptions, derivations and expressions can be found in
that paper. Since we envisage the filaments to be embedded
in a flattened, evolved molecular cloud, we set the ambient
density to 100 cm−3, corresponding to diffuse molecular gas.
Infall velocities range around a km s−1 (see Fig. 1 of Heitsch
2013b). We calculate two criticality parameters: The radial
criticality parameter

µrad ≡ m
mrad

(19)

compares the filament’s line mass m with the critical mag-
netic line mass,

mrad = 0.24
BR√
G

+ 1.66
c2s
G
, (20)

as determined numerically by Tomisaka (2013). For the lon-
gitudinal criticality parameter, we adapt the expressions
given by Bastien (1983) for the number of Jeans masses in
a magnetized, prolate ellipsoid with axes a > b = c,

µlon ≡ πGρc2

15ec2s
ln

(

1 + e
1− e

)

, (21)

where the ellipticity e is defined by c2 = a2(1− e2). We use
an aspect ratio of a/c = 10. Larger aspect ratios increase
µlon, thus, we can consider our choice as a lower bound.
As Bastien (1983) discusses, the limit towards high elliptic-
ity (infinitely long filaments) yields an infinite Jeans num-
ber and thus does not converge to the radial expression,
since these are different collapse modes. Ambipolar diffu-
sion timescales are calculated as above. The wavelength of
the fastest-growing mode depends on whether the filament
resides in a vacuum (infinite radial extent, or an infinite
overpressure, Ostriker 1964), or whether a “truncated” (or
pressurized, Fischera & Martin 2012a) filament is consid-
ered. We show both cases for comparison, using the expres-
sions given by Nagasawa (1987) for the infinite cylinder, and
the polynomial fits by (Fischera & Martin 2012a) for the
pressurized cylinder. For the sake of simplicity, we forego
the discussion of varying external pressure due to accretion
(Heitsch 2013b).

3.2 Comparison of Timescales

Figure 2 summarizes the evolution of a filament accreting at
free-fall velocities, assuming B ∝ ρ1/2. Results are shown for
two magnetizations, corresponding to initial field strengths
of 2 and 6µG. During the evolution of the filament, fields
! 100µG are reached (see also Sec. 4).

Evolution timecales are below one Myr overall. The fil-
aments reach criticality after a fraction of a Myr (panel
(a)), with global longitudinal criticality µlon (eq. 21) close
to radial criticality µrad (eq. 19), and winning for weak
magnetizations. Panel (b) shows that the fragmentation
timescales drop to values close to the longitudinal accre-
tion timescale. The laminar (τlam, solid lines) and turbulent
diffusion timescales (τtrb, dashed lines) are all longer than
the time to reach (longitudinal) criticality, and they are all
larger than 10 Myr at τacc, although they do drop for times

> τacc. Yet that drop is irrelevant for our purposes: the fila-
ment already has grown critical due to accretion. Thus, as in
the sheet case, filaments are likely to reach criticality through

accretion, before ambipolar diffusion can have a significant

effect. Note that the timescales in panel (b) refer to exter-
nally pressurized (truncated) cylinders (Fischera & Martin
2012b). The corresponding timescales for cylinders in vac-
uum (Ostriker 1964; Nagasawa 1987) differ only for small
evolution times, being always larger than for truncated
cylinders (only shown in Fig. 2 for the length scales). Panel
(c) shows the length scales of the fastest growing mode, de-
rived for infinite (Nagasawa 1987, solid lines) and pressur-
ized (Fischera & Martin 2012a, dashed lines). As the lat-
ter authors discuss, the expressions converge for large line
masses, i.e. larger overpressures.

4 DISCUSSION

We compared ambipolar diffusion and accretion timescales
for sheets (Sec. 2) and filaments (Sec. 3), finding that in both
geometries, accretion will dominate the evolution from sub-
to supercritical structures. For the sheets, we considered two
cases; the assembly of a molecular cloud from the diffuse
(atomic) interstellar medium, and the evolution of a dense
cloud due to accretion of ambient molecular gas. For the
filament geometry, we only consider gravitationally driven
accretion.

Our assumption of free-fall accretion may seem overly
extreme. Yet, already order-of magnitude estimates (eqs. 4,
5) with constant (rather low) velocities suggest that ac-
cretion dominates over ambipolar diffusion. Also, accretion
velocities are at most on the order of a km s−1 (Heitsch
2013a,b), consistent with observed values (Kirk et al. 2013;
Friesen et al. 2013).

4.1 Sheets

4.1.1 Choice of Length Scales

The choice of length scales is somewhat open, yet not com-
pletely arbitrary. We are interested in motions perpendicular
to the magnetic field. The only characteristic length avail-
able in the sheet plane is that of the gravitationally most
unstable mode (this also would be the length scale at which
the strongest forces occur). Shorter length scales will not
be unstable yet, and longer scales would grow more slowly.
One could argue that substructure in the sheet could re-
duce the length scale, and thus the laminar ambipolar dif-
fusion timescale. Yet (1) the substructure would have to be
non-linear, specifically in a finite sheet, to win over large-
scale collapse modes (Burkert & Hartmann 2004; Pon et al.
2012), and (2) this case is addressed by the turbulent diffu-
sion timescale. Note that for the latter, the “forcing scale”
is still set by the gravitationally most unstable mode. Such
an interpretation is also consistent with the findings of
Heitsch et al. (2004), that turbulent ambipolar diffusion is
not a flux transport mechanism, but acts through breaking
the flux-freezing assumption locally.

Since the choice of length scales may be contentious
(and is relevant for the interpretation of our results), we
highlight its role in Figures 3 and 4. They map out the

これらのタイムスケールを、ambipolar diffusionなどのタイムスケールと比べる
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Figure 3. Map of the shortest timescales in the length scale-density plane for a sheet. For a given combination of (L, n), all relevant
timescales are compared, and the regime of the shortest timescale is color-coded as blue for accretion (acc), red for gravitational
fragmentation (frg), and light green for laminar ambipolar diffusion (lam). The solid curved line shows the wavelength of the most unstable
(magnetized) mode, λmax, against the sheet’s central density (Larson 1985), the solid straight line is the corresponding hydrodynamical
mode, and the dashed line shows the sheet’s scaleheight against central density. Criticality is indicated by the horizontal, long-dashed
line (eq. 22). White diamonds show the initial conditions for models run by Kudoh & Basu (2011, see Sec.4.1.2).

are dominated by ambipolar diffusion on scales of H . For
larger scales, accretion still wins. For B = 20µG, there is
no viable range of densities for ambipolar diffusion to be
dominant.

Turbulent diffusion (Fig. 4) will dominate over accre-
tion on length scales of the scale height H at 20 and 40µG
(and for any higher magnetization), yet, the scale of the
fastest growing mode as well as the outer turbulent scale
of the simulations by Kudoh & Basu (2011) are still resid-
ing in the accretion-dominated (blue) regime. It should be
noted that the ”turbulent diffusion” discussed here assumes
a different mechanism than the ambipolar diffusion accel-
eration in Kudoh & Basu’s work. Here, we assume that
the laminar ambipolar diffusion rate can be accelerated by
a turbulent diffusivity (see, e.g., Kim & Diamond 2002).
Kudoh & Basu (2011) rely on (shock) compressions due to
supersonic turbulence, leading to steep gradients and thus
to a local acceleration of ambipolar diffusion in the shocked
regions (see also Li & Nakamura 2004). Whether turbulent
diffusion really wins over accretion to make the sheet su-
percritical probably is best tested with a simulation along
the lines of Kudoh & Basu (2011), but adding mass to the
(sheet-like) cloud.

4.2 Filaments

4.2.1 Choice of Length Scales

Figures 5 and 6 highlight the effect of setting a specific
length scaley by mapping the shortest timescales in the
(L, n)-plane. There are two characteristic scales now (for an
infinite filament): the radial extent, here described by the
scale radius

R2
0 =

2c2s
πGρc

(23)

(Ostriker 1964), and the length scale of the gravitationally
most unstable mode along the filament. Both are marked
in the Figures by short-dashed and solid lines, respectively.
The longitudinal timescale (lon, blue) refers to the global
criticality (eq. 21) of a finite filament at a given length in-
dicated by L (x-axis). Following Bastien’s (1983) analysis,
we assume that the filament must have an aspect ratio of
> 2 for longitudinal collapse to be viable. Chosing a den-
sity n (y-axis) results in a filament scale radius R0 (dashed
line). Together with an assumed filament length, results for
any aspect ratio can be read off. The longitudinal fragmen-
tation timescale (frg, red) refers to the gravitationally most
unstable mode (Nagasawa 1987) for an infinite filament.

The time evolution of a filament maps slightly differ-
ently to these plots, compared to the sheet case. There,
the magnetic field strength does not change, whereas, here,
B ∝ ρ1/2. To help understanding the time sequence, we
overplotted the positions of the two models shown in Fig-

gravitational fragmentation, accretion, laminar ambipolar diffusion
シートの時のもっとも短いタイムスケールを表した図 ◇はKudoh & Basu 2011
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Figure 5. Map of the shortest timescales in the lengthscale-density plane, for a filament. For a given combination of (L, n), all relevant
timescales are compared, and the regime is color-coded as longitudinal criticality (blue, lon), radial criticality (pink, rad), gravitational
fragmentation (frg, red), and laminar ambipolar diffusion (light green, lam). The solid line shows the wavelength of the most unstable
mode, λmax (Nagasawa 1987) against the filament density, and the dashed line shows the filament’s core-radius R0 (eq. 23). Longitudinal
criticality is indicated by the long-dashed line (eq. 21), and radial criticality by the dotted line. Symbols denote the evolution of the two
filament accretion models shown in Fig. 2.

been suggested for the transition between sub- and super-
criticality: ambipolar diffusion (based on Mestel & Spitzer
1956, more recently Kudoh & Basu 2008, 2011), and accre-
tion (Vázquez-Semadeni et al. 1995; Hartmann et al. 2001).
We explore the role of ambipolar diffusion and accretion to
drive an initially subcritical sheet or filament to criticality,
by comparing the relevant timescales.

(1) While ambipolar diffusion is present, it does not affect
the evolution of an accreting sheet or filament. The accre-
tion timescales are substantially shorter in the subcritical
regime, rendering sheets (Fig. 3) and filaments (Fig. 5)
supercritical before laminar ambipolar diffusion can affect
the mass-to-flux ratio substantially. This agrees with the
findings of Kudoh & Basu (2011), who quote timescales of
a few 107 years to drive a sheet to criticality via laminar
ambipolar diffusion. For sheets, increasing densities reduce
the importance of laminar ambipolar diffusion, while for
filaments, the ambipolar diffusion regime can be re-entered
for high densities and small scales, yet at a stage when the
filament has turned substantially supercritical.

(2) Turbulent diffusion may be important in a sheet-like
geometry (Fig. 4) for strong magnetizations (B > 20µG).
Yet, such a field strength would be a factor 2 to 4 higher
than observed in the diffuse interstellar gas. In other words,
the strong magnetizations refer to a stage of the cloud when
the field has been amplified well beyond its background
level – by gravity. For filaments (Fig. 6), turbulent diffusion

plays only a role for small scales – and only, once the
filament has been driven to criticality by accretion.

Note that we are not arguing that all regions of molecu-
lar clouds are magnetically supercritical. Rather, our analy-
sis shows that the densest regions of such clouds wherein star
formation takes place will generally become supercritical due
to the accumulation of mass – that is, as a result of their
formation – before ambipolar diffusion becomes important.
Magnetic fields may still be important globally in reducing
the efficiency of star formation. In fact Crutcher et al. (2010)
point out that some clouds may well be magnetically dom-
inated, and in any case the mean mass-to-flux ratio they
infer in dense regions is only a factor of two above crit-
icality, suggesting that magnetic forces do play a dynam-
ical role (see Heitsch et al. 2001; Vázquez-Semadeni et al.
2005; Price & Bate 2008, for how supercritical magnetic
fields affect the gravitational fragmentation and collapse).
Marchwinski, Pavel, & Clemens (2012) demonstrate with
infrared polarimetry mapping how strongly the mass-to-flux
ratio can vary across a single cloud (see their Fig. 14).

We conclude that the effects of accretion must be con-
sidered in any analysis of the dynamical state of dense star-
forming gas. We further find that laminar or turbulent dif-
fusion – while present – is unlikely to control the evolution
of a cloud from subcritical to supercritical.

gravitational fragmentation, accretion(磁場に沿った方向), accretion(radial), 

laminar ambipolar diffusion

フィラメント



ambipolar diffusionはシートやフィラメントの成長に効かない。

それより先にものがaccretionしてsupercriticalになる。

＊ただし、乱流拡散がシートでは強磁場の場合(20μG以上)重要。フィラメントでは乱流拡

散は小スケールしか効かない

結論：アクリーションが重要。



Two Extreme Young Objects in Barnard 1-b
Hirano and Liu, arXiv:1406.0068

B1-bというコアは4.7Msun、0.12×0.07pc (野辺山45mのH13CO(1-0)より,左下図)

B1-bは２つの点源からなる(B1-bNとB1-bS, 3.3mm連続波より, 右下図)

COでoutflow確認。3-5km/s for B1-bN, 7-8km/s for B1-bS – 34 –

Fig. 4.— 850 µm (dot contours) and 3.3 mm (solid contours) continuum maps of the B1-b
region on top of the Spitzer MIPS 24 µm image (grey scale). The 3.3 mm continuum has

been applied for the primary beam correction. The gray-filled and black-filled circles in the
lower-left courner are the beams of 850 µm and 3.3 mm, respectively. The contours are

drawn every 0.08 Jy/beam (3 σ) for 850 µm and 3.4 mJy/beam (2.5 σ) for 3.3 mm.

– 30 –

Fig. 1.— Integrated H13CO+ (J=1-0) emission from B1 (contours) on top of the Spitzer

IRAC band 2 (4.5 µm) image (grey scale). The velocity range of the H13CO+ map is from
VLSR = 5.0 to 8.0 km s−1. The contours start from 0.67 K km s−1 (3 σ) with an interval of

0.44 K km s−1 (2 σ).



– 38 –

Fig. 7.— Spectral energy distributions of B1-bN (upper panel) and B1-bS (lower panel).
The data are from Spitzer MIPS (24 and 70 µm), CSO SHARC (350 µm), JCMT SCUBA

(850 µm), SMA (1.1 mm and 1.3 mm), NMA (3.3 mm), and VLA (7 mm). Arrows mark
the upper limits. The solid red curves are the single-component greybody fits with Tdust ≈

16 K and β = 2.0 for B1-bN and with Tdust ≈ 18 K and β = 1.3 for B1-bS. The dashed blue
curves are the results of the two component model with a compact blackbody component
and an extended greybody component. The parameters of the two component models are

Tdust(ext) ≈ 11 K, β(ext) = 2.0, and Tdust(cmp) = 23 K for B1-bN, and Tdust(ext) ≈ 16 K,
β(ext) = 1.5, and Tdust(cmp) ≈ 24 K for B1-bS.

このうちB1-bNはファーストコアだと思われる

B1-bN

B1-bS

Lint<0.01-0.03Lsun

Lint=0.1-0.2Lsun

Lbol~0.14-0.31Lsun

– 35 –

Fig. 5.— Maps of the continuum emission at millimeter wavebands. All the maps are

corrected for the primary beam response. (a) 7 mm continuum map observed with the VLA.
The contours are drawn every 3 σ. The cross denotes the position of B1-bW. (b) 3.3 mm
continuum map observed with the NMA. The contours are drawn every 3 σ. The crosses

indicate the positions of B1-bN, B1-bS, and B1-bW. (c) 1.3 mm continuum map observed
with the SMA. The contours start at 3σ and are drawn at 6, 12, 18, 27, 39, 54, 72, 93, 117,

and 144σ. (d) 1.1 mm continuum map observed with the SMA. The contours start at 3σ
and are drawn at 6, 12, 18, 27, 39, 54, 72, 93, and 117σ.

・それぞれmm波でcompactな天体

→diskの起源か？


