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ABSTRACT

We show that the very young brown dwarf candidate ISO 217 (M6.25) is driving an intrinsically asymmetric bipolar outflow with
a stronger and slightly faster red-shifted component based on spectro-astrometry of forbidden [S II] emission lines at 6716 Å and
6731 Å observed in UVES/VLT spectra taken in 2009. ISO 217 is only one of a handful of brown dwarfs and very low-mass stars
(M5–M8) for which an outflow has been detected and that show that the T Tauri phase continues at the substellar limit. We measure
a spatial extension of the outflow in [S II] of up to ±190 mas (about ±30 AU) and velocities of up to ±40–50 km s−1. We find that
the basic outflow properties (spatial extension, velocities, and outflow position angle) are of similar order as those determined in the
discovery spectra from May 2007 of Whelan and coworkers. We show that the velocity asymmetry between both lobes is variable on
timescales of a few years and that the strong asymmetry of a factor of two found in 2007 might be smaller than originally anticipated
when using a more realistic stellar rest-velocity. We also detect forbidden line emission of [Fe II]λ7155 Å, for which we propose as a
potential origin the hot inner regions of the outflow. To comprehensively understand the ISO 217 system, we determine the properties
of its accretion disk based on radiative transfer modeling of the SED from 0.66 to 24 μm. This disk model agrees very well with
Herschel/PACS data at 70 μm. We find that the disk is flared and intermediately inclined (i ∼ 45◦). The total disk mass of the best-fit
model is 4 × 10−6 M�, which is low compared to the accretion and outflow rate of ISO 217 from the literature (∼10−10 M� yr−1). We
propose that this discrepancy can be explained by either a higher disk mass than inferred from the model because of strong undetected
grain growth and/or by an on average lower accretion rate and outflow rate than the determined values. We show that a disk inclination
significantly exceeding 45◦, as suggested from Hα modeling and from both lobes of the outflow being visible, is inconsistent with the
SED data. Thus, despite its intermediate inclination angle, the disk of this brown dwarf does not appear to obscure the red outflow
component in [S II], which is very rarely seen for T Tauri objects (only one other case).

Key words. brown dwarfs – stars: pre-main sequence – circumstellar matter – stars: formation – ISM: jets and outflows –
stars: individual: ISO 217

1. Introduction

Jets and outflows are a by-product of accretion in the star for-
mation process (e.g., Ray et al. 2007, for a review). They have
been observed for many classical T Tauri stars (CTTS) in terms
of the emission in atomic and molecular lines that originates in
the radiative cooling zones of shocks with moderate to large
velocities (a few tens to a few hundred km s−1). These detec-
tions have been made either directly through narrow-band imag-
ing, e.g. in molecular lines of CO or forbidden emission lines
(FELs), or through spectro-astrometry of FELs (in some cases
also of Hα emission lines). It has been suggested that jets trans-
port a significant amount of excess angular-momentum from
the accretion disk, as some jets have been found to rotate (e.g.,
Launhardt et al. 2009). The observed correlation between mass
outflow and disk accretion indicates a magnetohydrodynamic
jet-launching mechanism. The jet could originate from either a
wide range of disk radii (“disk wind model”), as favored by a
high-resolution kinematic and collimation study of [Fe II] emis-
sion in DG Tau (Agra-Amboage et al. 2011), or the interface be-
tween the star’s magnetosphere and the disk (“X wind model”).

� Based on observations obtained at the Very Large Telescope of the
European Southern Observatory at Paranal, Chile in program 079.C-
0375(A), 080.C-0904(A), and 082.C-0023(A+B).

Typical mass-loss rates for CTTS are found to be on the order
of 10−9−10−7 M� yr−1, which is about 5% to 10% of the mass
accretion rate through the disk (e.g., Sicilia-Aguilar et al. 2006,
2010; Fang et al. 2009).

The technique of spectro-astrometry plays a major role in
probing the innermost region of jets, where the central engine
is (�10 AU) and most of the collimation and acceleration occurs
(�100 AU), and in detecting jets of very low-mass objects, for
which the critical density for FELs occurs very close to the driv-
ing source (∼10–30 AU). Exploring jets on such small scales in
nearby star-forming regions (∼150 pc) requires milli-arcsecond
(mas) resolution. Spectro-astrometry is a means of recovering
spatial information well below the diffraction limit of the largest
optical/near-infrared (IR) telescopes by measuring the positional
centroid of the emission as a function of wavelength of an un-
resolved star in slit-spectroscopy. The spatial resolution depends
here only on the ability to measure the centroid position. The
application of this method to CTTS was developed from pio-
neering work starting in the eighties (Solf 1984; Solf & Böhm
1993; Hirth et al. 1994a, 1997) to resolve jets at 10 AU from the
central source (e.g., Garcia et al. 1999; Takami et al. 2001, 2003)
and to discover the jets of brown dwarfs (Whelan et al. 2005).

While many details about the origin of brown dwarfs are still
unknown, it has been established in the past few years that brown
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dwarfs during their early evolution resemble higher mass T Tauri
stars in many properties. Very young brown dwarfs (a few
Myr) display chromospheric activity, such as surface spots (e.g.,
Joergens et al. 2003). There is evidence that brown dwarfs have
disks from mid-IR (e.g., Comerón et al. 2000; Jayawardhana
et al. 2003; Luhman et al. 2008) and far-IR/submm excess emis-
sion (Klein et al. 2003; Scholz et al. 2006; Harvey et al. 2012a).
Many of these disks have been found to be actively accret-
ing (e.g., Mohanty et al. 2005; Herczeg & Hillenbrand 2008;
Bacciotti et al. 2011; Rigliaco et al. 2011) and several show
signs of grain growth and crystallization (e.g., Apai et al. 2005;
Pascucci et al. 2009). Furthermore, very young brown dwarfs ro-
tate on average much slower (e.g., Joergens & Guenther 2001;
Joergens et al. 2003; Caballero et al. 2004) than their older coun-
terparts (e.g., Bailer-Jones & Mundt 2001; Mohanty & Basri
2003), which is indicative of a magnetic braking mechanism due
to interaction with the disk.

The first indication that brown dwarfs and very low-mass
stars (VLMS) might also be able to drive T Tauri-like out-
flows came from the observation of forbidden emission in the
spectrum of an M6.5 dwarf, which is known to be an active
accretor (LS-R CrA 1, Fernandez & Comerón 2001). Spectro-
astrometry of detected forbidden [S II], [O I], and [NII] emis-
sion of several brown dwarfs and VLMS then provided proof
that objects of a tenth of a solar mass to less than 30 MJup can
launch powerful outflows: Par-Lup3-4 (M5), ρOph 102 (M5.51),
ISO 217 (M6.25), LS-R CrA 1 (M6.5), 2M1207 (M8), and ISO-
Oph 32 (M8) (Whelan et al. 2005, 2007, 2009a,b; Bacciotti et al.
2011; cf. also Fernandez & Comerón 2005; Looper et al. 2010).
This was further supported by a resolved image of the out-
flow of the VLMS ρOph 102 (M5.5), which was detected in the
CO J = 2−1 transition with a 10 arcsec spatial offset from the
central source (Phan-Bao et al. 2008; cf. also Phan-Bao et al.
2011). Directly resolving brown dwarf outflows in FELs is, on
the other hand, challenging (e.g., Wang & Henning 2006) be-
cause the critical density of FELs occurs at very close separa-
tions (of ∼100 mas at a distance of ∼150 pc).

The investigated brown dwarfs and VLMS exhibiting out-
flows constitute a small sample of six objects, out of which only
four have a spectral type later than M6 (ISO 217, LS-R CrA 1,
2M1207, ISO-Oph 32), i.e. are at or below the substellar border.
They seem to have similar (scaled-down) properties as CTTS
jets in several respects, as for example they can be asymmetric
and their FEL regions appear to contain both low and high veloc-
ity components. First estimates of their mass-loss rates (Ṁout =
10−9−10−10 M� yr−1, Whelan et al. 2009a; Bacciotti et al. 2011)
and comparisons with mass accretion rates for brown dwarfs
(Ṁacc = 10−9 and 10−11 M� yr−1, e.g., Muzerolle et al. 2003;
Natta et al. 2004; Mohanty et al. 2005; Herczeg & Hillenbrand
2008) give tentative hints of a relatively high Ṁout/Ṁacc ratio,
e.g. 40% for Par-Lup3-4 (Bacciotti et al. 2011). However, given
the small number of only a handful of detected outflows for
brown dwarfs and VLMS, for most of which only single epoch
observations are made, the available data do not yet provide a
robust data set to help us establish their properties. Important
questions remain, concerning for example the degree of colli-
mation and possible variability.

We explore here the bipolar outflow of the brown dwarf can-
didate ISO 217 (M6.25) by means of spectro-astrometry of high-
resolution UVES/VLT spectra taken two years after the discov-
ery data. In a complementary fashion, we determine the disk
properties of ISO 217 based on radiative transfer modeling of

1 Spectral type ρOph 102: Luhman (priv. comm.).

its spectral energy distribution (SED) to comprehensively un-
derstand the disk and outflow system. The paper is organized
as follows: after a summary of the known properties of ISO 217
(Sect. 2), the observations on which our work is based are de-
scribed (Sect. 3). Section 4 presents the modeling of the disk
using flux measurements from the literature. In the next three
sections, our high-resolution UVES spectra of ISO 217 are ex-
ploited by studying emission line profiles (Sect. 5), perform-
ing a spectro-astrometric analysis of forbidden [S II] emission
(Sect. 6), and analyzing our spectro-astrometric detection of the
bipolar outflow (Sect. 7). Section 8 provides a discussion and
conclusion of the ISO 217 disk and outflow system.

2. The brown dwarf candidate ISO 217

ISO 2172 is an M6.25 type very low-mass object (Muzerolle
et al. 2005; Luhman 2007) located in the Chamaeleon I (Cha I)
star-forming region at a distance of ∼160–165 pc. An estimate
of its mass based on a comparison of effective temperature and
luminosity (Teff = 2962 K, Lbol = 0.023 L�, Luhman 2007) with
evolutionary models (Baraffe et al. 1998) yields a value of about
0.08 M�, i.e. close to the hydrogen burning limit.

Mid-IR excess emission of ISO 217 was detected by the
Infrared Space Observatory Camera (ISOCAM, Persi et al.
2000; Lopez Marti et al. 2004) and the Spitzer space mis-
sion (Apai et al. 2005; Pascucci et al. 2009; Luhman et al.
2008) showing that ISO 217 has a disk. A strong 10 μm silicate
emission detected in a spectrum taken by the Spitzer/InfraRed
Spectrograph (IRS) gives evidence of both grain growth and
moderate crystallization in this disk (Apai et al. 2005). The disk
inclination was suggested to be 65◦ based on modeling of the
Hα line profile (Muzerolle et al. 2005; the inclination is defined
here as the angle between the line-of-sight and the stellar rotation
axis, so that 90◦ corresponds to an edge-on system, Muzerolle,
priv. comm.).

ISO 217 displays broad Hα emission with an equivalent
width (EW) varying between 70 Å and 230 Å indicating on-
going variable disk accretion (Muzerolle et al. 2005; Luhman
2004; Scholz & Jayawardhana 2006, this work). Scholz &
Jayawardhana (2006) found that the variability of the Hα line
can be predominantly attributed to the emission wings and thus
to high-velocity infalling gas. Furthermore, a blue-shifted ab-
sorption dip present in the Hα profile (Scholz & Jayawardhana
2006; Whelan et al. 2009a) appears to correspond to a wind
with a velocity of between a few and about 30 km s−1. An es-
timate of the accretion rate based on a magnetospheric model
of the Hα line profile at one epoch yields 1.0× 10−10 M� yr−1

(Muzerolle et al. 2005), which is a typical value for brown
dwarfs and VLMS.

The presence of forbidden [S II]λ6731 line emission in some
spectra of ISO 217 taken by Scholz & Jayawardhana (2006) gave
the first hints for the outflow activity of this very low-mass ob-
ject. A spectro-astrometric analysis of forbidden line emission
in [S II]λ6731, [S II]λ6716, [O I]λ6300, and [O I]λ6363 revealed
that ISO 217 is driving a bipolar outflow with an estimated mass-
loss rate of 2–3 × 10−10 M� yr−1 (Whelan et al. 2009a). We ex-
plore the properties of this bipolar outflow based on spectro-
astrometry of [S II]λ6731 and [S II]λ6716 emission recorded
two years after the discovery data. Furthermore, we determine
the disk properties of ISO 217 by means of SED modeling.

2 Simbad name: ISO-ChaI 217.
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3. Observations

3.1. The spectral energy distribution of ISO 217

To model the disk of ISO 217 (Sect. 4), we used optical to mid-IR
flux measurements from the literature. The existing photometry
in optical (RI) and near-IR (JHK) bands is mainly based on ob-
servations by the ESO 2.2 m/Wide Field Imager (Lopez Marti
et al. 2004), the Two Micron All Sky Survey, and the Deep
Near Infrared Survey of the Southern Sky (e.g., Carpenter
et al. 2002). Mid-IR photometry of ISO 217 was obtained by
ISOCAM (6.7μm, Persi et al. 2000; Lopez Marti et al. 2004),
the InfraRed Array Camera (IRAC) on board the Spitzer satellite
(3.6, 4.5, 5.8, 8.0μm), and the Multiband Imaging Photometer
for Spitzer (MIPS, 24 μm, Luhman et al. 2008). In addition, a
Spitzer/IRS spectrum (7.4–14.5 μm) was taken (Apai et al. 2005;
Pascucci et al. 2009). Very recently, ISO 217 was observed in the
far-IR by the Photoconductor Array Camera and Spectrometer
(PACS) of the Herschel mission (Harvey et al. 2012b). We show
in Sect. 4 that our disk model, which is based on the SED up to
24 μm, is in very good agreement with the Herschel flux mea-
surement at 70μm.

Photometric variability. The star appears to be significantly
variable at optical and IR wavelengths (Fig. 1). In particular, the
IRS observations indicate that the flux is higher by nearly a fac-
tor of two than in the IRAC 8 μm observation. The ISOCAM
data, on the other hand, detect a flux that is about 30% fainter
than the IRAC data. This strong variability from optical to
mid-IR wavelengths suggests that the cause of the variations is
an increase in the luminosity of the star (for instance, owing to
a higher accretion rate) rather than an occultation effect. On the
basis of the observed variability in the 8 μm region, it can be ex-
pected that the 24 μm flux is also variable for this object (e.g.,
Muzerolle et al. 2009). The single-epoch MIPS data were not
taken simultaneously with any other photometry, therefore the
average 24μm flux level and the 8–24μm slope remain some-
what uncertain. This as well as the the mid-IR data not being
taken simultaneously with the optical/near-IR data, which repre-
sent the (sub)stellar photosphere, complicated the SED model-
ing (Sect. 4).

3.2. High-resolution spectroscopy of ISO 217

Spectroscopic observations of ISO 217 were obtained within the
framework of a high-resolution spectroscopic study of young
brown dwarfs and VLMS in Cha I (e.g., Joergens 2006, 2008).
ISO 217 was observed for three nights in 2008 and 2009 in the
red optical-wavelength regime with the Ultraviolet and Visual
Echelle Spectrograph (UVES, Dekker et al. 2000) attached to
the VLT 8.2 m KUEYEN telescope. The spectral resolution λ/Δλ
was 40 000 and the spatial sampling 0.182′′/pixel. An observ-
ing log is given in Table 1. We used UVES spectra that were re-
duced, and both wavelength- and flux-calibrated using the ESO
UVES pipeline in order to study activity-related emission lines
(Ca II, [S II], [Fe II]) in terms of their line profile shapes and line
strengths (Sect. 5). Furthermore, a spectro-astrometric analysis
of the detected forbidden line emission in [S II] was performed
based on a custom-made reduction and wavelength calibration
procedure (Sect. 6).

Stellar rest-velocity. The stellar rest-velocity of ISO 217 was
determined based on a Gaussian fit to the Li I doublet lines
at 6707.76 Å and 6707.91 Å in the pipeline-reduced spectra.
This Li I doublet was not resolved in our observations, there-
fore, their mean value (6707.84 Å) was adopted as a reference

Fig. 1. SED and disk model for ISO 217. Flux measurements are plot-
ted for extinction values of Av = 0, 2.1, and 4 mag, as denoted. The dis-
played models are a PHOENIX photosphere model (green dotted line)
and our best-fit disk model for an inclination of i = 45◦ (dark blue
line). For comparison, we also show disk models for i = 62◦ (turquoise
dashed line) and 68◦ (pink dash-dotted line).

in the velocity measurement. We note that the maximum error
possibly introduced by the assumption of two equally strong
lines was estimated to be less than 1 km s−1 by using a high-
resolution synthetic PHOENIX spectrum of similar stellar pa-
rameters (Husser et al. 2012). The radial velocities determined
in this way and their errors, which are based on the Gaussian
fit, are listed in Table 1 for the average spectra of each night.
They agree well with the radial velocities measured for other
brown dwarfs and T Tauri stars in Cha I (e.g. Covino et al. 1997;
Joergens 2006; James et al. 2006). Their weighted mean value
V0 = (17.2 ± 1.3) km s−1 was adopted as stellar rest-velocity
for ISO 217, relative to which all velocities in the following are
given.

4. Modeling the disk of ISO 217

The outflow activity of young stellar objects is intrinsically tied
to the accretion disk. To gain a comprehensive understanding
of the ISO 217 outflow and disk system, we determined the
disk properties (structure, orientation, and mass) of ISO 217 by
means of radiative transfer modeling of its SED (Fig. 1). A disk
has been detected around ISO 217 based on mid-IR excess emis-
sion (cf. Sects. 2 and 3.1), though no SED modeling of this disk
has yet been performed. The suggested high inclination-angle of
the ISO 217 disk, which was inferred from a modeling of the Hα
profile (65◦, Muzerolle et al. 2005) and from both lobes of the
outflow being visible (Whelan et al. 2009a), requires verification
by an SED model.

We fitted the observed SED of ISO 217 from the optical to
the mid-IR (0.66–24μm, cf. Sect. 3.1) with the radiative transfer
code RADMC3 of Dullemond & Dominik (2004). The RADMC
package was designed to model three-dimensional (3D) axisym-
metric circumstellar-dust configurations, and was tested exten-
sively for continuum radiative transfer in protoplanetary disks.
Although assuming axisymmetry reduces the problem to two di-
mensions, the photon packages are followed in 3D. The code
uses a variant of the Monte Carlo method of Bjorkman & Wood
(2001) to compute how the stellar photons penetrate the disk and
to determine the dust temperature and scattering source func-
tion at any location in the disk. Applying volume ray-tracing

3 See http://www.ita.uni-heidelberg.de/~dullemond/
software/radmc/
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Table 1. Observing log, slit position angle, and radial velocity of ISO 217.

Name Date HJD Exptime Seeing Slit PA RV
[s] [arcsec] [deg] [km s−1]

spec 1 2008 03 22 2 454 547.61149 2× 1500 0.93 158.9± 7.3
spec 2 2008 03 22 2 454 547.64793 2× 1500 0.78 173.8± 7.4 16.8± 2.2

spec 3 2009 01 30 2 454 861.68128 2× 1500 1.08 131.7± 6.9
spec 4 2009 01 30 2 454 861.71766 2× 1500 1.10 146.0± 7.1 17.4± 1.6

spec 5 2009 02 23 2 454 885.70518 2× 1500 0.79 167.2± 7.4
spec 6 2009 02 23 2 454 885.74161 2× 1500 0.69 182.3± 7.5 17.4± 2.4

Notes. The HJD is given at the middle of the exposure; the seeing is the averaged seeing corrected by airmass; the slit position angle (PA) was not
kept fixed during observations and each 2× 1500 s exposure samples a PA range of about ±7 deg, as listed; the radial velocity (RV) is determined
based on a fit to the Li I (λ 6708 Å) line in the averaged spectra of each night.

allows us to determine the spectra and images for all inclination
angles. The code can be modified by selecting disk mass, flaring,
outer radius, vertical height of the disk at the outer radius, and
dust grain distribution. In all cases, it is assumed that the dust
and gas are well-mixed (i.e. there is no differential settling for
grains with different masses) and that all grains have the same
temperature distribution.

For the photosphere of the star, we used a PHOENIX model
(Hauschildt et al. 1999) with Teff = 2960 K and log(g) = 4.0
(green dotted line in Fig. 1). To reproduce the integrated lumi-
nosity, the stellar radius was set to R∗ = 0.6 R�. Since there is
no evidence of an inner disk hole, we located the inner rim of
the disk at the dust destruction radius, which for a dust destruc-
tion temperature of 1500 K is about 4 R∗. This agrees with the
corotation radius (3−9 R∗) that was derived for ISO 217 by con-
sidering typical rotational periods of young brown dwarfs and
VLMS (1−5 d, Joergens et al. 2003; Rodríguez-Ledesma et al.
2009). The outer disk radius was chosen to be Rdisk = 100 AU,
although it is not well-constrained by any data. The disk mass
was varied and then determined by requesting a good fit to the
24 μm data point.

The object was assumed to have a moderate extinction, there-
fore we considered AV values between 0 mag and 4 mag and
a standard extinction law. Different AV values do not have a
strong effect on the IR data, but can significantly change the
optical fluxes. For our best-fit model (dark blue line in Fig. 1),
we adopted the spectroscopically measured extinction of AV =
2.1 mag (converted from AJ = 0.68, Luhman 2007, using the
reddening law of Mathis 1990; and RV = 5.0, Luhman 2004).

The strong variability seen for ISO 217 in the optical to the
8 μm region is a major challenge for SED modeling, in particular
given that the data points were not obtained simultaneously (cf.
Sect. 3.1). It is indicative of variations in both the accretion rate
and luminosity and can be expected to affect also the 24 μm flux
(e.g., Muzerolle et al. 2009) and the silicate feature (Abrahám
et al. 2009; Juhász et al. 2012). Fortunately, ISO 217 was ob-
served with Herschel/PACS at 70 μm (Harvey et al. 2012b), i.e.
at wavelengths that play a crucial role in defining the struc-
ture and extent of disk material and that are much less affected
by variability. We later show that the 70 μm flux measurement
strongly supports our approach to the SED fitting. We traced an
approximate model focused on the intermediate optical fluxes
and the IRAC and MIPS data. Since the IRAC data appear in-
between the IRS and ISOCAM observations, we also considered
intermediate optical fluxes to estimate the stellar luminosity.
We concentrated on reproducing the SED slope between 3 μm

and 24 μm and on obtaining a silicate feature similar to the ob-
served one in the IRS spectrum.

The high flux level of ISO 217 in the near-IR suggests that
the disk is very flared in its inner regions. The relatively low
flux level at 24 μm, on the other hand, could be reproduced
by a model that has either a small amount of few-micron-sized
grains and/or a low disk flaring and/or a low dust mass. Since the
near-IR fluxes indicate a very flared disk and the silicate feature
the presence of small grains (e.g., Henning 2010), the low 24 μm
flux is most plausibly explained by a low dust mass. We there-
fore applied a standard flaring law with a pressure scale-height
(Hp) that varies as a power law with the radius, Hp/R ∝ R1/7.
The best-fit scale-height at the outer disk radius was found to be
Hrdisk/Rdisk = 0.35.

The dusty disk component in the model consists of amor-
phous Mg-Fe silicates (with Fe and Mg being present in similar
proportions; Jäger et al. 1994; Dorschner et al. 1995) and 25%
of amorphous carbon grains. While there are signs of crystal-
lization in the disk of ISO 217 from the 10μm silicate feature
(Apai et al. 2005), we found that the energy emitted in crystalline
features is negligible compared to that from the continuum plus
amorphous features and, thus, that crystallization is not relevant
for the SED modeling. We considered a standard dust distribu-
tion with grain sizes of between 0.1 μm and 100 μm, that follows
a collisional distribution (power law) with an exponent –3.5 (for
both silicate and carbon grains alike). Furthermore, a standard
gas to dust ratio of 100 was assumed. The best fit was achieved
for a model with a total disk mass of 4 × 10−6 M�.

The exploration of different disk orientations yields a best-fit
for an intermediate inclination angle i of 45◦ (dark blue line in
Fig. 1). We found that a disk with the described characteristics
that has an inclination significantly exceeding 45◦, as suggested
for example by Hα modeling (65◦, Muzerolle et al. 2005), is
hard to explain: a disk with an inclination in the range 60◦–70◦
(see Fig. 1 for models with i = 62◦ and 68◦) would not only
be inconsistent with the near-IR data, but also produce a much
higher extinction than the spectroscopically determined value
and compromise the presence of the relatively strong silicate fea-
ture. Furthermore, a high extinction would require a flat, settled
disk as well as a significantly lower disk mass in order to fit the
steep slope at 3–24μm. A very settled disk, however, is unlikely
because high levels of turbulence can be expected given that the
object is accreting at a high rate for its low mass and for its low
disk mass. Considering that the 24μm flux might be variable
and measured at minimum, only the assumption of a very set-
tled disk would allow for a higher inclination. To summarize, an
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inclination angle exceeding 60◦ is hard to fit within a reasonable
disk model.

Our disk model, which is based on flux measurements up
to 24 μm, is in very good agreement (within 1.5σ) with re-
cent Herschel/PACS observations of ISO 217 at 70 μm (Harvey
et al. 2012b), as shown in Fig. 1. This gives us confidence in the
disk model developed here because at these longer wavelengths
the dependence on the mass and the grain distribution is much
stronger, while variability is expected to play a minor role.

The disk mass of ISO 217 derived with our model of
4 × 10−6 M�, i.e. about 1 Earth mass, is very low for a
CTTS disk but fully consistent with that of other brown
dwarfs and VLMS (10−5−10−6 M�, e.g., Harvey et al. 2012a).
However, it is strikingly low compared to the estimated accre-
tion (1×10−10 M� yr−1, Muzerolle et al. 2005) and mass-loss rate
(2–3 × 10−10 M� yr−1, Whelan et al. 2009a) of ISO 217. Taking
these numbers at face value, the total disk mass would be ac-
creted and lost again within less than 40 000 yr, which is un-
likely. These discrepancies between dust-inferred disk masses
and gas-inferred mass accretion rates are frequently found for
CTTS (Hartmann 2008; Sicilia-Aguilar et al. 2011) and are usu-
ally explained in terms of a strong grain growth and/or anoma-
lous gas-to-dust ratio. The available SED data for ISO 217 are
only sensitive to the presence of small grains because particles
with much larger sizes than the longest PACS wavelength do not
contribute significantly to the flux owing to their small opaci-
ties. Considering a population of large (>100 μm) grains would
result in a higher disk mass and might, therefore, account for
some of the discrepancy with the gas-inferred mass-accretion
rate. However, a disk mass that allows for accretion over a typi-
cal disk lifetime of 106 yr, would require a hundred times more
mass to exist in these large grains. Another possibility is that
the accretion rate of ISO 217 was measured in a high state and
that it is on average lower than the determined value. This is
plausible since this value is based on single epoch observations
and since there are several indications of variable accretion of
ISO 217 from photometric (Sect. 3.1) and emission-line variabil-
ity (Scholz & Jayawardhana 2006; Luhman 2007). In this case,
there would still remain a mismatch with the outflow rate, which
might be a hint that it is also on average lower than the deter-
mined value.

The disk around ISO 217 appears at first glance to be in a
rather early evolutionary phase given its flared geometry, how-
ever, the possibility of undetected strong grain-growth might hint
at a more advanced evolutionary stage. ISO 217’s disk is con-
sistent with a flared, CTTS-like disk, in agreement with mod-
els for many other brown dwarf and VLMS disks (e.g., Natta
& Testi 2001; Allers et al. 2006). Several flattened and evolved
disks have been identified around objects with similar masses
(e.g. Pascucci et al. 2003; Morrow et al. 2008), and are usually
traced to more evolved systems with strong settling and grain
growth. From this point of view, the disk around ISO 217 could
be interpreted as a system that has suffered little evolution. On
the other hand, given the possibility of undetected large grains,
as described in the previous paragraph, ISO 217 is a good can-
didate for strong grain growth, despite the flared and primordial
appearance of its disk.

5. Observed emission lines of ISO 217

Our UVES spectra of ISO 217 show several emission lines,
which are indicative of ongoing accretion, winds, and/or out-
flowing material (Ca II, [S II], [Fe II]). We studied their line pro-
file shapes and measured their EWs. For this purpose, we used

the UVES spectra (Table 1) after reduction, wavelength and flux
calibration by the ESO UVES pipeline. Furthermore, the spectral
regions of the emission lines were normalized by dividing by a
polynomial fit to the continuum emission adjacent to each line.
Line profile variations were found to be negligible within one
observational night in most cases, allowing us to average spectra
from the same night to increase the signal-to-noise ratio (S/R).
There was one exception from this, namely the Ca II line profile
in the third night (Feb. 23, 2009), which changed significantly
on timescales of hours (Fig. 2) and was, therefore, analyzed in
the individual spectra. Table 2 lists all observed emission lines,
their peak wavelength λ, peak radial velocities v, and the mea-
sured EW. The error in the EW is assumed to be 5% of the de-
termined value. The peak values (λ, v) were determined by fit-
ting the line profiles with Gaussian functions and their errors
were based on the errors in the fit parameters. In the case of the
two lobes of the [S II] lines as well as the [Fe II] line, these er-
rors were underestimated because of deviations from a Gaussian
shape. A detailed description of the results for each emission line
is provided in the following.

Ca II IR emission. ISO 217 has a broad, asymmetric and vari-
able Ca II IR emission line at 8498 Å (Fig. 2), which implies that
this line originates not purely in the chromosphere but also from
accretion and/or winds. We note that the other two lines of this
IR triplet are not covered by the observations because of a gap
in wavelength between the chips of the two-armed spectrograph.
The asymmetric Ca II profile displays a red-shifted large velocity
tail with velocities of up to 130 km s−1, which could be caused
by infalling material. The shape, the peak flux, and the peak ve-
locity of this line vary significantly for spectra taken at differ-
ent epochs. The line profile shape observed in the third night
(Feb. 23, 2009; green and blue profiles in Fig. 2) changed re-
markably on timescales of hours. The EW of this line do not gen-
erally follow these variabilities; we measured a relatively con-
stant value of about –6 Å apart from the second night (Jan. 30,
2009), where it was –2 Å.

Forbidden [S II] emission. ISO 217 has strong FELs of sul-
fur [S II] at 6716 Å and 6731 Å (Figs. 5, 6) indicating an origin
in a low density region. We measured an EW of about –2 Å to
–3 Å for [S II]λ6716 and of about –4 Å to –5 Å for [S II]λ6731,
respectively (Table 2). It was shown by Whelan et al. (2009a)
and confirmed here (Sect. 7) that these [S II] lines are produced
in a bipolar outflow. Both [S II] lines consist of two components,
a blue-shifted one with an average peak velocity of –19 km s−1

and a red-shifted one with an average peak velocity of 34 km s−1

(Table 2). The red component displays a sharp decline at its high
velocity edge (between 40 km s−1 and 50 km s−1), which is a typ-
ical outflow signature. The observed maximum radial velocities
of the blue lobe of [S II] range from about –30 km s−1 to about
–50 km s−1, though they are more difficult to estimate because
of the weakness of this line wing. Thus, we observed a veloc-
ity asymmetry in the peak emission with the red-shifted compo-
nent being faster, but this asymmetry is not so obvious in the
maximum velocities of these lines (cf. also Sect. 7). It is no-
ticeable that both outflow lobes of ISO 217 are visible and that
the red-shifted one is much stronger than the blue-shifted one.
This is uncommon for outflows of young stellar objects, be-
cause the circumstellar accretion disk usually obscures part of
the red-shifted outflowing material. To the best of our knowl-
edge, this has only been observed for one other CTTS (RW Aur,
Hirth et al. 1994b). The stronger red-shifted lobe that we see for
the [S II] line of ISO 217 hints at an intrinsic asymmetry of the

A151, page 5 of 11



A&A 543, A151 (2012)

Table 2. Observed emission lines of ISO 217.

Date Lobe Peak EW
λ [Å] v [km s−1] [Å]

Ca II 2008 03 22 8498.45± 0.02 8.4± 1.4 –6.2± 0.3
(8498.02 Å) 2009 01 30 8498.22± 0.03 1.8± 1.5 –2.0± 0.1

2009 02 23 (spec 5) 8498.39± 0.02 8.1± 1.3 –6.1± 0.3
2009 02 23 (spec 6) 8499.01± 0.02 29.8± 1.4 –6.3± 0.3

2009 02 23 (spec5&6) 8498.63± 0.02 16.4± 1.4 –6.2± 0.3

[S II] 2008 03 22 red 6731.75± 0.01 34.2± 1.2 –4.5± 0.2
(6730.82 Å) 2008 03 22 blue 6730.46± 0.01 –23.0± 1.2

2009 01 30 red 6731.69± 0.01 33.6± 1.2 –5.3± 0.3
2009 01 30 blue 6730.36± 0.01 –25.7± 1.2
2009 02 23 red 6731.71± 0.01 34.8± 1.2 –4.3± 0.2
2009 02 23 blue 6730.54± 0.01 –17.4± 1.2

[S II] 2008 03 22 red 6717.35± 0.01 33.4± 1.2 –2.5± 0.1
(6716.44 Å) 2008 03 22 blue 6716.28± 0.02 –14.1± 1.4

2009 01 30 red 6717.33± 0.01 34.4± 1.2 –3.4± 0.2
2009 01 30 blue 6716.17± 0.02 –17.5± 1.4
2009 02 23 red 6717.34± 0.01 35.0± 1.2 –2.4± 0.1
2009 02 23 blue 6716.16± 0.01 –17.6± 1.2

[Fe II] 2009 02 23 7155.21± 0.05 –2.89± 2.1 –1.6± 0.1
(7155.16 Å)

Notes. The laboratory wavelengths of the emission lines are taken from the NIST database (http://physics.nist.gov/asd3, Ralchenko et al.
2011). The error in the EW is assumed to be 5% of the determined value. The errors in the peak values (λ, v) are based on the errors in the
Gaussian fit parameters. The errors in λ and v are underestimated in the case of deviations from a Gaussian shape ([S II], [Fe II]). See the text for
more details.

Fig. 2. Ca IIλ8498 emission line in UVES spectra of ISO 217 at differ-
ent observing times in 2008 and 2009. All fluxes have been normalized
to the continuum.

outflow of ISO 217 and at no or only little obscuration by the
disk.

Forbidden [Fe II] emission. ISO 217 displays forbidden line
emission in [Fe II] at 7155 Å (Fig. 3). The measured EW is
1.6 Å and the line is emitted at relatively small blue-shifted
velocities (–3 km s−1 at line peak). Furthermore, there is ten-
tative evidence of [Fe II] emission at 7172 Å. Emission in
[Fe II] has also been observed for jets of T Tauri stars (e.g.,
Hartigan et al. 2004). We note that the [Fe II] line at 8617 Å
is not covered by our observations (because of a gap between
CCD chips), which prevents us from measuring the electron
density in the densest regions of the outflow based on the
[Fe II] λ7155/λ8617 ratio (cf. Hartigan et al. 2004). Interestingly,

Fig. 3. [Fe II] lines at 7155 Å and at 7172 Å in a mean UVES spec-
trum of ISO 217. Also displayed are two TiO absorption band-heads at
7087 Å and 7124 Å for comparison.

we observe the [Fe II]λ7155 Å emission of ISO 217 solely from
the blue-shifted component and at significantly smaller veloci-
ties than the [S II] emission. In the following, we show that the
[Fe II] emission could originate from regions of higher tempera-
tures than [S II]: the ratio of the [S II] lines λ6716/λ6731 strongly
depends on the electron density and temperature. Considering
the values observed for ISO 217 (about 0.6, cf. Table 2), we de-
rived electron densities of about 1–3×103 cm−3 for temperatures
between 1000 K and 10 000 K (Osterbrock 1989, p. 422). When
restricting the temperature range to more reasonable values for a
brown dwarf environment of 1000–3000 K, we found a density
range of 1–2× 103 cm−3. On the other hand, the [Fe II] line ratio
λ7155/λ7172 is much more sensitive to temperature than to elec-
tron density; for the considered density range it is practicably
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independent of the density. We roughly estimated the observed
[Fe II] λ7155/λ7172 line ratio of ISO 217 to about 4, which
corresponds to a temperature in the range 2000–5000K (NIST
database, Ralchenko et al. 2011). Therefore, the differences ob-
served between the [S II] and [Fe II] lines could indicate that the
[Fe II] emission is produced in a hotter environment. A possible
scenario is then that the [Fe II] emission originates from the hot
(and dense), inner regions of the outflow, where the bulk of the
acceleration has not yet taken place, and where occultation by
the disk occurs more easily than at greater radii.

Hα emission. In addition to our own data, we also mea-
sured EWs for the Hα line in spectra from May 2007 taken by
Whelan et al. (2009a). The EW of Hα determined from these
(pipeline-reduced and flux-calibrated) spectra is –137± 7 Å,
which is consistent with previous Hα EW measurements for
ISO 217 (–137± 7 Å, Luhman 2004; between –70 Å and –230 Å,
Muzerolle et al. 2005; Scholz & Jayawardhana 2006).

6. Spectro-astrometric analysis

We performed a spectro-astrometric analysis of the detected for-
bidden line emission of [S II] in the two-dimensional (2D) spec-
tra of ISO 217. After completing a standard CCD reduction of
the raw data (bias and flatfield correction and cosmic-ray elimi-
nation), a row-by-row wavelength calibration of the 2D spectra
of individual echelle orders was done using the longslit package
(fitcoords/transform) of IRAF. Finally, the sky was subtracted.
We note that the detected spectro-astrometric signatures of [S II]
are even visible in the unprocessed data, which demonstrates
that the data reduction procedure does not introduce any arti-
ficial spatial offsets.

We measured the spectro-astrometric signature in the result-
ing 2D spectra by Gaussian fitting the spatial profile at each
wavelength of both the FELs and the adjacent continuum, fol-
lowing e.g. Hirth et al. (1994a). The spatial offset in the FEL
was then computed relative to the continuum. In detail, the spa-
tial position yC of the central source was first determined by
Gaussian fitting the continuum emission in the spatial direction
using spectral regions free of FELs. Secondly, the continuum
emission was removed by fitting the continuum on either side
of the FEL row by row with a low-order polynomial and sub-
tracting these fits (cf. e.g., Davis et al. 2003). This continuum
subtraction plays an important role in revealing the weak FELs,
as demonstrated e.g. by Hirth et al. (1994a). Finally, the spatial
centroid position of the FEL y′ was measured in the continuum-
subtracted spectrograms and the spatial offset y = y′ − yC is
computed as a function of the wavelength/velocity. Velocities
are given relative to the stellar rest-velocity of ISO 217, as deter-
mined in Sect. 3.2.

A challenging aspect of the application of spectro-astrometry
to high-resolution spectra of brown dwarfs and VLMS is the
faintness of the emission lines. For the described spectro-
astrometric analysis, the data were binned in the wavelength di-
rection in order to increase the S/R, as commonly done in the
spectro-astrometry of brown dwarfs (e.g., Whelan et al. 2009a).
During the Gaussian fit procedure, the best-fit was found and its
quality assessed by using the χ2-method. In cases where the fit
did not sufficiently represent the observed spectrum, these con-
tinuum data points were excluded from the plot. It was found
that the spectra taken in Feb. 2009 have the highest S/R and are
best-suited for a spectro-astrometric analysis, whereas the poorer
quality of the spectra from Mar. 2008 and Jan. 2009 prevent us
from performing a quantitative spectro-astrometry of these data.

The UVES observations were originally optimized for radial
velocity work, therefore, the slit orientation was kept aligned
with the direction of the atmospheric dispersion. As a conse-
quence, the slit position angle (PA) changed relative to the sky
during the observations: each 2× 1500 s exposure samples a
range of on-sky PAs of about ±7◦, as given in Table 1. The mean
slit PA of the spectra are between 130◦ and 180◦. While a varying
slit PA is not ideal for spectro-astrometry, for which one would
like to keep the slit PA constant during an exposure, the data
allow nevertheless the detection of outflows of our target.

To rule out spectro-astrometric artefacts, which can be
caused for example by an asymmetric PSF (Brannigan et al.
2006), we applied spectro-astrometry to a photospheric absorp-
tion line (KI λ7699) and demonstrated that it has no spectro-
astrometric signature (spatial offset smaller than 50 mas, see
Fig. 4).

7. Results of spectro-astrometry

We have clearly detected the spectro-astrometric signature of
a bipolar outflow in both [S II] lines in our UVES spectra of
ISO 217. For the quantitative spectro-astrometric analysis, we
focused on the spectra taken in Feb. 2009 because they have the
highest S/R. Figures 5, 6 show in the top panels the line profiles
of both the [S II]λλ6716, 6731 lines in these spectra and in the
bottom panels the measured spatial offsets of both the contin-
uum and the FEL as a function of velocity. The plotted errors
in the spectro-astrometric plots are based on 1σ errors in the
Gaussian fit parameters. Table 3 lists the maximum spatial off-
sets and corresponding velocities for both the blue and the red
components of both [S II] lines. These maximum spatial offsets
were estimated from the weighted average of the two points with
the largest offsets, to ensure that our measurement was less sensi-
tive to outliers. Offset errors in Table 3 are based on the standard
deviation in the continuum points. For an overview and to con-
strain the outflow PA (see below), we plot the maximum spatial
offsets in Fig. 7 as a function of the slit PA.

Our spectro-astrometric analysis of the detected FELs of
[S II] demonstrated that they originate from spatially offset posi-
tions on either side of the continuum source of up to ±190 mas
(about ±30 AU at the distance of Cha I) at a velocity of up to
±40–50 km s−1.

We found the [S II]λ6716 emission to be spatially more ex-
tended than the [S II]λ6731 emission in all but one case (Table 3,
Fig. 7), which is consistent with the [S II]λ6716 line tracing
lower densities than the [S II]λ6731 line.

The asymmetry seen for the two lobes in the [S II] line
profiles, where the red lobe is much stronger and also faster
(top panels in Figs. 5, 6, Sect. 5), is a remarkable feature of the
ISO 217 outflow. In accordance with this, we observed in the
spectro-astrometry of these lines a tendency for the blue lobe to
be slower and more extended: (i) the measured outflow veloci-
ties range between –30 km s−1 and –50 km s−1 for the blue lobe,
and are about 50 km s−1 for the red lobe (Table 3); (ii) the spatial
offsets measured for the blue lobe are larger than those for the
red lobe in all but one case (Table 3, Fig. 7). The exception is
the [S II]λ6716 line of spec 6, for which the offset measurement
might be affected by an outlying data point (Fig. 5).

The spectra were taken at mean slit PAs of 167◦ ± 7◦ and
182◦ ± 8◦ (cf. Sect. 6), i.e. not very far from the value deter-
mined for the outflow PA of ISO 217 from the 2007 observations
of Whelan et al. (2009a, 193–200◦ for [S II]λλ6716, 6731). As il-
lustrated in Fig. 7, we found for an increasing mean slit PA from
167◦ to 182◦, either a slight decrease ([S II]λ6716 line) in or a

A151, page 7 of 11



A&A 543, A151 (2012)

Fig. 4. Spectro-astrometric analysis of photospheric line KIλ7699 as a
test for artifacts. Otherwise same as Fig. 5.

constant level ([S II]λ6731) of the observed spatial extension of
the outflow. Hence, the data are consistent with an outflow an-
gle that is closer to 170◦ than 180◦. However, the projection of a
homogenous outflow with an angle of 200◦ and an extension of
190 mas onto a slit with a PA of 167◦ would decrease the observ-
able extension by ∼30 mas, which is on the order of the preci-
sion of the spectro-astrometry (30–40 mas) performed both here
and by Whelan et al. (2009a). The measurement of a different

Fig. 5. Spectro-astrometric analysis of the [S II]λ6716 line of ISO 217.
Top panels: line profiles. Average of 8 pixel rows in the spatial direc-
tion centered on the continuum. The continuum has been subtracted.
Bottom panels: spatial offset vs. radial velocity of the continuum (black
asterisks) and of the continuum subtracted FEL (red squares).

outflow angle for a slightly different slit PA could also be ex-
plained by an outflow that has a wide opening angle, causing an
almost constant spatial offset for a large range of PAs and/or by
an outflow that has a common knot structure (e.g., Hirth et al.
1994b) and for which the measured spatial offset depends on
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Fig. 6. Spectro-astrometric analysis of the [S II]λ6731 line of ISO 217.
Otherwise same as Fig. 5.

whether a knot is detected for a certain slit PA or for example an
outside edge of such a knot.

8. Discussion and conclusions

We have proven that the very young brown dwarf candidate
ISO 217 (M6.25) is driving a bipolar outflow with a stronger

Table 3. FELs of ISO 217.

Slit PA [deg] Line V [km s−1] Offset (mas)

167.2± 7.4 [S II]λ6716 –41 / 48 –197 / 190 (±42)
(spec 5) [S II]λ6731 –40 / 45 –167 / 102 (±31)

182.3± 7.5 [S II]λ6716 –28 / 48 –82 / 146 (±37)
(spec 6) [S II]λ6731 –54 / 47 –175 / 78 (±30)

Notes. Given are the spatial offsets in milli-arcsec measured by spectro-
astrometry and the corresponding radial velocities.
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Fig. 7. Spatial offsets of FELs of ISO 217 as a function of the slit PA
for [S II]λ6716 (top panel) and [S II]λ6731 (bottom panel).

and faster red-shifted component based on spectro-astrometry
of [S II] lines in UVES/VLT spectra taken in 2009. ISO 217 is
only one of a handful of brown dwarfs and VLMS (M5–M8)
for which an outflow has been detected. We have demonstrated
that the forbidden [S II] emission in ISO 217 originates from
spatially offset positions straddling the central source by up to
±190 mas (about ±30 AU at the distance of Cha I) at a veloc-
ity of up to ±40–50 km s−1. There is also evidence of forbidden
[Fe II] emission of the blue-shifted component of this outflow.
Given the excitation potential of this line, its relatively small ve-
locity (−3 km s−1), and the observation of solely the blue com-
ponent, we propose as a potential origin of the [Fe II] emission
the dense innermost regions, where the outflow has not yet been
accelerated.
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We have detected a velocity asymmetry between the two out-
flow lobes. This can be seen in the [S II] line profiles, where
the blue-shifted component has an average peak velocity of
–19 km s−1 and the red-shifted one of 34 km s−1. Furthermore,
the outflow velocities measured using spectro-astrometry tend to
be smaller for the blue lobe (between –30 km s−1 and –50 km s−1)
than for the red lobe (about 50 km s−1). There is tentative evi-
dence that the two lobes are also spatially asymmetric, with the
blue component being more extended.

Intrinsic changes in an outflow can occur on timescales of
its travel time, which is shorter than three years for ISO 217
given the observed outflow velocity and spatial extension. We
have investigated the possible differences of the outflow proper-
ties that have been inferred here based on spectra from Feb. 2009
and those determined in the discovery spectra from May 2007
(Whelan et al. 2009a). This is described in detail in the next few
paragraphs. Our main results are that we have found that the ba-
sic features of the ISO 217 outflow (spatial extension, velocities,
and outflow PA) are of similar order in 2007 and 2009, and that
the velocity asymmetry between both lobes seem to have de-
creased slightly in this time period. In addition, we have demon-
strated that the strong velocity asymmetry between both lobes of
a factor of two found in 2007 might be smaller than originally
anticipated when using a more realistic stellar rest-velocity.

The detailed comparison of the outflow properties in 2007
to those in 2009 is described in the following. The line pro-
files of both [S II] lines have a very similar shape from 2007
to 2009. The noteable differences in the line profiles are slightly
less asymmetric peak velocities in 2009 (the difference between
blue and red peak of [S II]λ6731 in Feb. 2009 is 17 km s−1 com-
pared to 24 km s−1 in 2007 at PA= 0◦) and a slight decrease in
the line strength (the EW of [S II]λ6731 is –4 Å in 2009 com-
pared to –6 Å in 2007). Furthermore, the peak velocities of the
[S II] lines (both lobes) appear to be generally shifted by a few
km s−1 towards the blue from 2007 to 2008/2009. This implies
that the velocity of the outflow varied during this time period.
We note that the velocities considered in this comparison of the
peak velocities were consistently measured using the same stel-
lar rest-velocity of V0 = 17.2 km s−1, which was derived here for
the 2008/2009 spectra.

The spatial extension of the outflow measured by spectro-
astrometry in the [S II] lines in 2009 (80–200± 35 mas) at slit
position angles of 167◦ ± 7◦ and 182◦ ± 8◦ is to a large degree
consistent with that measured in 2007 (180± 34 mas) at a slit po-
sition angle of 0◦ (corresponding to 180◦, Whelan et al. 2009a).
In addition, the observed outflow velocities are of similar or-
der, although, we have found that they are less asymmetric than
in 2007: in 2009, the velocity at the maximum spatial offset is
about 50 km s−1 for the red lobe and between –30 km s−1 and
–50 km s−1 for the blue lobe. The velocities measured by Whelan
et al. (2009a) for the 2007 spectra, however, seem to be more
asymmetric, with the red-shifted component (40 km s−1) having
a velocity approximately twice as large as the blue-shifted one
(–20 km s−1). This might be attributed partly to the use of a po-
tentially inaccurate stellar rest-velocity: Whelan et al. (2009a)
adopt a stellar rest-velocity of 12.6 km s−1, which is an estimated
mean value for T Tauri stars in Cha I. However, this is almost
5 km s−1 smaller than the stellar rest-velocity we determined here
for and applied to ISO 217 in 2008/2009.

We found that for an increasing slit PA from 167◦ to 182◦,
the observed spatial extension of the outflow for both lobes in
both [S II] lines either slightly decreases or remains at a con-
stant level. Hence, our data imply that the outflow angle is closer

to 170◦ than 180◦, i.e. that it is slightly smaller than but within
the errors still consistent with the value measured based on two
orthogonal spectra (193–200◦ in the [S II] lines) by Whelan et al.
(2009a).

The outflow activity of young stellar objects is intrinsically
tied to the accretion disk. To gain a comprehensive understand-
ing of the ISO 217 outflow and disk system, we have determined
the disk properties of ISO 217 by performing a radiative transfer
modeling of its SED. The accretion disk surrounding ISO 217
has a total mass of 4×10−6 M�, a flared geometry, and is viewed
under an inclination angle of about 45◦ according to our model
that most accurately fits the observed SED from 0.66–24μm and
that is also in very good agreement with Herschel/PACS obser-
vations at 70 μm (Harvey et al. 2012b). We have shown that a
disk inclination significantly exceeding 45◦, as previously sug-
gested based on Hα modeling (65◦, Muzerolle et al. 2005) and
the visibility of both lobes of the outflow (Whelan et al. 2009a),
is inconsistent with the SED data. The disk mass of only about
one Earth mass is very low for a CTTS disk, but fully consistent
with that of other brown dwarfs and VLMS (10−5−10−6 M�, e.g.,
Harvey et al. 2012a). However, it is strikingly low compared to
the estimated accretion (1×10−10 M� yr−1, Muzerolle et al. 2005)
and mass-loss rate (2–3×10−10 M� yr−1, Whelan et al. 2009a) of
ISO 217. Possible explanations for this discrepancy between the
dust-inferred disk mass and the gas-inferred accretion and out-
flow mass rates are one or both of the following: (i) the disk mass
is higher than derived from the model because of a population of
large particles (>100 μm) that remain undetected in the available
SED data (≤70 μm); (ii) the mass accretion and outflow rates are
on average lower than the determined values, which is plausible
in the case of the accretion rate given the signs of variable accre-
tion of ISO 217. In the case of undetected strong grain growth,
the disk could also be in a more evolved phase than inferred from
its flared appearance.

Apart from accretion through the disk and a bipolar outflow,
there is also evidence of material falling onto ISO 217 at veloc-
ities of up to 130 km s−1 (from Ca II IR emission with a red-
shifted large-velocity tail, this work) and of a wind expanding
at a velocity of up to 30 km s−1 (Scholz & Jayawardhana 2006;
Whelan et al. 2009a).

To summarize, ISO 217 is a very young M6.25 type object
at the substellar limit, that is surrounded by a flared, intermedi-
ately inclined accretion disk with possibly strong grain growth.
It is driving a bipolar outflow detected in FELs of [S II] with a
±30 AU spatial extension and velocities of up to ±40–50 km s−1.
The outflow is intrinsically asymmetric with a stronger and
slightly faster red-shifted component. We have found this veloc-
ity asymmetry to be variable on timescales of the outflow travel
time. The predominance of the red outflow component detected
in ISO 217 is very rarely seen for CTTS (only one other case is
known, Hirth et al. 1994b) and it implies that the disk does not
appear to obscure the red-shifted outflow lobe despite its inter-
mediate inclination angle.
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