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Photochemical-dynamical models of externally FUV irradiated protoplanetary discs 
T.J. Haworth et al.

• external FUVを入れたfull radiation hydrodynamic simulation 
• 円盤外側でのflowを真面目に計算 

• 新いアプローチの説明とsemi-analyticモデルの確認[Adams+2004, Facchini+2016] 

• 今後の研究の礎 

• flowのモデル 
• TORUS-3DPDRコード[Bisbas+2015b]を使用 

• 33 gas species and 330 chemical reactions (温度に~10% error) 

• UV場は遠方から一様にdisk edgeに入る 

• dust to gas ratio=1E-5 (small dustのみがflowに存在) 

• PDRの温度・化学はiterativeに解く、PDRと流体構造もiterativeに解く 

• 6つの構造モデルで計算(Model A~F) 
• disk outer radius, FUV field, and optical thicknessなどを変化 

• 円盤物理構造は固定



• semi-analyticモデルとconsistent 

• FUVに対し光学的に薄いモデルでは
(model C)、円盤外縁部でCOが多く残
存。また回転がsub-Keplerとなる。 
=>irradiated diskのindicatorになるか
も？
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Figure 5. The mass loss rate for each model in this paper, both for the semi–
analytic estimates and numerical models. Note that in the case of model E
the mass loss rates are indistinguishable.
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Figure 6. The radial profile of the left hand side of equation 14 for model
A. The critical radius is the point at which this distribution crosses zero.
On this plot are marked the critical radius that we compute, as well as the
semi–analytic value.

agreement between the semi–analytic and numerical models in the
spherical cases is very good, with the biggest discrepancy at 14 per
cent in the case of model B. Models A, C and D match extremely
well. In the cylindrical case the agreement is at worst within 11 per
cent, in the case of model F.

5.4 Summary of dynamical results

We have demonstrated that the existing semi-analytic spherical
(F16) and cylindrical (this paper) models are in excellent agree-
ment with dynamical models. The agreement in the mass loss rates
is also excellent, and where slight deviations arise it is in regimes
where there is a good explanation as to why. We have also checked
that our critical radii are consistent with those expected from these
semi–analytic models.

A very important point is that F16 took a different approach
to Adams et al. (2004) in that they included non–isothermal terms
in the determination of the critical radius. They found that this can
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Figure 7. A comparison of the semi–analytic critical radii and approximate
estimates of the critical radius derived from our simulations.

lead to critical radii a factor of a few times larger than the sonic ra-
dius. They also found that the mass loss rates could sometimes be
lower than Adams et al. (2004) predict by up to an order of mag-
nitude (though this could, in part, be due to differences in the PDR
code employed). Here, we have verified that the solutions including
the non–isothermal terms are accurate when compared with consis-
tent dynamical models.

Finally we note that given the semi–analytic solutions
are accurate, they can make useful benchmarks for future
photochemical–dynamical codes (though due care is required re-
garding capturing of the disc outer edge, either using high resolu-
tion or forcing cells there).

5.5 Flow composition and thermal structure

Our direct modelling approach means that we automatically yield
the composition of the flow. Figure 8 shows the radial composition
profiles of some key species from our reduced network (recall that
all of the species in the network are summarised in Table 1) for
our four spherical models (A–D). Again, the left hand panels are
models in which the disc is optically thick to the FUV (models A,
C) and the right hand panels optically thin (models B, D). The left
hand edge of each panel in Figure 8 is the disc outer edge. We do
not include the disc composition since in our models:

(i) We do not include key gas–grain chemical processes that set
the composition in the disc
(ii) The disc temperature is imposed, rather than being set by the

incident radiation field. This means that the temperature in optically
thin models interior to the disc outer edge may not be consistent
with what the chemical model would otherwise compute.

Future models in which the disc is allowed to evolve (rather than
acting as a boundary condition) and in which gas–grain chemistry
is included will allow for a more robust determination of the disc
composition.

The optically thick models (left hand panels of Figure 8)
are clearly chemically distinct from the optically thin ones (right
hand panels). The transition from predominantly atomic to pre-
dominantly molecular hydrogen (the H–H2 transition) occurs at an
optical depth of around unity. In the optically thick models this
therefore takes place somewhere in the flow itself. In the optically
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Figure 9. The dust and gas temperature profiles for model A (without the
imposed disc temperature structure discussed in section 3.3). The black ver-
tical line represents the disc outer edge and the red vertical line the location
of the H–H2 transition. In model A, the disc outer edge is optically thick
to the incident FUV and the H–H2 transition takes place at some point in
the flow (at ∼ 380AU). This transition marks the point at which the optical
depth approaches unity, the temperature in the flow decreases substantially
and a number of chemical transitions occur.
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Figure 10. A comparison of the keplerian rotation profile with that result-
ing from Model C. Between the disc outer edge and the H–H2 transition
(which is in the flow) the velocity is sub–Keplerian, but also abundant in
CO, which may provide an observational diagnostic of externally photoe-
vaporating discs.

1. We find excellent agreement between our numerical models
and semi–analytical solutions for the flow structure, both for the
spherical scenario considered by F16 and also a new cylindrical
geometry presented in this paper. Despite the flow spanning many
orders of magnitude in density, sometimes over only ∼ 500AU,
we find agreement in the wind density is always to within a factor
2 at all radii (and typically much better than this). We also obtain
critical radii and mass loss rates consistent (at worst to within 14
per cent and a factor 2.5 respectively) with those predicted by the
semi–analytic models. The level of agreement is consistent with
what is expected given the sensitivity of the flow rates to the disc
outer edge (see 3.)

2. The models of F16 (with which our simulations agree) differ
from past models by Adams et al. (2004) in that they included
non–isothermal terms when determining the location of the critical
radius in the flow. These terms lead to larger critical radii by
up to a factor of a few and, in some scenarios, lower mass loss
rates by up to an order of magnitude. We therefore verify that the
non–isothermal terms are important for determining semi–analytic
solutions and confirm the accuracy of the mass flow rates (given
the assumptions in our PDR model).

3. The flow properties can be very sensitive to the exact disc outer
radius. A source of discrepancy between numerical models and
semi–analytic solutions in such a regime can therefore be how well
the disc outer edge is captured by the simulation, particularly in
terms of resolution.

4. Our models also yield information on the composition of discs
irradiated by an external FUV field (with the caveats that we can-
not compute accurate compositions in the disc itself and our mod-
els are 1 dimensional). There is a thermal and chemical distinction
between models in which the wind flow is optically thin to the in-
cident FUV field throughout its radial extent as opposed to cases
where the flow becomes optically thick to the FUV exterior to the
the disc edge. Of particular interest is that in the latter case there is
a healthy abundance of CO between the disc outer edge and the H–
H2 transition, which has a rotational velocity that is sub–Keplerian.
If a more dedicated study confirms this signature, it could possibly
provide a useful diagnostic of externally irradiated discs.

ACKNOWLEDGEMENTS

We thank the anonymous referee for their comments on the
manuscript. During most of this work TJHwas funded by the STFC
consolidated grant ST/K000985/1 at the University of Cambridge
and is now funded by the Imperial College London Junior Research
Fellowship scheme. DB thanks the STFC for a studentship. This
work has been supported by the DISCSIM project, grant agreement
341137 funded by the European Research Council under ERC-
2013-ADG. This work was undertaken on the COSMOS Shared
Memory system at DAMTP, University of Cambridge operated on
behalf of the STFCDiRACHPC Facility. This equipment is funded
by BIS National E-infrastructure capital grant ST/J005673/1 and
STFC grants ST/H008586/1, ST/K00333X/1.

This paper has been typeset from a TEX/LATEX file prepared by the author.

REFERENCES

Adams F. C., Hollenbach D., Laughlin G., Gorti U., 2004, ApJ, 611, 360
Armitage P. J., 2011, ARA&A, 49, 195
Armitage P. J., 2015, preprint, (arXiv:1509.06382)
Bally J., O’Dell C. R., McCaughrean M. J., 2000, AJ, 119, 2919
Bell T. A., Viti S., Williams D. A., Crawford I. A., Price R. J., 2005,

MNRAS, 357, 961
Bell T. A., Roueff E., Viti S., Williams D. A., 2006, MNRAS, 371, 1865
Bialy S., Sternberg A., 2015, MNRAS, 450, 4424
Bisbas T. G., Bell T. A., Viti S., Yates J., Barlow M. J., 2012, MNRAS,

427, 2100
Bisbas T. G., Bell T. A., Viti S., Barlow M. J., Yates J., Vasta M., 2014,

MNRAS, 443, 111
Bisbas T. G., et al., 2015a, MNRAS, 453, 1324

MNRAS 000, 1–14 (2016)

External FUV photoevaporation of discs 11

-20

-15

-10

-5

 0

 1000

lo
g 1

0(
Ab

un
da

nc
e)

R, AU

H
H2
O
C

CO
HCO+

-20

-15

-10

-5

 0

 1000

lo
g 1

0(
Ab

un
da

nc
e)

R, AU

H
H2
O
C

CO
HCO+

-20

-15

-10

-5

 0

 100  1000

lo
g 1

0(
Ab

un
da

nc
e)

R, AU

H
H2
O
C

CO
HCO+

-20

-15

-10

-5

 0

 100  1000

lo
g 1

0(
Ab

un
da

nc
e)

R, AU

H
H2
O
C

CO
HCO+

Figure 8. The radial profile the abundances of some key species in our photochemical–dynamical models. Panels are - from left to right, top to bottom - models
A, B, C and D. The left and right hand panels are models in which the disc outer edge are optically thick and thin to the incident FUV field respectively. The
left hand edge of each panel is the disc outer radius.

thin regime if the transition is not exactly at the disc outer edge it
will not occur at some significantly smaller radius, since the op-
tical depth into the disc increases rapidly. The H–H2 transition is
significant in PDR models because it is associated with large gra-
dients in the thermal and chemical structure. In the case of our
models, radially interior to the H–H2 transition, the temperature
is much lower than beyond it, which we illustrate using the tem-
perature profile of models A in Figure 9. For model A, exterior
to the H–H2 transition, the temperature only decreases by about
20K over ∼ 1800AU throughout the rest of the modelled flow
(∼ 0.01KAU−1). Conversely interior to the transition, from that
point to the disc outer edge, the temperature decreases by over 30 K
in only 200AU (0.15KAU−1, over an order of magnitude faster).
Within this component of the flow interior to the H–H2 transition
the gas and dust also eventually become thermally coupled. Chem-
ically the abundances of CO, C and HCO+ - key observational trac-
ers - are all sensitive to this optical depth of around unity.

With torus-3dpdr our simulations also yield the level popu-
lations and line emissivities of the various species in the calcula-
tion. However, because our models in this paper all use the radially
dominated photon escape approximation (i.e. optical depths along
directions not parallel to the disc mid–plane are infinite) and as-
sume spherical symmetry to be consistent with the semi–analytic

models, they could be misleading when compared too directly with
real observations. We do note, however, that in the optically thick
regime there is a significant abundance of CO in the flow between
the disc outer edge and the H–H2 transition. The azimuthal velocity
of this material is sub–Keplerian, which we illustrate in Figure 10.
It is therefore possible that sub–Keplerian CO emission towards the
outer regions of protoplanetary discs could be an indicator of exter-
nally irradiated discs (a possibility also suggested by F16). Future
models more directly translatable to observations are required to
confirm whether this should be observable.

6 SUMMARY AND CONCLUSIONS

We present photochemical–dynamical simulations of proto-
planetary discs that are externally irradiated by FUV radiation
fields. Such models are novel, because in order to compute the
temperature structure in the flow that is driven off of the disc, one
has to solve for the photon dominated region chemistry, which we
do “on the fly” in our numerical models. In this first paper, we aim
to verify that previous semi–analytic models of this process are in
agreement with our numerical results. We draw the following main
conclusions from this work.

MNRAS 000, 1–14 (2016)
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Seeding the Galactic Centre gas stream: gravitational instabilities set the initial conditions for the 
formation of protocluster clouds  
J.D. Henshaw et al.

• CMZのdust ridge cloudの初期状態を調べるため、
上流にあるガスの運動を調べる 

• Mopra CMZ surveyのデータを使用[Jones+2012] 
• N2H+(1-0), Dendrogramを使った構造抽出 

• 速度パターンに揺らぎを発見 
=>ピークにガスが集積する様子 
• λvel~22.5±0.1 pc (inclination補正後)でフィット 

• ジーンズ長, Toomre lengthと比較 
• minimumな間隔λsepは~8pc ≒λJ(~6pc) 

• 最大波長λvelは~22 pc ~> λT~17pc

2 J. D. Henshaw et al.
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Figure 1. The Herschel-derived molecular hydrogen column density map of the CMZ (Battersby et al. in preparation). The black contours represent the
integrated emission from N2H+ J = 1! 0. Contour levels represent 1, 10, 50, and 90 per cent of peak emission. The orbital solution of Kruijssen et al. (2015)
is highlighted by the blue line. The portion relevant to this study is indicated by the solid line. The black dashed and black dot-dashed rectangle reflect the
region of interest to the present study and the dust ridge, respectively. The scale bar assumes a distance of 8.3 kpc (Reid et al. 2014).

2001; Caswell et al. 2010), towards Sgr B2, which displays promi-
nent star formation activity (see above). The coherency of the dust
ridge gas stream is supported by the comprehensive decomposition
of the complex molecular gas kinematics performed by Henshaw
et al. (2016). In this scenario, star formation is initiated at a com-
mon zero point, triggered as the gas clouds are tidally compressed
during their pericentre passage at ⇠ 60 pc from the bottom of the
Galactic gravitational potential (Kruijssen et al. 2015). Dynamical
modeling of the gas stream performed by Kruijssen et al. (2015),
predicts that G0.253+0.016 and Sgr B2 are separated by 0.43+0.22

�0.08
Myr, which corresponds to a single free-fall time (t↵ ⇠ 0.34 Myr).
In the context of the proposed evolutionary timeline, this result sug-
gests that once star formation has been initiated, it happens rapidly.

The question is whether it is reasonable to assume that the
clouds have similar initial conditions, such that the tidal compres-
sion at pericentre causes them to evolve and form stars on simi-
lar time-scales. To constrain the initial conditions of the dust ridge
clouds, we must search upstream. In this Letter, we investigate the
characteristic properties and origins of the fluctuating velocity field
of the upstream gas, first identified by Henshaw et al. (2016). We
highlight the correlation between the extremes of the velocity field
and peaks in the density field, which indicates the convergence of
gas flows onto the seeds of molecular clouds. Demonstrating the
similarity between the observed corrugation wavelength and the
Toomre length, and between the observed cloud spacing and the
predicted Jeans length, we conclude that gravitational instabilities
drive the formation of molecular clouds within the Galactic Centre
(hereafter, GC) gas stream.

2 DATA

This paper makes use of data from the Mopra CMZ survey, first
published by Jones et al. (2012). We focus on the J = 1! 0 transi-
tion of N2H+ (the rest frequency of the main J, F1, F = 1, 2, 3!
0, 1, 2 hyperfine component is ⇠ 93.174 GHz), the emission from
which is both bright and contiguous over the region of interest
(Henshaw et al. 2016). The presented data cubes have an e↵ective
spatial resolution of ⇠ 60 arcsec (corresponding to ⇠ 2.4 pc), a pixel
size of 30 arcsec⇥ 30 arcsec (1.2pc⇥ 1.2pc), a spectral resolution
of 2 km s�1, and the typical rms noise level is ⇠ 0.01�0.02 K. Fig-

ure 1 is a map of the inner CMZ. The colour-scale represents the
Herschel-derived column density (Battersby et al. in preparation).
The present investigation focuses on the region �0.�7 < l < 0.�0,
�0.�1 < b < 0.�1, which is indicated by the black dashed rectan-
gle. The black contours highlight integrated emission of N2H+. The
data enclosed within the black dashed rectangle were analysed us-
ing the Semi-automated multi-COmponent Universal Spectral-line
fitting Engine (scouse1; Henshaw et al. 2016).

3 RESULTS

Panel A of Fig. 2 provides a close-up view of the Herschel-derived
column density map (Fig. 1). It focuses on the location of the up-
stream velocity field (depicted by the blue dots). To identify the
main structures we use dendrograms (Rosolowsky et al. 2008).
Each contour in panel A represents a leaf, the highest level in the
dendrogram hierarchy.2 Red contours depict structures that are spa-
tially coincident with the velocity pattern. The column density map
of Battersby et al. (in preparation) is used to derive physical proper-
ties of each leaf, including the peak column density (N), total mass
(M), equivalent number density and corresponding equivalent free-
fall time (neq and t↵,eq).3 These properties are presented in Table 1.

Panel B of Fig. 2 showcases the velocity pattern first identi-
fied by Henshaw et al. (2016), which appears as a corrugation in
{l, vLSR} space. Each data point refers to the location (l) and cen-
troid velocity (v0) of a Gaussian component extracted using scouse.
We corroborated these values using the hyperfine structure (HFS)
fitting functionality available in class. This method accounts for
the e↵ects of opacity on the line-profiles (whereas Gaussian fitting

1
scouse is available at https://github.com/jdhenshaw/SCOUSE

2 The following parameters are used in computing the dendro-
gram: min_value = 1.5 ⇥ 1022 cm�2; min_delta = 0.5 ⇥ 1022 cm�2;
min_npix = 20. Although the hierarchical structure is sensitive to vari-
ation in the input parameters, the leaves are robust. Only two out of the
twelve leaves fragment when reducing min_npix by a factor of 2.
3 The equivalent number density, neq and free-fall time, t↵,eq, refer to that
of a spherical cloud of equivalent radius, Req = (NpixApix/⇡)1/2, where Npix
and Apix refer to the total number of leaf pixels and the area of a single
pixel, respectively.
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Figure 2. Galactic longitude versus: (A) Galactic latitude. A column den-
sity map of the CMZ focusing on the region of interest (Battersby et al. in
preparation). The colour scale and blue solid line are equivalent to those in
Fig. 1. The contours refer to dendrogram-identified structures. The red con-
tours are those spatially associated with the corrugated velocity field; (B)
vLSR. The data points refer to the centroid velocities of spectral components
extracted using scouse (blue data points in panel A); (C) residual velocity
after removal of a linear velocity gradient (Equation 1 and § 3). The red
dashed line represents the best-fitting solution to a sinusoidal model used
to describe the blue data points. Grey data points indicate those that are
excluded from the fitting process (see § 3).

does not), leading to a more accurate measure of the velocity dis-
persion and line centroid where the opacity is high. We find that the
velocity dispersions derived using scouse are systematically larger
than those obtained using class (h�scouse/�classi ⇠ 1.7). However,
the derived centroid velocities are very similar, h|vscouse

0 � vclass
0 |i ⇠

1.5 km s�1. Both the scouse and class derived kinematic properties
are included in Table 1.

To analyse the oscillatory pattern, we first remove a linear gra-
dient of the form

vgrad = vc +rvl�l+rvb�b (1)

where vc is a constant, �l and �b are the o↵set Galactic longitude
and latitude, and rvl and rvb are the magnitudes of the velocity
gradients in the l and b directions, respectively. In practise we have
inserted a break point at l = �0.�33, where the coherency of the
velocity pattern diminishes, and fit two gradients, one above and
one below this point. The least-squares minimization routine mpfit
(Markwardt 2009) is used to find the best-fitting solution to Equa-
tion 1 in both instances. We find that the overall magnitude of the
velocity gradient at longitudes less than and greater than the break

Figure 3. Residual velocity versus: (red) projected distance (from
{l, b} ⇡ {0.�0, 0.�0}); (blue) inclination-correction distance along the orbit
after adopting the three-dimensional geometry of Kruijssen et al. (2015).
The corresponding best-fit model solutions are shown as dashed red and
solid black lines, respectively.

point is, 0.97 ± 0.01 km s�1 pc�1 and 0.96 ± 0.02 km s�1 pc�1, re-
spectively. The gradients are directed 85.�9 ± 0.�5 and 139.�5 ± 1.�5
east of Galactic north, respectively.

Panel C of Fig. 2 shows the residual velocity, vresid, after sub-
tracting the contribution to the velocity from the underlying linear
gradient (vresid = v0 � vgrad). This highlights the regularity of the
corrugated velocity pattern.4 We model the velocity field using a
sinusoidal function of the form

vresid = Asin(2⇡l/�vel) (2)

where A and �vel represent the amplitude and the wavelength of the
corrugation, respectively. To fit the velocity field we mask the data
between �0.�31 < l < �0.�18. This coincides with a decrease in the
ratio between peak and median stream surface density of ⇠ a factor
of 2, and is where the coherency of the signal diminishes (grey data
points in Fig. 2). The resulting best-fitting solution to Equation 2
has A = 3.0± 0.1 km s�1 and �vel = 21.6± 0.1 pc, with �2

red ⇡ 3.3
(dashed red line; Fig. 2).

Although a reasonable fit is achieved, it is notable that the
period of oscillation appears to change over the extent of the gas
stream. This is likely caused by inclination and orbital curvature.
Since the GC gas stream is seen in projection, the actual wave-
length of the corrugation may di↵er from that observed, and di↵er-
entially so if the orbit is curved. Accounting for inclination neces-
sitates knowledge of the three-dimensional structure of the CMZ.
For this, we adopt the orbital solution of Kruijssen et al. (2015). We
relate the cumulative distance along the orbit to Galactic longitude
and estimate how inclination a↵ects the corrugation wavelength.
Modeling these data using a sinusoidal function (Equation 2), we
find that the best-fitting solution has A = 3.7 ± 0.1 km s�1 and
�vel,i = 22.5±0.1 pc, with �2

red ⇡ 2.7. The inclination-corrected data
and best-fitting solution are shown in Fig. 3.

Also notable in Fig. 2 is the striking correspondence between
8 (possibly 9) of the condensations (vertical dashed lines; Fig. 2)
and the extremes in amplitude in the velocity field. The probability
of finding a column density peak at the velocity extrema can be
approximated as p = 2hReqi/(�vel,i/2) ⇠ 0.36 (where hReqi is the

4 The velocity gradients parallel to the stream give the appearance of a cor-
rugation in {l, vLSR} space. However, the velocities also vary perpendicular
to the stream. This leads to the broadening in the velocity pattern evident in
Fig. 2 panel C.
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• 速度パターンがgas streamの重力
不安定の要因か影響なのかは不明 
gasのtraffic jamによって不安定と
なったのか、その逆か？



The Gaia-ESO Survey: Lithium depletion in the Gamma Velorum cluster and inflated radii in low-
mass pre-main-sequence stars 
R.D. Jeffries et al.

• 実際に観測される星の半径は理論より~10%ほど大きい 
=>温度や光度(質量や年齢)見積もりに影響を与える 
• dynamo-generated magnetic activityで説明できる 

• pre-main sequenceでも同じかもしれないので、radial inflationを調べる 

• Gaia-ESOサーベイのデータを使用 
• クラスターに対するunbiased survey,  Gamma Vel. clusterのデータを使用 

• Prisinzano+2016で導出したPMS memberをターゲットに解析 

• 測光データとLi spectrum
Inflated radii in PMS stars 3
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Figure 1. The absolute magnitude versus intrinsic colour diagram and lithium depletion pattern in the Gamma Vel cluster. The left hand panel shows the
absolute V magnitude versus intrinsic (V − I)0 CMD for a set of members defined in Prisinzano et al. (2016). Overplotted are isochrones from the Baraffe
et al. (2015, solid) and Dotter et al. (2008, dashed) isochrones at 7.5 (diamonds), 14 (triangles) and 30 Myr (squares). A distance modulus of 7.76 mag,
AV = 0.13 mag and E(V − I) = 0.055 mag have been assumed. Mass points from 0.2M⊙ to 0.8M⊙ in 0.1M⊙ steps are indicated by the open symbols
on each isochrone. The right hand panel shows Li 6708Å equivalent width versus colour for the same cluster members, with predicted isochrones from the
same set of models and at the same ages as the left hand panel. The blue points in each plot mark possible unresolved binaries, chosen as the third of points
furthest away from the best-fitting isochrone in the CMD. The median uncertainty in EWLi is 15mÅ. Downward pointing triangles indicate upper limits.

Figure 1b shows the same set of stars in a plot of equivalent
width of EWLi vs the V − I colour. The pattern of Li abundance
and therefore EWLi as a function of temperature or equivalently,
colour, is a sensitive function of mass and age in young low-mass
stars. In contracting, fully convective PMS stars, photospheric de-
pletion commences when the centre reaches Li-burning temper-
atures (! 3 × 106 K) and convection rapidly mixes Li-depleted
material to the surface (e.g. Bildsten et al. 1997). The virial theo-
rem tells us that Li-burning starts when the mass-to-radius ratio in-
creases to a critical value (Jackson & Jeffries 2014a); models with
solar metallicity suggest that in a coeval group of stars, Li-burning
should commence first in ≃ 0.5M⊙ stars at ≃ 5Myr, extend to a
narrow range of higher and lower mass stars over the next 20 Myr,
followed by complete depletion for stars < 0.6M⊙ by 120Myr
(e.g. see Fig. 2b).

In Gamma Vel the observational data show a rise from a small
EWLi in the hotter stars towards a plateau at V − I ≃ 2, but with a
clear Li depletion “dip” centered at V −I = 2.7±0.2. There∼ 20
stars at the bottom of this dip that have EWLi< 100mÅ, and which
must have depleted their lithium by more than 3 orders of magni-
tude according to curves of growth for EWLi (see below). Super-
imposed on the data we show Li depletion isochrones predicted by
the same models shown in Fig. 1a. The Li depletion factors pre-
dicted by these models have been converted from Li abundances
into EWLi assuming an initial Li abundance of A(Li0) = 3.3
and by folding the predicted A(Li), Teff coordinates at each mass
and age through LTE curves of growth for the Li I 6708Å fea-
ture, defined by Soderblom et al. (1993) for Teff > 4200K and
by Zapatero-Osorio et al. (2002) for Teff < 4200K.2 The colours
are from the models as for Fig. 1b and reddening has been applied.

2 The predicted EWLi for a given Li abundance and Teff from the

Both sets of models (BHAC15 and Dartmouth) are quite simi-
lar and cannot fit the Li depletion data at all. At the age of 7.5Myr
implied by the CMD there is far too little Li depletion (by orders
of magnitude in Li abundance and factors of several in EWLi). An
age of > 14 Myr is needed to provide the required Li depletion,
but this would still occur at colours that are far too blue by > 0.5
mag. Only a small part of this age discrepancy could be explained
by unresolved binarity making some of the Gamma Vel stars red-
der – the most likely candidate binaries, those well above the 7.5
Myr isochrone in Fig. 1a, are indicated. In Appendix A (see Fig. A1
a,b) it is shown that exactly the same result is arrived at from the
V vs V − K CMD and EWLi vs V − K diagram. Neither can
the additional Li depletion be explained by an anomalous metallic-
ity. Although Li depletion is metallicity sensitive, in the sense that
greater depletion is expected in more metal-rich stars of a given
mass, Spina et al. (2014) have established that the metallicity of the
Gamma Vel cluster is slightly subsolar (see the Introduction).

In summary, the most commonly used, contemporary low-
mass stellar evolution models are unable to simultaneously describe
the CMD and Li depletion pattern of PMS stars in the Gamma Vel
cluster.

3 MODELSWITH INFLATED RADII

If stars of a given mass and age have larger radii and cooler Teff

than predicted by the standard models, then their central tempera-
tures will be lower and their Li depletion will be delayed; however
that depletion will occur in stars with redder colours. This, along

Zapatero-Osorio et al. estimates are within 10 per cent of those indepen-
dently calculated by Palla et al. (2005) at Teff " 3600K.
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• 従来の進化トラック(磁
場なし)では、観測値の
HR-diagramとEW(Li)を
同時に説明することがで
きない



• PMSが標準モデルより大きい半径を持ちTeffが小さくなっていれば？ 
=>Li depletionが遅くなり、より後期で生じる 

• Jackson&Jeffries(2014a)に乗っ取ってstarspotsの影響を考える 
• R*, L*, Teffが変化 6 R. D. Jeffries et al.
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Figure 3. The absolute magnitude versus intrinsic colour diagram and lithium depletion pattern in the Gamma Vel cluster (same data and symbol colour
meaning as for Fig. 1) compared with isochrones at 18 and 21Myr modified by radius inflation, with mass points from 0.2M⊙ to 0.8M⊙ indicated by open
symbols. Panels (a) and (b) refer to the uniform temperature radius inflation with β = 0.25, while panels (c) and (d) are similar diagrams for a spotted model
with β = 0.41 and a spotted to unspotted temperature ratio of 0.85. Black solid lines and black short-dashed lines (almost coincident with the black solid
lines in panels (a) and (c) and hence not visible) are BHAC15 and Dartmouth isochrones modified by inflation according to the polytropic model described in
Section 3 at the ages indicated in the plots. In panels (a) and (b) the blue dashed lines shows 18 and 21 Myr isochrones from the magnetic Dartmouth models.

ing the mass-radius relationship at low-masses. Figures 3 and A1
show that a resolution is possible if the radii of stars are inflated
with respect to standard models by about 10 per cent at a given
mass and age. The results of a simple polytropic model are in re-
markably good agreement with the “magnetic” Dartmouth models
of Feiden & Chaboyer (2014) forM ! 0.6M⊙, which show sim-
ilar levels of inflation and are also a reasonable match to the data.
Starspots could also be responsible for radius inflation. Our mod-
elling (see Table 1) suggests that if they were to be the sole cause
of the discrepancy between HRD/CMD ages and Li-depletion ages,
then this would require significantly more radius inflation and an
unrealistically high level of spot coverage – spot modulation and

doppler imaging can give only lower limits to spot coverage, but
modelling of TiO bands in the spectra of magnetically active stars
suggets 50 per cent coverage may be possible (e.g. O’Neal et al.
2004 and extensive discussion in Jackson & Jeffries 2014b). In re-
ality, these active stellar photospheres are more likely to feature a
distribution of temperatures rather than the simple uniform or bi-
modal extremes assumed by our models and the radius inflation
would be due to a combination of magnetically moderated effects.

Yee & Jensen (2010, see also Malo et al. 2014) noted a quan-
titatively similar discrepancy between ages from the HRD and ages
inferred from Li depletion for stars in the young Beta Pic moving
group. They also suggested that radius inflation might be a way
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10% inflation

• inflationを入れた進化モデル
(magnetic Dartmouth models)
だと、HR diagramもEW(Li)も両
方を満たすことが可能。年齢は
より後期に。 
• beta pic moving groupに対しても同
様の結果[Messina+2016] 

• magnetic activityによるradius 
inflationは、色々な問題を解決
しうるかもしれない 
• バイナリ間の物理量の違い 

• ZAMSのturn-on/offによる年齢の違い 

• PMSとZAMSで見られるLi depletion
の違い



The Spatial Distribution of Complex Organic Molecules in the L1544 Pre-stellar Core  
I. Jimenez-Serra et al.

• 低温コアにおけるCOMsのdepletionを調べる 
• pre-stellar core L1544 

• IRAM30mによる3mm帯の高感度観測 
• コア中心と4000au離れた箇所(CH3OHでbright)のCOMsスペクトルを取得し比較

– 16 –

Fig. 3.— Comparison of the observed and modelled abundance of COMs toward the contin-

uum peak (in yellow) and the CH3OH peak (in red; see Section 5). The abundances shown
for c-C3H2O, HCCNC and HCCCHO are average values. Error bars correspond to 1σ un-
certainties for CH3OCHO, CH3OCH3 and CH2CHCN, while they refer to the lower/upper

abundance values estimated for c-C3H2O, HCCNC and HCCCHO (Table 2). Arrows indicate
upper limit abundances.

• いくつかのCOMsを検出(次ページ) 
• アバンダンス導出 
• CH3OH-pでCH3O, CH3OCH3, CH3CHO増大, 
他はほぼエラー範囲 

• モデル計算[Vasyunin&Herbst(2013)コード] 
• t~105yr あたりでgas phase COMのアバンダン
スピークはちょうど4000auになる 
=>CH3OH-pおよびCO depletionの半径
(Caselli+1999)と同じ 

• モデルアバンダンスは観測を再現するが、
CH3CHOのenhancementは小さめになる



• O-bearingは
CH3OH-pで強い 

• N-bearingは中心
で強い 

• rotation diagram
によるTex導出 
• 5-6 K at center, 5-8 K 

at CH3OH-p

– 15 –

Fig. 1.— Sample of COM lines detected toward L1544’s dust continuum peak. Red lines show

the Gaussian line fits derived for the COM transitions (see Table 1). The CH3O spectrum
has been extracted from the ASAI data (Vastel et al. 2014).

Fig. 2.— As in Figure 1, but for the position of the CH3OH peak.
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Fig. 1.— Sample of COM lines detected toward L1544’s dust continuum peak. Red lines show

the Gaussian line fits derived for the COM transitions (see Table 1). The CH3O spectrum
has been extracted from the ASAI data (Vastel et al. 2014).

Fig. 2.— As in Figure 1, but for the position of the CH3OH peak.



A correlation between chemistry, polarization and dust properties in the Pipe Nebula starless core 
FeSt 1-457  
C. Juarez et al.

• FeSt 1-457 (d~145pc) 
• Bok globule, 4M⦿ pre-stellar core 

• IRAM30m & PdBIによる観測 
• N2H+ & 3mm line survey, 3mm連続波 

• 単一鏡+干渉計combineも 

• BE球による1.2mm連続波のフィット 
• isothermalではズレがあり、温度構造を入れる
とよく合う 

• コアの物理モデルとして使用

A&A proofs: manuscript no. Juarez_et_al_2016

Table 2. HfS fit parameters at different positions of FeSt 1-457.

A×τma vLSRb ∆v c rms Position
(K) (km s−1) (km s−1) τm

d (K) (see Fig. 1c)

3.1±0.6 5.785±0.012 0.231±0.019 1.4±0.4 0.176 1
2.5±0.5 5.863±0.014 0.277±0.022 1.1±0.4 0.166 2
8.7±1.1 5.752±0.007 0.200±0.009 4.0±0.5 0.166 3
3.5±0.4 5.839±0.008 0.220±0.013 1.9±0.3 0.124 4
2.7±0.4 5.755±0.008 0.199±0.014 1.1±0.3 0.130 5
2.2±0.5 5.788±0.014 0.210±0.022 1.2±0.5 0.156 6

a A×τm, product of the amplitude (A= f [Jν(Tex) − Jν(Tbg)], where f is the filling factor, Jν(T ) is the Planck function in units of temperature,
Tex is the excitation temperature and Tbg is the cosmic microwave background temperature) times the optical depth of the main component.

b vLSR, central velocity of the main component.
c ∆v, linewidth of the hyperfine components.
d τm, optical depth of the main component. (See Estalella 2016, for further details of the HfS fitting procedure.)

with Aguti et al. 2007) except at the southwestern corner where
the ratio seems to be more balanced.

3.1.2. PdBI data

In Figure 3 we show a section of the channel map showing the
N2H+ (1−0) emission detected with the PdB interferometer. The
weak emission (6σ) is better detected in the second panel corre-
sponding to the strongest line of the three central hyperfine lines,
at a velocity of 5.80 km s−1. The last panel of Fig. 3 shows the
spectra (in red) at the position of the 6σ detection. The IRAM
30m spectra (in black) is also shown as comparison, and we can
see that the hyperfine structure is also seen in the PdBI spectrum
indicating that indeed there is a real N2H+ detection from the
PdBI. The emission filtered out by the PdBI with respect to the
IRAM 30m is estimated to be ∼ 98%, from a comparison of the
PdBI spectra (convolved with a Gaussian to obtain the IRAM
30m beam size) and the IRAM 30m spectra at the peak position.
Given the smallest antenna baseline of PdBI observations, the
largest angular scale detectable by the PdBI observations is ∼ 12
arcsec or ∼ 1700 au (following Appendix of Palau et al. 2010).
Thus, about 98% of the emission detected with the IRAM 30m
comes from structures at scales ≥ 1700 au.

3.1.3. IRAM 30m+PdBI

In Figure 4 we show the moment-zero map of the merged IRAM
30m and PdBI data (see Section 2.3), overlapped with IRAM
30m MAMBO-II map of the dust continuum emission at 1.2
mm. The peak is 1 Jy beam−1 km s−1 and the arc structure hinted
at the column-density single-dish map (panel (b) of Fig.1) is now
clearly seen.

3.2. Chemical survey (FTS)

In this section, we describe the maps of 15 molecular lines de-
tected with the IRAM 30m FTS spectrometer towards FeSt 1-
457 (see Figure 5 and Table 1). To generate the maps we
performed a gaussian smoothing of 3 pixels and we used the
map_aver task of greg software to average the intensity of only
the channels with detected emission to obtain a better signal-to-
noise ratio and to better characterize the structure of the faintest
lines. As presented in previous works (Frau et al. 2010, 2012b)
we observed a rich chemistry with emission from early- (e.g.,
C3H2, HCN, CS) and late-time molecules (e.g., N2H+). For the

Fig. 4. Color scale: Moment-zero map of the IRAM 30m and PdBI
combined data. Contours are 57, 67, 77, 88, 97, 99.5, 100 percent of
the peak, 1 Jy beam−1 km s−1. The synthesized beam located at bot-
tom right is 10.8 × 6.11 arcsec2, with a P.A. of 10.79◦. Black contours:
MAMBO-II 1.2 mm dust continuum emission at an angular resolution
of 15 arcsec. Contours are 59, 79, 89, 99 percent of the peak, 57 mJy
beam−1.

nitrogen-bearing molecules (e.g., HNC and N2H+; panels (a) to
(f)) the gas emission is very compact and the peak coincides
well with the peak of the 1.2 mm dust continuum emission. A
similar behavior is seen in C3H2 (panels (g) and (h)). However,
for C4H and molecules containing oxygen in our sample (e.g.,
HCO+, CH3OH; panels (i) to (k)) the emission is shifted ∼ 44′′
towards the southwest with respect to the dust. An extreme case
of this would be the C18O and 13CO molecules, which present
strong extended emission peaking to the southwest, at ∼ 120′′
and ∼ 60′′ of the dust continuum, respectively (panels (l) and
(m)). For the molecules containing sulphur (CS and SO, panels
(o) and (p)) the emission is located to the east with respect to the
dust peak, ∼ 35′′ and ∼ 25′′, respectively. The peak offsets of
the molecular lines with respect to the 1.2 mm dust continuum
peak are comparable to the beam sizes of the gaussian smoothed
integrated intensity maps (∼ 45′′; see Table 3) and therefore sig-
nificant. Panel (n) shows the emission of a second (and fainter)
velocity component of the 13CO emission at 3 km s−1.

Regarding the intensity of the lines, apart from the 13CO
and C18O which do not trace the core well, the brightest lines
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Table 4. Bonnor-Ebert fit parameters of FeSt 1-457.

Model ρc Rout T b ξmax ρc/ρR Pout Mass Abg
V Stable? Agec

(103 cm−3) (103 au) (K) (105 K cm−3) (M⊙) (mag) (yr)

BE isothermala 200 ± 20 20 ± 1 10.5 ± 0.1 10.5 ± 0.7 47 ± 5 0.6 ± 0.1 2.7 9.5 No 9.6 × 105

BE + T d
profile 200 ± 20 20 ± 1 12.0 ± 0.1 9.8 ± 0.7 40 ± 5 0.8 ± 0.1 2.7 9.5 No 9.6 × 105

a Parameters fitted for the isothermal BE model. The uncertainties of the fitted parameters ρc, Rout and T were estimated by analyzing the
increase of the χ2 residual fit by varying the parameters. The uncertainties of the derived physical parameters ξmax, ρc/ρR and Pout were
assessed through error propagation analysis.

b Temperature used to determine the sound speed value, cs.
c Based on Aikawa et al. (2005) results following the evolution of a marginally unstable Bonnor-Ebert sphere (T = 10 K, α = 1.1, where α is

the internal gravity to pressure ratio).
d Modified Bonnor-Ebert model using the temperature profile of the upper panel of Fig. 7. The uncertainties are the same as in the isothermal

model because the new temperature profile does not modify the Bonnor-Ebert density profile, it only modifies the resulting 1.2 mm emission
(see Section 4.1).
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Fig. 6. Upper panel: Intensity profile from the 1.2 mm dust con-
tinuum emission map (Frau et al. 2010, 2012b). Black line and dots:
observed values with vertical bars depicting the ±1-σ range. Green
(long-dashed) line: isothermal Bonnor-Ebert fit. Red (solid) line: fitted
Bonnor-Ebert profile adding the temperature profile shown in the up-
per panel of Figure 7. The best fitting central density is ρc = 2 × 105

cm−3. The fitted core boundary radius, Rout = 20000 au is marked by
a vertical dashed line. Lower panel: AV profile from the dust extinc-
tion map (Román-Zúñiga et al. 2009, 2010). Black, green (long-dashed)
and red (solid) lines as in upper panel. The fitted core boundary radius,
Rout = 20000 au, and AV value of the surrounding medium, Abg

V = 9.5
mag, are labeled and marked by a vertical dashed line and horizontal
dotted line, respectively.

temperature derived from ammonia observations (9.5 ± 0.1 K;
Rathborne et al. 2008). The value obtained for the derived pa-
rameter ξmax was 10.5 ± 0.7. The error was estimated through
error propagation analysis, being ρc and Rout the main contrib-
utors to its uncertainty (see Table 4). This value is significantly
higher than the critical value (6.5), thus the core is gravitation-
ally unstable, in accordance with Kandori et al. (2005) results.

FeSt 1-457 is observed with an excellent signal-to-noise to
test the Bonnor-Ebert scenario. By using the isothermal Bonnor-
Ebert sphere we found a good fit for the AV map but non-
negligible differences in the dust emission profile (see green
(long-dashed) line in Figure 6). This can be interpreted as a de-
parture from the isothermal approximation because the extinc-
tion map (AV), contrary to the dust continuum emission, is only
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Fig. 7. Temperature profile (upper pannel) and Bonnor-Ebert density
profile (lower panel) used in this work (see Section 4.1).

sensitive to the column density and does not depend on temper-
ature. Previous studies in starless cores (e.g., Crapsi et al. 2007)
show that those with nH2 > 105 cm−3 may have an inner tem-
perature gradient. These cores are colder at the center, reaching
temperatures as low as 6 K, than at the outer shells, where they
may be heated by the interstellar radiation field (e.g., Marsh et al.
2014). We tested different temperature profiles to check whether
the fits improved. We found that a temperature profile following:

T (r) = Tout −
(Tout − Tin)

(1 + (r/rin)2)
(4)

(rin = 2500 au) with Tin = 6 K at the center of the core and
increasing until Tout = 12 K at a radius of 9000 au fitted much
better the data. The second row of Table 4 shows the best fit pa-
rameters of the Bonnor-Ebert+temperature gradient model. Fig-
ure 7 shows the Bonnor-Ebert density and temperature profiles
that appear to fit best the data. In addition, the red line in Figure 6
shows the predicted 1.2 mm dust intensity and extinction ra-
dial profile from this Bonnor-Ebert+temperature gradient model.
Forbrich et al. (2015) also find a clear decrease of the effective
dust temperature towards the center of FeSt 1-457 from Herschel
observations. However, they find the lowest value at the center
to be 13.5 K, higher than kinetic gas temperature derived from
ammonia (9.5 K; Rathborne et al. 2008) and higher than the tem-
perature at the center of the core adopted by us. They argue this
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Table 4. Bonnor-Ebert fit parameters of FeSt 1-457.

Model ρc Rout T b ξmax ρc/ρR Pout Mass Abg
V Stable? Agec

(103 cm−3) (103 au) (K) (105 K cm−3) (M⊙) (mag) (yr)

BE isothermala 200 ± 20 20 ± 1 10.5 ± 0.1 10.5 ± 0.7 47 ± 5 0.6 ± 0.1 2.7 9.5 No 9.6 × 105

BE + T d
profile 200 ± 20 20 ± 1 12.0 ± 0.1 9.8 ± 0.7 40 ± 5 0.8 ± 0.1 2.7 9.5 No 9.6 × 105

a Parameters fitted for the isothermal BE model. The uncertainties of the fitted parameters ρc, Rout and T were estimated by analyzing the
increase of the χ2 residual fit by varying the parameters. The uncertainties of the derived physical parameters ξmax, ρc/ρR and Pout were
assessed through error propagation analysis.

b Temperature used to determine the sound speed value, cs.
c Based on Aikawa et al. (2005) results following the evolution of a marginally unstable Bonnor-Ebert sphere (T = 10 K, α = 1.1, where α is

the internal gravity to pressure ratio).
d Modified Bonnor-Ebert model using the temperature profile of the upper panel of Fig. 7. The uncertainties are the same as in the isothermal

model because the new temperature profile does not modify the Bonnor-Ebert density profile, it only modifies the resulting 1.2 mm emission
(see Section 4.1).
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Fig. 6. Upper panel: Intensity profile from the 1.2 mm dust con-
tinuum emission map (Frau et al. 2010, 2012b). Black line and dots:
observed values with vertical bars depicting the ±1-σ range. Green
(long-dashed) line: isothermal Bonnor-Ebert fit. Red (solid) line: fitted
Bonnor-Ebert profile adding the temperature profile shown in the up-
per panel of Figure 7. The best fitting central density is ρc = 2 × 105

cm−3. The fitted core boundary radius, Rout = 20000 au is marked by
a vertical dashed line. Lower panel: AV profile from the dust extinc-
tion map (Román-Zúñiga et al. 2009, 2010). Black, green (long-dashed)
and red (solid) lines as in upper panel. The fitted core boundary radius,
Rout = 20000 au, and AV value of the surrounding medium, Abg

V = 9.5
mag, are labeled and marked by a vertical dashed line and horizontal
dotted line, respectively.

temperature derived from ammonia observations (9.5 ± 0.1 K;
Rathborne et al. 2008). The value obtained for the derived pa-
rameter ξmax was 10.5 ± 0.7. The error was estimated through
error propagation analysis, being ρc and Rout the main contrib-
utors to its uncertainty (see Table 4). This value is significantly
higher than the critical value (6.5), thus the core is gravitation-
ally unstable, in accordance with Kandori et al. (2005) results.

FeSt 1-457 is observed with an excellent signal-to-noise to
test the Bonnor-Ebert scenario. By using the isothermal Bonnor-
Ebert sphere we found a good fit for the AV map but non-
negligible differences in the dust emission profile (see green
(long-dashed) line in Figure 6). This can be interpreted as a de-
parture from the isothermal approximation because the extinc-
tion map (AV), contrary to the dust continuum emission, is only
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Fig. 7. Temperature profile (upper pannel) and Bonnor-Ebert density
profile (lower panel) used in this work (see Section 4.1).

sensitive to the column density and does not depend on temper-
ature. Previous studies in starless cores (e.g., Crapsi et al. 2007)
show that those with nH2 > 105 cm−3 may have an inner tem-
perature gradient. These cores are colder at the center, reaching
temperatures as low as 6 K, than at the outer shells, where they
may be heated by the interstellar radiation field (e.g., Marsh et al.
2014). We tested different temperature profiles to check whether
the fits improved. We found that a temperature profile following:

T (r) = Tout −
(Tout − Tin)

(1 + (r/rin)2)
(4)

(rin = 2500 au) with Tin = 6 K at the center of the core and
increasing until Tout = 12 K at a radius of 9000 au fitted much
better the data. The second row of Table 4 shows the best fit pa-
rameters of the Bonnor-Ebert+temperature gradient model. Fig-
ure 7 shows the Bonnor-Ebert density and temperature profiles
that appear to fit best the data. In addition, the red line in Figure 6
shows the predicted 1.2 mm dust intensity and extinction ra-
dial profile from this Bonnor-Ebert+temperature gradient model.
Forbrich et al. (2015) also find a clear decrease of the effective
dust temperature towards the center of FeSt 1-457 from Herschel
observations. However, they find the lowest value at the center
to be 13.5 K, higher than kinetic gas temperature derived from
ammonia (9.5 K; Rathborne et al. 2008) and higher than the tem-
perature at the center of the core adopted by us. They argue this
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Table 4. Bonnor-Ebert fit parameters of FeSt 1-457.

Model ρc Rout T b ξmax ρc/ρR Pout Mass Abg
V Stable? Agec

(103 cm−3) (103 au) (K) (105 K cm−3) (M⊙) (mag) (yr)

BE isothermala 200 ± 20 20 ± 1 10.5 ± 0.1 10.5 ± 0.7 47 ± 5 0.6 ± 0.1 2.7 9.5 No 9.6 × 105

BE + T d
profile 200 ± 20 20 ± 1 12.0 ± 0.1 9.8 ± 0.7 40 ± 5 0.8 ± 0.1 2.7 9.5 No 9.6 × 105

a Parameters fitted for the isothermal BE model. The uncertainties of the fitted parameters ρc, Rout and T were estimated by analyzing the
increase of the χ2 residual fit by varying the parameters. The uncertainties of the derived physical parameters ξmax, ρc/ρR and Pout were
assessed through error propagation analysis.

b Temperature used to determine the sound speed value, cs.
c Based on Aikawa et al. (2005) results following the evolution of a marginally unstable Bonnor-Ebert sphere (T = 10 K, α = 1.1, where α is

the internal gravity to pressure ratio).
d Modified Bonnor-Ebert model using the temperature profile of the upper panel of Fig. 7. The uncertainties are the same as in the isothermal

model because the new temperature profile does not modify the Bonnor-Ebert density profile, it only modifies the resulting 1.2 mm emission
(see Section 4.1).
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Fig. 6. Upper panel: Intensity profile from the 1.2 mm dust con-
tinuum emission map (Frau et al. 2010, 2012b). Black line and dots:
observed values with vertical bars depicting the ±1-σ range. Green
(long-dashed) line: isothermal Bonnor-Ebert fit. Red (solid) line: fitted
Bonnor-Ebert profile adding the temperature profile shown in the up-
per panel of Figure 7. The best fitting central density is ρc = 2 × 105

cm−3. The fitted core boundary radius, Rout = 20000 au is marked by
a vertical dashed line. Lower panel: AV profile from the dust extinc-
tion map (Román-Zúñiga et al. 2009, 2010). Black, green (long-dashed)
and red (solid) lines as in upper panel. The fitted core boundary radius,
Rout = 20000 au, and AV value of the surrounding medium, Abg

V = 9.5
mag, are labeled and marked by a vertical dashed line and horizontal
dotted line, respectively.

temperature derived from ammonia observations (9.5 ± 0.1 K;
Rathborne et al. 2008). The value obtained for the derived pa-
rameter ξmax was 10.5 ± 0.7. The error was estimated through
error propagation analysis, being ρc and Rout the main contrib-
utors to its uncertainty (see Table 4). This value is significantly
higher than the critical value (6.5), thus the core is gravitation-
ally unstable, in accordance with Kandori et al. (2005) results.

FeSt 1-457 is observed with an excellent signal-to-noise to
test the Bonnor-Ebert scenario. By using the isothermal Bonnor-
Ebert sphere we found a good fit for the AV map but non-
negligible differences in the dust emission profile (see green
(long-dashed) line in Figure 6). This can be interpreted as a de-
parture from the isothermal approximation because the extinc-
tion map (AV), contrary to the dust continuum emission, is only
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Fig. 7. Temperature profile (upper pannel) and Bonnor-Ebert density
profile (lower panel) used in this work (see Section 4.1).

sensitive to the column density and does not depend on temper-
ature. Previous studies in starless cores (e.g., Crapsi et al. 2007)
show that those with nH2 > 105 cm−3 may have an inner tem-
perature gradient. These cores are colder at the center, reaching
temperatures as low as 6 K, than at the outer shells, where they
may be heated by the interstellar radiation field (e.g., Marsh et al.
2014). We tested different temperature profiles to check whether
the fits improved. We found that a temperature profile following:

T (r) = Tout −
(Tout − Tin)

(1 + (r/rin)2)
(4)

(rin = 2500 au) with Tin = 6 K at the center of the core and
increasing until Tout = 12 K at a radius of 9000 au fitted much
better the data. The second row of Table 4 shows the best fit pa-
rameters of the Bonnor-Ebert+temperature gradient model. Fig-
ure 7 shows the Bonnor-Ebert density and temperature profiles
that appear to fit best the data. In addition, the red line in Figure 6
shows the predicted 1.2 mm dust intensity and extinction ra-
dial profile from this Bonnor-Ebert+temperature gradient model.
Forbrich et al. (2015) also find a clear decrease of the effective
dust temperature towards the center of FeSt 1-457 from Herschel
observations. However, they find the lowest value at the center
to be 13.5 K, higher than kinetic gas temperature derived from
ammonia (9.5 K; Rathborne et al. 2008) and higher than the tem-
perature at the center of the core adopted by us. They argue this
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Fig. 5. Red contours: averaged intensity maps of the observed molecular transition indicated in each panel. Contours in (a), (j) and (l) are 10, 20,
30, ... times the rms of the maps, 8, 6 and 9 mK, respectively. In panels (m) and (n) contours are 20, 23, 26, ... and −3, 3, 6, 9, ... times the rms,
53 mK, respectively. In panels (b) and (h), (k) and (p) countours are −3, 3, 6, 9, 12, 15, 20, ... times the rms, 21 mK and 16 mK, respectively. In
the rest of the maps contours are −3, 3, 6, 9, 12, 15, 20, 25, 30, 35, ... times the rms, 10 mK. Panel (n) shows a fainter component of the 13CO
molecular line. The beam size of each molecular line is shown at the bottom right corner of each panel. Grey scale: IRAM 30m MAMBO-II map
of the dust continuum emission at 1.2 mm at an angular resolution of 21 arcsec.

map. Since the IRAM 30m bolometer filters out the extended
emission, we assumed that the molecular cloud does not con-
tribute to the 1.2 continuum emission. Twomapswere generated,
a visual extinction map and a 1.2 mm dust continuum emission
map, convolved to the respective observational beams (20′′ and
21.5′′ from Román-Zúñiga et al. 2010; Frau et al. 2010, 2012b,
respectively). A dust opacity of κ250GHz = 0.007 cm2 g−1 was
adopted for dust grains with thin ice mantles and for gas den-
sity < 106 cm−3 (Ossenkopf & Henning 1994). Finally, radial
profiles of the observed and synthetic maps were obtained us-
ing the ellint task from the Miriad software (Sault et al. 1995).
This task averages the intensity in concentric annuli. The qual-
ity of the fit was assessed by computing the χ2 residual fit of
the two radial profiles. Figure 6 shows the comparison between

the observational (black lines and dots) and synthetic Bonnor-
Ebert emission radial profiles (green (long-dashed) lines). The
best fit was obtained for the values shown in Table 4. The first
row lists the fitted parameters of the Bonnor-Ebert profile (ρc,
Rout, and T ), the physical parameters derived (ξmax, ρc/ρR, Pout,
and mass), the fitted background visual extinction arising from
the surrounding ambient medium (AbgV ), the gravitational stabil-
ity status, and an estimate of the age (Aikawa et al. 2005). There
is no degeneracy between the fitted parameters ρc, Rout, and T as
the visual extinction map does not depend on temperature and ρc
and Rout modify the height and width of the radial profile, respec-
tively. The temperature only modifies the 1.2 mm dust contin-
uum emission map. We found that the temperature derived from
the Bonnor-Ebert fit (10.5 ± 0.1 K) is in fair agreement with the
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Fig. 5. Red contours: averaged intensity maps of the observed molecular transition indicated in each panel. Contours in (a), (j) and (l) are 10, 20,
30, ... times the rms of the maps, 8, 6 and 9 mK, respectively. In panels (m) and (n) contours are 20, 23, 26, ... and −3, 3, 6, 9, ... times the rms,
53 mK, respectively. In panels (b) and (h), (k) and (p) countours are −3, 3, 6, 9, 12, 15, 20, ... times the rms, 21 mK and 16 mK, respectively. In
the rest of the maps contours are −3, 3, 6, 9, 12, 15, 20, 25, 30, 35, ... times the rms, 10 mK. Panel (n) shows a fainter component of the 13CO
molecular line. The beam size of each molecular line is shown at the bottom right corner of each panel. Grey scale: IRAM 30m MAMBO-II map
of the dust continuum emission at 1.2 mm at an angular resolution of 21 arcsec.

map. Since the IRAM 30m bolometer filters out the extended
emission, we assumed that the molecular cloud does not con-
tribute to the 1.2 continuum emission. Twomapswere generated,
a visual extinction map and a 1.2 mm dust continuum emission
map, convolved to the respective observational beams (20′′ and
21.5′′ from Román-Zúñiga et al. 2010; Frau et al. 2010, 2012b,
respectively). A dust opacity of κ250GHz = 0.007 cm2 g−1 was
adopted for dust grains with thin ice mantles and for gas den-
sity < 106 cm−3 (Ossenkopf & Henning 1994). Finally, radial
profiles of the observed and synthetic maps were obtained us-
ing the ellint task from the Miriad software (Sault et al. 1995).
This task averages the intensity in concentric annuli. The qual-
ity of the fit was assessed by computing the χ2 residual fit of
the two radial profiles. Figure 6 shows the comparison between

the observational (black lines and dots) and synthetic Bonnor-
Ebert emission radial profiles (green (long-dashed) lines). The
best fit was obtained for the values shown in Table 4. The first
row lists the fitted parameters of the Bonnor-Ebert profile (ρc,
Rout, and T ), the physical parameters derived (ξmax, ρc/ρR, Pout,
and mass), the fitted background visual extinction arising from
the surrounding ambient medium (AbgV ), the gravitational stabil-
ity status, and an estimate of the age (Aikawa et al. 2005). There
is no degeneracy between the fitted parameters ρc, Rout, and T as
the visual extinction map does not depend on temperature and ρc
and Rout modify the height and width of the radial profile, respec-
tively. The temperature only modifies the 1.2 mm dust contin-
uum emission map. We found that the temperature derived from
the Bonnor-Ebert fit (10.5 ± 0.1 K) is in fair agreement with the
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Fig. 5. Red contours: averaged intensity maps of the observed molecular transition indicated in each panel. Contours in (a), (j) and (l) are 10, 20,
30, ... times the rms of the maps, 8, 6 and 9 mK, respectively. In panels (m) and (n) contours are 20, 23, 26, ... and −3, 3, 6, 9, ... times the rms,
53 mK, respectively. In panels (b) and (h), (k) and (p) countours are −3, 3, 6, 9, 12, 15, 20, ... times the rms, 21 mK and 16 mK, respectively. In
the rest of the maps contours are −3, 3, 6, 9, 12, 15, 20, 25, 30, 35, ... times the rms, 10 mK. Panel (n) shows a fainter component of the 13CO
molecular line. The beam size of each molecular line is shown at the bottom right corner of each panel. Grey scale: IRAM 30m MAMBO-II map
of the dust continuum emission at 1.2 mm at an angular resolution of 21 arcsec.

map. Since the IRAM 30m bolometer filters out the extended
emission, we assumed that the molecular cloud does not con-
tribute to the 1.2 continuum emission. Twomapswere generated,
a visual extinction map and a 1.2 mm dust continuum emission
map, convolved to the respective observational beams (20′′ and
21.5′′ from Román-Zúñiga et al. 2010; Frau et al. 2010, 2012b,
respectively). A dust opacity of κ250GHz = 0.007 cm2 g−1 was
adopted for dust grains with thin ice mantles and for gas den-
sity < 106 cm−3 (Ossenkopf & Henning 1994). Finally, radial
profiles of the observed and synthetic maps were obtained us-
ing the ellint task from the Miriad software (Sault et al. 1995).
This task averages the intensity in concentric annuli. The qual-
ity of the fit was assessed by computing the χ2 residual fit of
the two radial profiles. Figure 6 shows the comparison between

the observational (black lines and dots) and synthetic Bonnor-
Ebert emission radial profiles (green (long-dashed) lines). The
best fit was obtained for the values shown in Table 4. The first
row lists the fitted parameters of the Bonnor-Ebert profile (ρc,
Rout, and T ), the physical parameters derived (ξmax, ρc/ρR, Pout,
and mass), the fitted background visual extinction arising from
the surrounding ambient medium (AbgV ), the gravitational stabil-
ity status, and an estimate of the age (Aikawa et al. 2005). There
is no degeneracy between the fitted parameters ρc, Rout, and T as
the visual extinction map does not depend on temperature and ρc
and Rout modify the height and width of the radial profile, respec-
tively. The temperature only modifies the 1.2 mm dust contin-
uum emission map. We found that the temperature derived from
the Bonnor-Ebert fit (10.5 ± 0.1 K) is in fair agreement with the
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Fig. 5. Red contours: averaged intensity maps of the observed molecular transition indicated in each panel. Contours in (a), (j) and (l) are 10, 20,
30, ... times the rms of the maps, 8, 6 and 9 mK, respectively. In panels (m) and (n) contours are 20, 23, 26, ... and −3, 3, 6, 9, ... times the rms,
53 mK, respectively. In panels (b) and (h), (k) and (p) countours are −3, 3, 6, 9, 12, 15, 20, ... times the rms, 21 mK and 16 mK, respectively. In
the rest of the maps contours are −3, 3, 6, 9, 12, 15, 20, 25, 30, 35, ... times the rms, 10 mK. Panel (n) shows a fainter component of the 13CO
molecular line. The beam size of each molecular line is shown at the bottom right corner of each panel. Grey scale: IRAM 30m MAMBO-II map
of the dust continuum emission at 1.2 mm at an angular resolution of 21 arcsec.

map. Since the IRAM 30m bolometer filters out the extended
emission, we assumed that the molecular cloud does not con-
tribute to the 1.2 continuum emission. Twomapswere generated,
a visual extinction map and a 1.2 mm dust continuum emission
map, convolved to the respective observational beams (20′′ and
21.5′′ from Román-Zúñiga et al. 2010; Frau et al. 2010, 2012b,
respectively). A dust opacity of κ250GHz = 0.007 cm2 g−1 was
adopted for dust grains with thin ice mantles and for gas den-
sity < 106 cm−3 (Ossenkopf & Henning 1994). Finally, radial
profiles of the observed and synthetic maps were obtained us-
ing the ellint task from the Miriad software (Sault et al. 1995).
This task averages the intensity in concentric annuli. The qual-
ity of the fit was assessed by computing the χ2 residual fit of
the two radial profiles. Figure 6 shows the comparison between

the observational (black lines and dots) and synthetic Bonnor-
Ebert emission radial profiles (green (long-dashed) lines). The
best fit was obtained for the values shown in Table 4. The first
row lists the fitted parameters of the Bonnor-Ebert profile (ρc,
Rout, and T ), the physical parameters derived (ξmax, ρc/ρR, Pout,
and mass), the fitted background visual extinction arising from
the surrounding ambient medium (AbgV ), the gravitational stabil-
ity status, and an estimate of the age (Aikawa et al. 2005). There
is no degeneracy between the fitted parameters ρc, Rout, and T as
the visual extinction map does not depend on temperature and ρc
and Rout modify the height and width of the radial profile, respec-
tively. The temperature only modifies the 1.2 mm dust contin-
uum emission map. We found that the temperature derived from
the Bonnor-Ebert fit (10.5 ± 0.1 K) is in fair agreement with the
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• ARTISTによる放射輸送計算 
• Tdust=Tgas, no velocity field 

• 分子分布を再現するには~8000au,14500auで
アバンダンスを変化させる必要がある 

• 多くの分子はコア中心でアバンダンス低 
=>コア中心でダストに吸着 

• アバンダンス変化の半径はgrain growthの半
径[Forbrich+2015]とconsistent 

• 分子分布の非対称性 
• C4H, HCO+,CH3OHは南東にピーク 

=>南東からのUV照射による可能性(PDR) 

• 西~北西側にθ-Oph(B2)がある 

• 磁場との比較 
• Alves+2014によるpol. dataと比較 

• 南西側で偏光度が高い 
=>radiative torqueによるダスト整列ならFUV
照射とconsistent 

• コア中心で偏光度↓もradiative torque的
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Fig. 10. Polarization maps. Red contours: averaged intensity maps of (a) C4H, (b) HCO+, (c) CS and (d) SO. Contours in panels (a) and (c) are
−3, 3, 6, 9, 12, 15, 20, 25, 30, ... times the rms of the maps, 10 mK. Contours in panel (b) and (d) are 10, 20, 30, ... and −3, 3, 6, 9, 12, 15 times the
rms of the maps, 6, and 16 mK. The beam size of each molecular line is shown at the bottom right corner of each panel. Grey scale: IRAM 30m
MAMBO-II map of the dust continuum emission at 1.2 mm. Blue segments: Position angle of the linearly polarized data from Alves et al. (2014).
The length of the segments is proportional to the polarization fraction. Black arrows in panels (a) and (c) indicate the 1-D slice shown in Fig. 11.

In a different work, Alves et al. (2014) present a study of
the polarization properties in FeSt 1-457 at different wavelengths
and find that the emission is more polarized to the western side of
the core (see Alves et al. 2014, figure 1). It is globally accepted
that non-spherical dust grains are aligned perpendicularly with
respect to magnetic field lines producing linearly polarized ther-
mal continuum emission (Davis & Greenstein 1951; Hildebrand
1988). One of the most important theories for the dust grain
alignment is via radiative torques (Dolginov & Mitrofanov
1976; Draine & Weingartner 1996, 1997; Lazarian & Hoang
2007). Thus, the stronger polarized emission to the west also
supports the idea of a UV radiation field penetrating into the
core from the west which would be affecting not only the polar-
ization properties but also the chemistry in the core (see previous
section).

In Fig. 10 we show the emission of 4 molecules peaking to
the southwest (C4H and HCO+) and to the east (CS and SO) of
the dust peak, overlaid with the position angles of the polariza-
tion data from Alves et al. (2014). The C4H and HCO+ emis-
sion seem to correlate with the stronger polarized emission to-
wards the west. On the other hand, the emission peaks of CS
and SO seem to present an anti-correlation with the polarized
emission. To study further these possible correlations, we per-
formed a 1-D slice across the core passing through the C4H and
CS peaks (black arrows in Fig. 10). In Fig. 11 we show the po-
larization intensity (blue) and the emission of C4H (black) and
CS (red) along the slice. The polarization intensity presents a
similar distribution and seem to correlate well with the C4H
emission and anti-correlate with the CS emission. To quantify
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Fig. 11. Intensity from CS (red), C4H (black) and polarization intensity
(blue) along a 1-D slice from the southwest part of the core towards the
east passing through the C4H and CS peaks (see panels (a) and (c) of
Fig. 10). Both C4H and the polarization intensity increase at the same
positions in the core along the slice. CS shows an anti-correlation with
the polarization intensity.

these correlations we performed the statistical tests Kendall’s τ
and Spearman’s ρ6 and found a good correlation (τ = 0.647,
ρ = 0.804) between C4H emission and polarization intensity

6 http://www.statsoft.com/textbook/nonparametric-statistics/
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difference could be related to the effect of averaging the emis-
sion from Herschel along the line of sight which would take into
account dust from the cloud at higher temperatures. Note that
the temperature profile we found fits well the FeSt 1-457 core is
similar to the one found for the L1544 core (Crapsi et al. 2007),
a core with significantly higher density, but also to core 16 from
Marsh et al. (2014), which has a density similar to that of FeSt1-
457.

Even though we did not modify the Bonnor-Ebert density
profile (lower panel of Figure 7), which assumes a constant tem-
perature, we finally considered the temperature profile shown in
the upper panel of Figure 7 to generate the synthetic maps. This
apparent inconsistency is not important in our case. Sipilä et al.
(2011) show that the isothermal and non-isothermal Bonnor-
Ebert density profiles are fairly similar. In addition, as the gas
pressure is proportional to the temperature, reducing the tem-
perature by half, reduces the pressure by half as well, which
makes the core even more unstable against gravity. Therefore,
this model is good enough to say that FeSt 1-457 has a density
profile of a very young core, it is gravitationally unstable and
seems to be colder at the center than in the outer parts.

4.2. ARTIST

Once the physical model of temperature and density of the core
was determined (see previous section), we estimated the abun-
dances for the molecular lines detected with the IRAM 30m ob-
servations.

We used the Adaptable Radiative Transfer Innovations
for Submillimeter Telescopes (ARTIST; Brinch & Hogerheijde
2010; Padovani et al. 2011, 2012; Jørgensen et al. 2014) soft-
ware to generate a synthetic spectral cube of the molecular lines
detected. We assume that the source is spherically symmetric
with the density and temperature radial profiles derived from the
Bonnor-Ebert model derived in the previous section.

For the simulations we assumed the dust temperature equal
to the gas temperature. We assumed no velocity field in the
core. The velocity gradient in the core is very small (<∼
0.05 km s−1 beam−1 at the center of the core), so this does
not affect the results. Initially, the only free parameter used
in ARTIST was the abundance. First, we assumed a constant
value for the abundance. If the model did not fit well the ob-
served intensity profile, we used a step function with two or
three different abundances to obtain more accurate fits. We sys-
tematically tried different values for the radius at which there
was a change in abundance, until obtaining the smallest χ2

parameter. One or two step functions (at a radius of 55 arc-
sec (∼ 8000 au) and 100 arcsec (14500 au)) for the abun-
dance was necessary to obtain good fits for 10 out of the 12
molecules, in which a constant abundance value did not fit
well the observed data. We made use of the Leiden Atomic
and Molecular Database (LAMDA)5 to load the collisional co-
efficients of the observed molecules (Green & Thaddeus 1974;
Green & Chapman 1978; Flower 1999; Chandra & Kegel 2000;
Daniel et al. 2005; Lique et al. 2006a,b; Rabli & Flower 2010;
Yang et al. 2010). The spectral cube generated with ARTIST was
convolved with a Gaussian to mimic the angular resolution of
each molecular line observed. The output from ARTIST is given
in units of brightness temperature.

In order to compare both the observed and the synthetic
molecular line maps, we generated line intensity profiles for
both data sets in the same way using the Miriad software. We
5 http://home.strw.leidenuniv.nl/∼moldata/
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Fig. 8. N2H+ ARTIST abundance estimate. Annuli averaged integrated
intensity vs. annuli radius. Black line: IRAM 30m VESPA data. Blue
dashed line: ARTIST radial integrated intensity profile for a constant
abundance of 2.5 × 10−10. Red line: ARTIST radial integrated intensity
profile with a step function abundance of 2.5× 10−10 and 1.5× 10−10 for
smaller and larger radius than ∼ 8000 au (55 arcsec; indicated by the
brown vertical dotted line), respectively.

first computed integrated intensity maps (moment-zero) using
the moment task over a velocity range that included all the emis-
sion. Then, we used the ellint task for the integrated intensity
maps to compute the line radial profiles with annuli of 10 arcsec
width, which is a value between one third and one fifth of the
angular resolution of the observed molecular lines.

Figures 8 and 9 show the annuli averaged integrated inten-
sity (moment-zero) vs. the annuli radius for the observed (open
circles) and ARTIST produced data.

4.2.1. N2H+ abundance fit

To obtain the moment-zero map of N2H+ (see Fig. 1a), we only
included the three central hyperfine lines to avoid the anomalous
hyperfine lines (see Section 3.1.1) and we obtained a good fit
of the data. The high spectral resolution ARTIST fit is shown
in the lower panels of Fig. 2 (note that ARTIST handles line
overlapping: Brinch & Hogerheijde 2010). We first used a con-
stant abundance (with respect to H2) to fit the radial profile. A
value of 2.5 × 10−10 fitted well the data except for the outer ra-
dius where the model gave slightly higher values (blue dashed
line of Fig. 8). Thus, we used a step function varying the ra-
dius at which there was a change in abundance systematically in
steps of 10 arcsec, and a better fit was obtained with values of
2.5× 10−10 and 1.5× 10−10 for smaller and larger radius than 55
arcsec (∼ 8000 au), respectively (red line of Fig. 8). The error of
the radius where the abundance changes is ±15 arcsec, estimated
from a χ2 analysis (e.g., Gibb et al. 2000). We also estimated the
abundance uncertainty for the N2H+ line to be less than ∼ 15%.
This uncertainty was estimated from a χ2 analysis using different
values of the abundance at the same range of radii of the core.

4.2.2. FTS molecular lines abundance fits

We followed the same procedure used for N2H+ to fit the other
molecular lines detected with the FTS spectrometer, except for
C4H for which the collisional coefficients file was not available
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