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¥ L1157 outflowのB1領域の高分解能
観測 (shock region)

¥ PdBI
¥ CS, HC3N, p-H2CO, CH3OH at 2mm

¥ 750AU resolution

B1

¥ 高速度成分 - いくつかのcompact component(HV bullet)

¥ 低速度成分 - ジェット起因のcavity構造

¥ CS強度比を使ってLVGで密度導出
¥ 全体: (1E5)<n<1E6, HV bullet: 5E3<n<5E5 [cm-3]

¥ 柱密度導出(LTE)とモデル計算(UCL_CHEM)との比較
¥ C-type shockで再現

¥ HC3Nが高アバンダンス -> 4000K必要(~40km/s & nH2>1E4 cm-3相当)
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Figure 4. Channel maps of the four observed transitions plus the CS (2Ð 1) (Benedettini et al. 2007). The Þrst contour and contour st eps
correspond to a 3! level. Triangles mark the position of the HV bullets. In the l eft panels the velocity limits are Ð16 < v < Ð8 km s! 1

and all the ßux is recovered while in the central panels (Ð8 < v < Ð2 km s! 1) and in the right panels (Ð2 < v < +6 km s ! 1) about 60% of
the extended emission is Þltered out.
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Large Velocity Gradient (LVG) approximation. In this ap-
proximation the line ßux depends on the escape probability
that is a function of the line optical depth, which in turn is
proportional to the number density of the considered molec-
ular species n(x) and inversely proportional to the velocit y
gradient dV/dz. Assuming an homogeneous slab where the
total velocity dispersion is V, the factor n(x) ! dz/dV can be
expressed in term of N(x)/V where N(x) is the column den-
sity of the particular molecule, making explicit the depen-
dency of the line ßux from the column density. We used the
LVG code developed by Ceccarelli et al. (2003) in a plane
parallel geometry using the molecular parameters found in
the BASECOL 2 database (Dubernet et al. 2006). In partic-
ular, we modeled the Þrst 31 levels of CS using the collisional
coe! cients with H 2 from Turner et al. (1992). We adopted
a line width of 10 km s! 1, as usually done from previous
models of this region.

Because of the Þltering a" ecting the extended emission,
a quantitative LVG analysis can be carried out for the com-
pact HV gas but not for the di " use gas component. Nonethe-
less, we can use the observed CS (3Ð2)/(2Ð1) line ratio to
give some general constraints on the physical conditions of
the gas. In fact, as shown in Sect. 3, the Þltering a" ects the
(2Ð1) line more than the (3Ð2) so that the observed line ratio
(CS (3Ð2)/(2Ð1) = 1.8) can be considered as an upper limit.
In Fig. 6 we show the theoretical CS (3Ð2)/(2Ð1) line ratio
calculated under the LVG approximation. For temperatures
higher than " 60 K the ratio is quite insensitive to tem-
perature changes and it mainly depends on the gas density.
However constraints on the gas temperature can be derived
from other tracers. In particular, Codella et al. (2009) mea -
sured the temperature in the di " erent B1 clumps by using
a rotational diagram of CH 3CN lines observed with PdB in
the same conÞguration of the data of this paper and they
found temperatures ranging from 55 to 132 K. This range is
compatible with other temperature estimates, namely 80 K
derived by Tafalla & Bachiller (1995) by means of VLA ob-
servations of NH3 and 64 K derived by Leßoch et al. (2012)
from CO line observed with Herschel # HIF I . For our anal-
ysis of L1157ÐB1 we assume a temperature ranging from 55
to 132 K. Under this constrain the upper limit of 1.8 for the
CS (3Ð2)/(2Ð1) ratio implies an upper limit on the averaged
gas density in B1 of 106 cm! 3. This limit reÞnes previous es-
timates of the gas density in B1 that give only a lower limit
of ! 105 cm! 3. In particular, the CO lines from Herschel in-
dicate nH 2 ! 105 cm! 3, for the higher excited ( T > 200 K)
gas (Benedettini et al. 2012b; Leßoch et al. 2012). SiO lines
indicate nH 2 ! 3! 105 cm! 3 and T=150Ð300 K (Nisini et al.
2007). Note however that these lower limits have been de-
rived only from single dish observations and in some cases
from lines with higher excitation temperatures with respec t
to the ones used in this study.

The compact emission from the HV bullets having size
" 6"", lower than the largest sensitive structure ( " 14"") of the
interferometer does not su" er of ßux Þltering therefore we
did a quantitative analysis of this emission. In particular , we
used the LVG code to derive the physical conditions of the
four HV bullets B0eÐHV1, B0eÐHV2, B1aÐHV and B1bÐHV
by using the two CS lines (3Ð2) and (2Ð1). In Fig. 4 we show
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Figure 6. Theoretical CS (3Ð2)/(2Ð1) line ratio as function of
density and temperature for a line width of 10 km s ! 1and a CS
column density of 3 ! 1013 cm! 2, i.e. the typical value derived in
B1 (see Table 5). The behavior of the ratio for column densiti es
in the range 1013 Ð 1015 cm! 2 is very similar.

Figure 7. ! 2 distribution in the temperature Ð density plane for
the LVG Þtting of the CS lines in the four HV bullets. The black
area shows the parameters space with a reduced ! 2 # 1 for the
CS column density and size written in the panels.

that the HV bullets are detected in both lines. To measure
the ßux emitted from the HV bullets we integrated the line
emission over the velocity range associated to the speciÞc
spectral component. In this way we are also considering the
(minor) contribution of the extended emission that can be
present, especially in the spectral component closer to ambi-
ent velocity. However, it is impossible to deblend the ßux of
the HV bullet from the ßux of the more extended component
because we do not know the shape of the line proÞle of the

Table 3. Results of the LVG Þtting in the HV bullets.

clump N (CS) size nH 2

cm! 2 "" 104 cm! 3

B0eÐHV2 4(12)-1(13) 2-8 5-10
B0eÐHV1 6(13)-1(14) 4-8 0.5-1
B1aÐHV 2(13)-7(13) 2-8 5-50
B1bÐHV 2(13)-8(13) 2-8 2-10

CS(3-2)
/CS(2-1)
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Figure 2. Interferometric images of L1157ÐB1. The Þrst contour and st eps correspond to a 3! level and are: 0.75 Jy beam! 1 km s! 1 for
CS (3Ð2), 3 Jy beam! 1 km s! 1 for CH 3OH (3 K Ð2K ), 0.54 Jy beam! 1 km s! 1 for p-H 2CO (2 02 Ð101 ) and 0.15 Jy beam ! 1 km s! 1 for
HC3N (16Ð15). The Þlled ellipse in the bottom left corner repres ent the HPBW, the arrow indicates the direction toward the ce ntral
driving source L1157Ðmm.

spectrum of each transition produced summing the emission
measured at PdB in a circle of diameter equal to the HPBW
of the IRAMÐ30m telescope, with the spectrum measured at
the single dish IRAM-30m (G«omez-Riuz et al. in prep). In
Fig. 1 we show the two spectra of the CS (3Ð2) line. We
found that the percentage of the missing ßux depends on
the velocity: for the high velocity gas ( v < - 6 km s! 1) PdB
recovers 100% of the ßux while for the low velocity gas (v >
- 6 km s! 1) the ßux measured at PdB is ! 62% of the IRAM
ßux. Similar percentage of missing ßux is also found for the
other observed lines HC3N (16Ð15) and p-H2CO (202 Ð101 )
while for methanol is not possible to evaluate the missing
ßux because the lines are blended. We performed the same
analysis for the CS (2Ð1) line previously observed with PdB
(Benedettini et al. 2007) with the same CD conÞguration
but a slightly higher value of the shortest baseline (19 m),
resulting in a similar value of the largest sensible structu re
(14"") and spatial resolution (3.11 """ 2.79"" ) of the 2 mm ob-
servations. Unlike the case of the CS (3Ð2) transition, for

the CS (2Ð1) line the ßux Þltering a! ects all the velocities
(see Fig. 1). In particular, for the high velocity gas ( v < - 6
km s! 1) about half ( ! 50%) of the IRAM ßux in the (2Ð1)
line is missed in the PdB spectrum while for v > -6 km s! 1

a similar percentage (! 57%) of Þltering is measured in the
two lines. However, the largest sensitive structure for the CS
(2Ð1) line is similar to the value of the CS (3Ð2), therefore
the di ! erence in the missing ßux indicates that a consis-
tent part of the emission of the CS (2Ð1) line comes from
extended (> 14"") structures also for high velocity gas and
therefore is Þltered in the PdB spectrum while the emission
of this high velocity structure in the CS (3Ð2) is negligible
(see Sect. 5.1 for further discussion).

4 RESULTS

Line maps of the four observed transitions are shown in
Fig. 2. The morphology is well in agreement with that of
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¥ High-mass star NGC7538IRS1 (d=2.7kpc)
¥ O6 star, 30M⦿, 8E4L⦿

¥ PdBI
¥ 843µm cont., HCO+, HCN, CH3OH : 500 AU resolution

¥ 連続波で3つのsub-structure
¥ 全体で11M⦿。sub-structureは~1M⦿程度(free-free放射補正後)

¥ HCN(v=1)を検出
¥ ~3000AUの広がり。吸収あり。

¥ infall rate 1.8E-3 M⦿/yr

¥ 回転はnon-keplerian

¥ 複雑なHCO+の分布 -> ほぼline-of-sightのoutflow
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Fig. 2. The color scales in the left panels present the 0th moment (bottom, integrated intensity) and 1st moment (top, intensity
weighted velocity) maps of the HCN(4–3)v2 = 1 emission. In the middle and right panels, the color-scale shows the 0th and 1st
moment maps (bottom and top, respectively) of CH3OH(151,14 ! 150,15). Black contours in all panels outline the dust continuum
emission (Fig. 1) starting at the 3! level and continuing in 2! steps. The blue and red contours in the right panel show the blue- and
red-shifted HCO+(4 ! 3) emission integrated over the velocity regimes written above the panel. Contouring is done from 10 to 90%
of the respective peak emission. The white triangles present the additional maser positions by Minier et al. (2000), and a beam and
scale bar are presented as well. The CH3OH 1st moment map also marks the axis along which the position-velocity cuts in Fig. 4
are conducted.

even competitive accretion between the di! erent subfragments
within the disk (Krumholz et al., 2009; Peters et al., 2010). The
model-predicted fragmentation scales of the inner core/disk
structures range between several 100 and a few 1000AU, re-
sembling the observed structures fairly closely.

3.2. Gas kinematics

The spectral line data also allow us to investigate the gas kine-
matics of the di! erent components in more detail. Figure 2 gives
an overview of the HCN(4 ! 3)v2 = 1), CH3OH(151,14 ! 150,15),
and HCO+(4 ! 3) results. While we show for HCN(4 ! 3)v2 = 1
and CH3OH(151,14 ! 150,15) zeroth (integrated intensity) and first
moment maps (intensity-weighted velocities), the blue- and red-
shifted high-velocity gas is presented for HCO+(4 ! 3). Figure 3
additionally shows the spectra of all three lines extracted toward
the continuum peak, as well as the HCO+(4 ! 3) spectra toward
the blue- and red-shifted outflow peak positions.

While both high-density tracers – HCN(4 ! 3)v2 = 1 and
CH3OH(151,14 ! 150,15) – clearly show the northeast-southwest
velocity gradient of the underlying rotating core/disk structure
on scales of approximately 3000AU, it is interesting that the
highest excited HCN(4 ! 3)v2 = 1 line with an upper energy
level Eu/ k of 1050K still exhibits the central absorption fea-
tures. Considering the peak brightness temperature of the con-

tinuum emission of 219K, this implies that the beam-averaged
excitation temperature of the spectral line has to be lower than
that. At the high densities within the core, the same applies to
the beam-averaged gas kinetic temperatures. The Eu/ k = 278K
CH3OH(151,14 ! 150,15) line is among the few lines that do not
show any absorption at high spatial resolution. From the suite
of lines presented in Beuther et al. (2012a), that covers a broad
range of energy levels between 21 and 326K, only the optically
thin methyl-cyanide isotopologue CH133 CN did not show any
prominent absorption feature. Since the CH3OH(151,14 ! 150,15)
line is very strong and probably not optically thin, it does not
seem to be an optical depth e! ect here. Why this line does not
show up in absorption is not exactly clear yet. However, it is
known that many CH3OH transitions are potential masers. One
condition for the inversion population for masers is a negative
excitation temperature. On the way to inversion population, the
excitation temperature first asymptotically rises to high Tex (e.g.,
Stahler & Palla 2005, Fig. 14.6) before it inverts and becomes
negative. Hence, even in the non-masing state, a molecule like
CH3OH may more easily exhibit high excitation temperatures
and thus less absorption than most other molecules. Independent
of that, the CH3OH emission line is very useful for studying the
rotational properties of the core without absorption artifacts.
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mid-infrared continuum imaging (De Buizer & Minier, 2005)
that detect a disk-like structure in the northeast-southwestern
direction perpendicular to the molecular outflow (Keto, 1991;
Davis et al., 1998). Figure 1 shows the various outflow/disk axes
discussed in the literature so far. Setting high-spatial-resolution
near-infrared speckle images of the region into context with
the existing data, Kraus et al. (2006) propose precession of the
underlying disk-jet structure as the main reason for observing
di! erent axis orientations. Furthermore, Ho! man et al. (2003)
report high-spatial-resolution observations of the rare H2CO
maser emission that is also consistent with a very young disk
candidate (cf. Araya et al. 2007). In addition to the proposed
CH3OH maser disk, Minier et al. (2000) identified a few addi-
tional CH3OH maser positions, several of them approximately
in the east-west direction but one also in the south of the
core (Fig. 1). All these additional maser components are blue-
shifted with respect to the vlsr and the southern position is said
to be associated with the ionized north-south jet (Minier et al.,
2001). Qiu et al. (2011) observed red-shifted absorption toward
NGC7538IRS, which they interpret as infall motions of the
dense gas.

Resolving this region with the PdBI in the 1.3mm contin-
uum emission, as well as several spectral lines at ∼800AU res-
olution, the source still remains one compact continuum core
without evidence of significant fragmentation (Beuther et al.,
2012a). Furthermore, in the dense gas spectral lines, we iden-
tified a velocity gradient in the northeast-southwest direction
that is consistent with the mid-infrared disk hypothesis of
De Buizer & Minier (2005). However, the velocity profiles are
strongly a! ected by absorption against the strong continuum,
which made interpretating of velocity structures from a poten-
tial disk almost impossible. Nevertheless, the absorption profiles
allowed us to estimate approximate mass infall rates on the order
of 10−2 M# yr−1.

Based on these exciting results, we now aim to resolve and
study this promising massive disk candidate at the highest spa-
tial resolution possible in pre- and early-ALMA (Atacama Large
Millimeter Array) time, as well as in higher excited lines that
may not be as a! ected by the absorption than the lines of the
previous studies. It should also be noted that this important
northern-sky star-forming region will never be accessible with
ALMA. Therefore, we observed NGC7538 IRS1 at the short-
est wavelengths accessible with the PdBI at 843µm in its most
extended configuration. These observations resolve the submm
continuum and spectral line emission (HCN(4 − 3)v2 = 1,
CH3OH(151,14−150,15) and HCO+(4−3)) at previously unacces-
sible 0.2′′ × 0.17′′ spatial resolution corresponding to linear res-
olution elements of ∼500AU. Questions we are addressing with
these observations are: What are the fragmentation properties of
the innermost core region? What are the rotational properties of
that entity? How does the innermost outflow structure relate to
the rotational structure?

2. Observations
NGC7538 IRS1 was observed, together with NGC7538S, in
a shared-track mode in A configuration on February 27,
2012. The phase center of NGC7538 IRS1 was R.A (J2000.0)
23h 13m45.360s, Dec. (J2000.0) 61o 28′ 10.55′′. Phase calibra-
tion was conducted with regularly interleaved observations of
the quasars 0059+581, 0016+731, and 2320+506. The band-
pass and flux were calibrated with observations of 3C279. The
absolute flux level is estimated to 20% accuracy. The contin-
uum emission was extracted from apparently line-free broad

Fig. 1. PdBI 843µm continuum image toward NGC7538 IRS1.
The full line contour levels start at 3! values and continue in
1! steps of 50mJy beam−1 (black contours from 3 to 9! , white
contours from 10 to to 14! ). The dashed contour shows the
same negative levels. The thick full line presents the 4! con-
tour (1! ∼ 29mJy beam−1) from the 1.36mm data presented
in Beuther et al. (2012a). Several potential disk and outflow
axes reported in the literature are presented (Davis et al. 1998;
De Buizer & Minier 2005; Sandell et al. 2009; Pestalozzi et al.
2004, 2009; Sandell & Wright 2010, see Introduction for more
details). The thick line presents the axis along which the
position-velocity diagrams in Figure 4 are conducted. The north-
ern and northwestern peaks submmN and submmNW are la-
beled, and the open star, the six-pointed star, and the white
triangles mark the positions of the OH, H2CO, and addi-
tional CH3OH masers (Argon et al., 2000; Ho! man et al., 2003;
Minier et al., 2001). A scale-bar and the synthesized beam
(0.2′′ × 0.17′′) are shown as well. The 0/0 position is the phase
reference center in section 2.

band data obtained with the WIDEX correlator with four units
and two polarizations covering the frequency range from 354.16
to 357.77GHz. The 1! continuum rms for NGC7538 IRS1 is
50mJy beam−1. To extract kinematic information, we put sev-
eral high-spectral resolution units with a nominal resolution of
0.312MHz or 0.26 km s−1 into the bandpass covering the spec-
tral lines with upper level energies Eu/k between 43 and 1050K
(Table 1). The spectral line rms for 1.0 km s−1 wide spectral
channels measured in emission-free channels, as well as chan-
nels with emission, varies between 30 and 55mJy beam−1. The
vlsr is ∼ −57.3 km s−1 (Gerner et al. in prep., van der Tak et al.
2000; Sandell & Wright 2010). The data were inverted with a
“robust” weighting scheme and cleaned with the Clark algo-
rithm. The synthesized beam of the final continuum and line
data is ∼ 0.2′′ × 0.17′′ (PA 93◦). While NGC7538 IRS1 is ex-
traordinarily strong in line and continuum emission, NGC7538S
is much weaker – it was not detected in the spectral lines – and
even imaging of the continuum was di" cult. Therefore, we do
not discuss the NGC7538S data.

2

843µm
sub-structure
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¥ 100pc以内にあるmoving groupの惑星探査観測
¥ 年齢: 10-200 Myr

¥ ~80天体

¥ 4つの天体で伴星
¥ brown dwarf: PZ Tel B(36Mj, 16AU), CD -35 2722B(31Mjup, 67AU)

¥ sub-stellar: HD12894B(0.5M⦿, 16AU), BD+07 1919C(0.2M⦿, 13AU)

¥ 1-20Mjup伴星の頻度
¥ 10-150AU: <18%

¥ 10-50AU: <7%
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¥ LupusI~IVの星間ダストの性質調査
¥ 背景星のスペクトル観測を使用

¥ 赤外測光と1-25µm分光

¥ H2OアバンダンスはTaurusと同程度
¥ 近傍にhot starがないのでiceの蒸発が起きない

¥ envelopeよりもファクターで小さい

¥ Lupusはearly chemical stage
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¥ Class I天体IRS63とIRS43の星周構造観測

¥ SMA, 1.1mm cont., HCO+(3-2)

¥ radiative transferを解いて放射+SEDを再現
¥ 原始星+envelope+disk

¥ ダスト連続波でring構造(IRS63)

¥ ケプラー回転(IRS43)

¥ IRS63ではfreeze-out chemistryを入れるとHCO+を良く再現
¥ 低Lbol、円盤質量が大きいことからもfreeze-outが予想される(diskで)
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Fig. 1. Moment 0 (contour) and 1 (color) maps of the HCO+ J=3-2
line (left) and 1.1 mm continuum image (right) of IRS 63 and IRS 43.
The beam is shown by the black ellipses. The dashed grey line marks
the direction of the velocity gradient.

Fig. 2. Continuum visibility amplitudes of IRS 63 at 1.1 mm. The
green markers are the visibilites covered by the PROSAC compact con-
Þguration track while the blue markers show the data covered by the ex-
tended conÞguration track. The black histogram shows the zero-signal
expectation. The red curve shows the Fourier transform of a thin ring
with a radius of 180 AU.

the standard description of a 2D disk in hydrostatic equilibrium
parameterized by

! disk(R, z) =
1

!
2" H

! (R) áe" ( z
2H )2

(1)

where,

! (R) = ! 0(R/ R0)" 1 (2)
H(R) = RáH0/ R0(R/ R0)2/ 7. (3)

We ÞxH0 = 40 AU, leaving us with two free parameters for the
disk, the surface density! 0 at R0 and the outer radius where the
density proÞle (Eq. 1) is truncated. The inner radius of the disk
has been Þxed at 1 AU. This choice may to some extent a" ect
the appearance of the SED at near-infrared wavelengths, but this
has no inßuence on the parameter values we derive in this paper.

We did not include the disk inclination as a free parameter, but
rather adopted a value for IRS 63 of 30# from Lommen et al.
(2008) who based that number on the brightness of the 3-5µm
ßuxes. Note also that in order to see the ring structure in the
visibility amplitudes as described in Sect. 3, the disk needs to
be relatively face-on. We did however test SEDs calculated for
both higher and lower inclinations and found that while any Þt is
largely indistinguishable at inclinations lower than 30#, the Þts
become rapidly worse at inclinations higher than 50#. We did
not have a previous estimate for the inclination for IRS 43, but
we adopted a high inclination of 70# based on the ßattened ap-
pearance of the HCO+ moment map (Fig. 1) and the fact that we
do not see any sign of a ring pattern in the continuum visibility
amplitudes.

For the envelope we use a simple spherical power-law model,

! env(r) = ! 0(r/ r0)" p, (4)

with four free parameters, the density! 0 at R0, the power-law
slopep and the inner and outer radius of the envelope. The total
density is given by the sum of! disk and! env.

With these proÞles we have eight free parameters in total.
The temperature is calculated self-consistently using the radia-
tion transfer code RADMC-3D3 and opacities of coagulated dust
with thin ice mantles from Ossenkopf & Henning (1994). We use
the LIME radiation transfer code (Brinch & Hogerheijde 2010)
to calculate continuum images at 450µm and 850µm, and 1.1
mm. The latter is sampled by the visibilities from our SMA ob-
servations and (u,v)-amplitudes are extracted from the resulting
visibility set using MIRIAD. The model ßuxes from RADMC-
3D and the images and visibilities from LIME are compared si-
multaneously to the SED, the SCUBA images and the SMA 1.1
mm visibility amplitudes. The eight input parameters are varied
to obtain the best Þtting model. We use the PIKAIA genetic al-
gorithm (Charbonneau 1995) to search the parameter space and
once the best Þt has been found, a local gradient search algorithm
is used to estimate the error bars on the parameter values. We
assume that the errors in the data are dominated by a 20% cal-
ibration uncertainty. We ran more than hundred thousand SED
models for the PIKAIA algorithm to converge on the best solu-
tion and we ran the optimization scheme twice to make sure that
the same solution was obtained using a di" erent random number
seed. The error bars on the parameter values are determined by
the distance along the axis in parameter space where the#2 value
has increased by one with respect to the best Þt#2 value.

First we consider IRS 63. Including the Spitzer IRS and Her-
schel PACS spectra for IRS 63, we have a fully sampled SED
from 10 to 200µm. The resulting best SED Þt is shown in Fig. 3
and the corresponding best Þts to the SCUBA and SMA data
are shown in Fig. 4. The comparison between our model and
the SMA data is done in (u,v)-space: after multiplication with
the primary beam of the SMA and Fourier transformation, the
model is sampled with the observed visibilities. Table 1 shows
the best Þt parameters for IRS 63, including error bars. The disk
surface density and envelope reference density are given at the
disk radius and the outer radius of the envelope respectively. In-
terestingly, we Þnd a best Þtting disk radius of 165 AU which is
almost the same radius as the ring we identiÞed in the continuum
visibilities in Sect. 3, even though we binned the visibilities in
much wider bins to smooth out the nulls during the model opti-
mization.

3 http://www.ita.uni-heidelberg.de/$dullemond/software/radmc-3d/
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Fig. 6. PV-diagrams of IRS 63 a) and IRS 43 b) and the coresponding best fit models c) and d). The black points and error bars in a) and b) are
the channel-by-channel Gaussian fit to the (u,v)-flux. The red curves are not Keplerian rotation, but rather the best fit velocity field as given by
Eq. 5. The PV-diagrams a) and b) are taken along the grey line shown in Fig. 1.

Table 3.Comparison of sources

Region Lbol[L�] Menv[M�] Mdisk[M�] Mstar[M�] Inclination

IRS 63 Ophiuchus 1.0 0.07 0.099 0.8 30�
IRS 43 Ophiuchus 2.6 0.22 0.004 1.9 70�
L1489 IRSa Taurus 3.7 0.09 0.004 1.4 74�

a Numbers are taken from (Brinch et al. 2007b).

Fig. 7. PV-diagrams of the IRS 63 model in a high spatial resolution of 0.0500. In the left panel, the HCO+ abundance is constant and in the center
and the right panel, the HCO+ abundance is an order of magnitude lower at temperatures below 20 K and 30 K respectively.
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Figure 1: Spitzer/MIPSGAL 24µm image of the Galactic plane (Carey et al. 2009), shown as a series of
11! ! 2! panels (with 1! overlap between each), overlaid with red contours of 12CO emission from the
Dame, Hartmann & Thaddeus (2001) survey. The region planned for our Mopra survey, from l = 305! to
345! , b= ± 0.5! , is indicated with the blue dotted lines. The data included in this paper, from the G323
region, comes from the region indicated by the solid green box.
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Fig. 1. Continuum map at 350 µm obtained at the CSO with the
SHARC instrument. The contours have a step of 0.5 Jy/beam
from 0.5 to 4 Jy/beam and 1 Jy/beam for larger fluxes, as drawn
on the right. The white stars indicate the position of B1–bS
and B1–bN and the black star corresponds to the Spitzersource
[EDJ2009] 295. The black dot gives the position of our molecu-
lar survey.

from the wobbler–switched spectra, while higher order polyno-
mials were necessary for the frequency switched data.

3. Continuum and molecular line modelling

The distance of the source is taken to be 235 pc (Hirota et al.,
2008). At this distance, an angular size of 10!! corresponds to a
physical size of 0.0114 pc.

3.1. Continuum

In order to derive the gas temperature and H2 density profiles,
we used continuum observations at ! = 350 µm and ! = 1.2 mm,
respectively obtained at the CSO and IRAM telescopes. The cor-
responding continuum maps are reported in Fig. 1 and 2. In these
figures, we indicate the positions of the B1–bS and B1–bN cores
identified by Hirano et al. (1999) as well as the Spitzersource
[EDJ2009] 295 (" = 03h33m20.34s ; # = 31" 07!21.4!! (J2000))
referenced in Jørgensen et al. (2006) and Evans et al. (2009).
The peak position of the 1.2 mm observations is found at " =
03h33m21.492s ; # = 31" 07!32.87!! (J2000), which is o! set by
(+8!! ,-1!! ) with respect to the position of the molecular line ob-
servations given in Sect. 2. The 350 µm observations peak at
the B1–bS position and is thus o! set by #6!! to the south–south
west, with respect to the 1.2 mm peak position. In the modeling,
we assumed that the central position of the density distribution is
half–way between the 350 µm and 1.2 mm peaks, which corre-
sponds to the coordinates " = 03h33m21.416s ; #= 31" 07!29.79!!

(J2000). In order to characterize the continuum radial behaviour,
we performed an annular average of the map around this posi-
tion. In the B1 region, there are two other cores, labelled B1–d
and B1–c by Matthews & Wilson (2002), which are respectively
o! set by #80!! to the SW and #125!! to the NW from the central
position. While performing the average, we discarded the points
distant by less than 30!! from these two cores. The fluxes defined

Fig. 2.Same as Fig. 2 but for the 1.2 mm continuum observed at
the IRAM telescope with the MAMBO instrument. The contours
have a step of 30 mJy/beam from 30 to 150 mJy/beam and 50
mJy/beam for higher fluxes, as drawn on the lookup table on the
right.

in this way are represented in Fig. 3 and the error bars represent
one standard deviation, $ .

3.1.1. Modelling

In order to infer the radial structure of the source from these ob-
servations, we performed calculations using a ray–tracing code.
As an input, we fix the H2 density and temperature profiles which
gives, as an output, the intensity as a function of the impact pa-
rameter. The model predictions are then compared to the obser-
vations by convolving with the telescopes beams, which are re-
spectively approximated by Gaussians of 9!! and 15!! FWHM for
the CSO and IRAM telescopes.

As a starting point, we performed a grid of models assuming
that the source is isothermal. We fixed the dust temperature at Td
= 12K, which is the typical temperature of the region, according
to the analysis of NH3 observations reported by Bachiller et al.
(1990) or Rosolowsky et al. (2008). We parametrized the density
profile as a series of power laws, i.e :

n0(r) = n0 if r < r0 (1)

ni(r) = ni$1(ri$1) %
! ri$1

r

"" i

if ri$1 < r < ri (2)

and we computed a grid of models with the following parame-
ters kept fixed : r0 = 5!! , r1 = 35!! , r2 = 125!! , r3 = 450!! and
" 3 = 3.0. The density profile is thus described by three free pa-
rameters, the central H2 density n0, and the slopes of the first
and second regions, " 1 and " 2. This choice is based on some
preliminary models, for which we found that these delimiting
radii were accurate in order to reproduce the morphology of the
SED. Moreover, the slope of region 3 was found to be poorly
constrained which motivated us to keep it fixed.

The dust absorption coe" cient is parametrized according to

%abs(! ) = %1300

#
1300

!

$&

(3)

4

350µm
SHARC/CSO
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(a) (b)

(c)

Fig. 5. Abundance profiles of the N2H+ isotopologues derived from the modeling (red lines). The shaded areas give a confidence
zone for the abundance as delimited by the lower and upper boundaries in each region (see Sect. 3.2 for details).

(a) (b)

(c) (d)

Fig. 6. Abundance profiles of the HCN isotopologues derived from the modeling.
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(a) (b) (c)

Fig. 10. Observed (histograms) and modeled (red lines) spectra for (a) N2H+ (J=1-0) (top panel) and N2H+ (J=3-2) (bottom panel)
(b) N2D+ (J=1-0) (top panel) and N2D+ (J=3-2) (bottom panel) (c) N15NH+ (J=1-0) (top panel) and 15NNH+ (J=1-0) (bottom
panel). The shaded areas correspond to the variations expected from the error-bars set on the abundance profiles and represented in
Fig. 5.

Fig. 11. Map of the observed (histograms) and modeled (red lines) spectra of N2H+ (J=1–0). The background corresponds to a map
of the iscocontours of the intensity integrated over all the hyperfine components. The map on the right side shows the isocontours
with the same scale for the right ascension and declination. The white crosses indicate the position of the B1–bN and B1–bS sources
identified by Hirano et al. (1999), as well as the Spitzer source reported by Jørgensen et al. (2006).
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Fig. 22.14N/15N isotopologue abundance ratio for the molecules
of the nitrogen hydride and nitrile families.

given in Sect. 3.2, we can deÞne a mean gas temperature, av-
eraged over all the molecules considered in this work, that de-
scribes the mean temperature of the gas from which the emission
originates. We Þnd thatTK = 13.7+1.9

�2.6 K. At such high temper-
atures, the nitrogen fractionation might already be ine↵ective.
Indeed, as shown by Rodgers & Charnley (2008), decreasing the
gas temperature from 10K to 7K can lead to an increase by a
factor⇠3 in the15NÐenrichment for the NH3 and N2 molecules.
This e↵ect is partly due to the low exothermicity of the exchange
reactions that involve the15N+ ions, which are typically in the
range�E = 20� 30K. As a consequence, small variations of
the temperature around the canonical value of 10K, commonly
used to describe prestellar cores, could result in substantial vari-
ations in15NÐfractionation e↵ects, because of the variations of
the backward reaction rates. However, to date, a quantitative esti-
mate of the amount of15NÐfractionation for temperatures higher
than 10K has never been addressed by astrochemical models.
The strong dependence of15NÐfractionation e↵ects with temper-
ature would imply that the14N/15N ratio should vary within the
sources with temperature gradients. However, this issue cannot
be addressed in the present study, since to test this hypothesis
it would be necessary to constrain the models on the basis of
emission maps of the15NÐsubstituted species. Finally, the cur-
rent model shows that at the core center, all the molecules are af-
fected by depletion onto dust grains. Thus, it cannot be discarded
that fractionation e↵ects could have occurred earlier in the life of
the B1b cloud. However, the15N enrichment would nowadays be
unobservable, since the molecules formed in the previous colder
evolutionary stages would have been subsequently incorporated
into the ice mantles that surround the dust grains.

As discussed by Wirstr¬om et al. (2012), in order to link the
prestellar phase chemistry with the observations of the solar sys-
tem, the astrochemical models have to be able to produce high
degrees of fractionation for both15N and D substituted isotopo-
logues. Another prerequisite is that they also have to account for
the fact that the meteoritic hotÐspots for these two isotopes are
not necessarily coexistents. In the present case, while no15NÐ
fractionation is seen for both the nitriles and nitrogen hydrides
in B1b, we conclude that the nitrogen hydrides are highly frac-
tioned in deuterium. The DÐfractionation for the nitriles is also
found to be high, even if lower than for the nitrogen hydride
family. Hence, the gas depleted at this evolutionary stage will
create hotÐspots in D and will not be associated with high15N
enrichments.

5. Conclusion

We report a model based on continuum emission and molecu-
lar line observations for the B1b region, located in the Perseus
molecular cloud. First, we modelled the 350µm and 1.2 mm
continuum radial proÞles to obtain an estimate of the tempera-
ture and H2 density distributions in the source. These density and
temperature proÞles were subsequently used as an input for the
nonÐlocal radiative transfer modeling of the molecular lines. The
molecular data include DÐ,13CÐ and15NÐsubstituted isotopo-
logues of molecules that belong to the nitrogen hydride family,
i.e. N2H+ and NH3, as well as molecules from the nitrile family,
i.e. HCN, HNC and CN. For each molecule, the radial abundance
proÞle was divided in several zones, in which the molecular
abundance was considered as a free parameter. The best estimate
for the abundance proÞle was then obtained from a LevenbergÐ
Marquardt algorithm, which minimizes the! 2 between models
and observations. Additionally, since our13CÐ and15NÐ obser-
vations are only towards a single position, we assumed that the
various isotopologues have abundance proÞles that only di↵er
by a scaling factor.

A common feature obtained for all the molecules is that in
the innermost part of B1b, all the molecules have abundances,
which are at least one order of magnitude lower than the peak
abundance found in the envelope. Since all the molecules seem
a↵ected, this feature is interpreted as depletion onto dust grains
rather than due to chemical destruction, a process that might
be invoked for N2H+ since the innermost region of B1b has a
temperature which is close to the CO thermal desorption tem-
perature. We derived high degrees of deuteration with the D/H
ratio increasing inwards. On the other hand, we derived simi-
lar 14N/15N abundance ratios for all the molecules and indepen-
dently of the chemical family, with an average ratio of⇠300.
This value is consistent with a recent estimate of the14N/15N
atomic elemental abundance ratio obtained for warmer sources
in local ISM. We thus conclude that the ratio14N/15N⇠300 in-
ferred from the molecules is representative of the atomic ele-
mental abundances of the parental molecular cloud. We propose
that the absence of15NÐfractionation in B1b is a consequence of
the relatively high gas temperature of this region, as compared
to the low temperatures that can be reached during the prestel-
lar phase. The current state of the chemistry in B1b would not
produce any15NÐfractionation. On the other hand, it cannot be
excluded by the current observations that conditions favorable to
produce a15NÐenrichment were met during earlier evolutionary
stages of the cloud. Since the molecules are found to be a↵ected
by depletion onto dust grains, the products of such a chemistry
could have been incorporated into the ice mantles that surround
the dust grains.

Given that15NÐfractionation e↵ects can have strong impli-
cations for our understanding of the diversity observed in the
various bodies of the solar system, it would be important to ex-
tend such a study focusing on earlier evolutionary stages with
lower gas temperature, more favorable for producing nitrogen
fractionation. Additionally, it was found in the current study that
a direct estimate of the fractionation in the nitriles, i.e. HCN and
HNC, is di�cult because of the large opacities of the lines. This
di�culty is not found for CN since this molecule is an openÐ
shell molecule, which leads to a redistribution of the total opac-
ity of the rotational line over a larger number of radiative tran-
sitions. Observations of less abundant species from this family,
like HC3N, would thus be particularly helpful. Moreover, we had
to use the double isotope method to estimate the HCN and HNC
column densities, from the H13CN and HN13C isotopologues.
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Fig. 3. Comparison of the observed and model ßuxes as a func-
tion of radius at 350µm (bottom panel) and 1.2 mm (upper
panel). The blue curve corresponds to a model obtained assum-
ing that the source is isothermal at Td=12K. The red curve corre-
sponds to a model where we introduced a temperature gradient.

with ! expressed inµm and"1300 being the absorption coe! -
cient at 1.3 mm. Values for the dust absorption coe! cient were
determined by Ossenkopf & Henning (1994), for the case of dust
grains surrounded by ice mantles. The values were found to be in
the range 0.5 < "1300 < 1.1 cm2/g, where"1300 is given in func-
tion of the dust mass. Hence, we Þxed the gasÐtoÐdust mass ratio
to 100 and furthermore Þxed the absorption coe! cient to"1300=
0.005 cm2/g, where"1300 is this time refereed to the mass of gas.
The results of the models depend only on the product"1300! n0.
The grid is then computed considering# as an additional free
parameter.

From the results of the grid, it appears that the best models
are found for parameters in the range : 3 106 < n0 < 6 106 cm" 3,
2.0 < $1 < 2.4, 1.2 < $2 < 1.5 and 1.7 < # < 2.4. However, we
could not Þnd a model that would Þt satisfactorily the radial pro-
Þles at both wavelengths. The origin of the problem is illustrated
in Fig. 3. In this Þgure, the blue curve corresponds to a model
that satisfactorily reproduces (i.e. within 30%) the 1.2 mm radial
proÞle. It can be seen that this model is able to reproduce the ßux
at 350µm, for radii r < 20##. However, for larger radii, the ßux
is overestimated by a factor 3. Obviously, such a radial depen-
dence cannot be accounted for by a modiÞcation of then0, "1300
or # parameters, since changes in these parameters would mod-
ify the relative ßuxes at both wavelengths and independently of
the radius.

A solution to this problem is to introduce a temperature gra-
dient in the model. Indeed, an increase of the dust temperature
will a" ect di" erently the ßuxes at 350µm and 1.2 mm, produc-
ing a larger increase at the shorter wavelength. We thus modiÞed
the best model obtained from the grid analysis by introducing a
gradient in the dust temperature, from 17K in the center to 10K
in the outermost region. The resulting Þt is shown by the red
curve in Fig. 3. The parameters of this model aren0 = 3 106

Fig. 4. Temperature (blue curve, right axis) and H2 density
(black curve, left axis) derived from the SED Þtting.

cm" 3, $1 = 2, $2 = 1.2 and# = 1.9. The dust temperature
and H2 density are represented in Fig. 4. With the density pro-
Þle deÞned this way, the peak value of the H2 column density
is N(H2) = 2.1 1023 cm" 2. The average column density, within
a 30##FWHM beam, is N(H2) = 7.6 1022 cm" 2, in good agree-
ment with the estimate of Johnstone et al. (2010), i.e. N(H2) =
8.2 1022 cm" 2, obtained assuming the same beam. The FHWM
of the column density distribution is$16##. Finally, the current
density proÞle corresponds to enclosed masses of 0.5, 1.8, 4.5
and 13.1 M%for delimiting radii of 10, 30, 60 and 120##, respec-
tively ($ 0.01, 0.03, 0.07 and 0.14 pc, assuming a distance to B1
of 235 pc).

3.1.2. Comparison with previous studies

B1b has been the subject of many studies with both groundÐ
and spaceÐbased telescopes. In particular, interferometric ob-
servations by Hirano et al. (1999) lead to the identiÞcation of
two cores, separated by$20## and designated as B1ÐbS and
B1ÐbN. These objects are respectively o" set by (+6##,-7##) and
(+5##,+10##) with respect to the central position of our observa-
tions (see Sect. 2) and are thus both at a projected distance$10##.
By modelling the SED from 350µm to 3.5 mm, these authors
found that both objects can be characterized by a dust tempera-
ture of Td = 18K, with a density distribution consistent withn(r)
& r" 1.5 and without central ßattening. They estimated the bolo-
metric to submm luminosities toLbol/ Lsubmm$ 10, well below
the limit of 200 for class 0 objects (Andre et al., 1993). Thus,
these characteristics would suggest that the two sources are very
young class 0 objects.

Recently, Pezzuto et al. (2012) characterized B1ÐbS and B1Ð
bN by combiningSpitzer, Herscheland groundÐbased observa-
tions. The modelling of the SEDs showed that the two objects
are more evolved than prestellar cores, but have not yet formed
class 0 objects. In particular, the non-detection of B1ÐbS at 24
µm and detection at 70µm place this source as a candidate for
the Þrst hydrostatic core stage. However, the bolometric lumi-
nosity of this source, estimated asLbol $ 0.5 L% is above the
limit of 0.1 L% that characterizes the maximum luminosity at
this evolutionary stage (Omukai, 2007). The nonÐdetection of
B1ÐbN at these two wavelengths gives this source the status of a
less evolved object. Pezzuto et al. (2012) described these objects
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Fig. 2: Simulated images of the disc-planet models used in this study for the case of an embedded planet orbiting at 20 AU (white
dot). Left to right columns correspond to polarised intensity (PI) ZIMPOL images in the R-band (0.65µm), PI HiCIAO images
in H -band (1.6µm) and intensity (I) ALMA images at 850µm. Top, middle and bottom rows show images obtained for planet
masses ofM p = [1 , 9, 15]M Jup respectively. All images in the same band (column) share the colour scale, although the cases of
9 and 15M Jup in R and H polarised intensity have been multiplied by a small factor to enhance the contrast. See Section 2 for
details on how the models/images were generated.

R ⇠ 20 AU to R ⇠ 50 AU for the intermediate and high
planet mass cases respectively.

The ZIMPOL images in R-band are particularly inter-
esting in this cases. For the 9MJup planet case, the simu-
lated observation profile (dashed blue line in middle-right
panel of Figure 3) shows an inner ring that extends from
R ⇠ 5 AU to R ⇠ 15 AU that is not present in the more
massive 15MJup case. The presence of this inner ring is a
very interesting feature that differentiates between compan-
ion masses above or below the deuterium-burning limit of
⇠13 MJup

1, which is often used as a dividing line between
planets and brown dwarf companions. The full resolution
radial profiles of the H and R images in these two cases
(blue and yellow lines in middle and bottom left panels of
Fig. 3) show that the scattered flux from the inner  17 AU
radii in the 9MJup case is about an order of magnitude
higher than that of the 15MJup planet in that same re-

1 The deuterium-burning limit can range between 11Ð16 M Jup

depending on the metallicity (Spiegel et al. 2011)

gion. Unfortunately, HiCIAO is not able to resolve it in
the H-band, and in ZIMPOL images this radial region is
dominated by speckles due to the proximity to the star.
Therefore, although the feature is resolved, its detection is
not reliable enough.

3.3. E! ect of the disc inclination

So far, we have considered the case of a disc with a i = 0 �

inclination (i.e. pole-on) but the emission and scattering im-
ages of inclined discs can differ considerably from this case.
Figure 4 shows the same disc-planet cases presented in Fig-
ure 2 (i.e. Mp = [1 , 9, 15]MJup at Rp = 20 AU ) with an
inclination of i = 35� (angle measured from pole-on). In
general, the structural features (i.e. gaps and rings) remain
the same while the brightness patterns become asymmetri-
cal. The polarised intensity images show clearly the effect of
forward scattering, which makes the near side of the disc ap-
pear brighter than the far side. This effect is caused by the
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Fig. 3: Radial profiles of the theoretical images (left panel) and simulated observations (right panel) of a 3 Myr disc with a planet
of mass M

p

= [1 , 9, 15]M
Jup

from upper to lower panels, in the R (0.65µm), H (1.6µm) and 850µm bands. Solid lines correspond
to intensity (I) profiles while dashed lines correspond to polarised intensity (PI). The vertical dotted black line indicates the radial
position of the planet at 20 AU.

fact that dust particles, depending on their size with respect
to the incoming wavelength, can scatter light di! erently in
di! erent directions. In particular, grains with sizes 2! a > "
are very strong forward scatterers which means that the
population of a > 1µm dust grains will show this e! ect in
observations with ZIMPOL and HiCIAO PI at " ! 1.6µm.
The di! erence in brightness between both sides can be used
as an estimator of the size of dust particles in the disc al-
though one needs to be careful and appropriately account
for the e! ects of dust particle shape and structure (Mulders
et al. 2013).

In the transitional discs we model in this study, the
e! ect of the forward scattering turns out to be even more
useful since it makes possible to detect more clearly the
dust particles in the inner regions (R < R

p

) of the disc.
Indeed, the ZIMPOL images of the 35! inclined discs for
the M

p

= 9 , 15M
Jup

cases (middle and bottom images in
the Þrst column of Fig. 4) are now clearly distinguishable.
The former shows scattering from the dust particles in the
inner region of the disc while the latter does not, due to the
fact that the depletion of particles is much higher in this
case (see Section 4 below for details).

The ALMA simulations show the opposite behaviour in
the brightness pattern, where the far side appears brighter
than the near side. This is simply due to the fact that we
are observing the emission of warmer dust in the far side
and colder dust in the near side. In other words, we are
looking directly at the wall of 1 mm particles illuminated

by the star in the far side, while we are seeing the cold dust
at the “back” of the disc in the near side.

3.4. Variation with planet position

As the planet orbits further away from the star, the basic in-
ner discÐgapÐouter disc morphology of the disc remains the
same for all planet mass cases, all re-scaled to the position
of the planet. Figure 5 shows ZIMPOL images inR-band
(0.65µm) for all three cases of planet mass studied before,
now at planet orbit radii of R

p

= [20, 40, 60] AU. The white
dot indicates again the position of the planet. Overplot-
ted, the contour black lines show the emission predicted for
ALMA at 850µm.

The images show how the inner disc becomes more ex-
tended for larger orbit radii in all planet mass cases, al-
though due to the larger distance between the dust and the
star, the scattering weakens and the ZIMPOL images be-
come fainter. This e! ect also increases with the mass of the
planet in the outer part of the disc. The radius of the ring
detectable by ALMA (black contour lines), which traces
the particle trap, increases in general with planet mass
and separation. It is important to note how for the case
of M

p

= 1 M
Jup

, the gap in the ZIMPOL images remains
quite narrow, tracing, almost exactly, the orbit of the planet
orbit radii of 20 and 40 AU. In the case ofR

p

= 60 AU the
inner disk becomes too faint to distinguish the outer edge.
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