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ABSTRACT

We present an optical through sub-millimetre multi-wavelength study of two very low-
luminosity Class I/Flat systems, Mayrit 1701117 and Mayrit 1082188, in theσ Orionis clus-
ter. We performed moderate resolution (R ∼ 1000) optical (∼0.4–0.9µm) spectroscopy with
the TWIN spectrograph at the Calar Alto 3.5-m telescope. Thespectra for both sources show
prominent emission in accretion- and outflow-associated lines. The mean accretion rate mea-
sured from multiple line diagnostics is 6.4×10−10 M⊙ yr−1 for Mayrit 1701117, and 2.5×10−10

M⊙ yr−1 for Mayrit 1082188. The outflow mass loss rates for the two systems are similar
and estimated to be∼1×10−9 M⊙ yr−1. The activity rates are within the range observed for
low-mass Class I protostars. We obtained sub-millimetre continuum observations with the
Submillimetre Common-User Bolometer Array (SCUBA-2) bolometer at the James Clerk
Maxwell Telescope. Both objects are detected at a>5-σ level in the SCUBA-2 850µm band.
The bolometric luminosity of the targets as measured from the observed spectral energy dis-
tribution over∼0.8–850µm is 0.18±0.04 L⊙ for Mayrit 1701117, and 0.16±0.03 L⊙ for
Mayrit 1082188, and is in the very low-mass range. The total dust+gas mass derived from
sub-millimetre fluxes is∼36MJup and∼22MJup for Mayrit 1701117 and Mayrit 1082188, re-
spectively. There is the possibility that some of the envelope material might be dissipated by
the strong outflows driven by these sources, resulting in a final mass of the system close to or
below the sub-stellar limit.

Key words: Stars: evolution, protostars – Submillimetre: stars – circumstellar matter – open
clusters and associations: individuals (σ Orionis)

1 INTRODUCTION

In the evolutionary scheme defined for a low-mass young stellar ob-
ject (YSO), the earliest Class 0 stage is characterized by the central
object being in a deeply embedded cloud core with the spectral en-
ergy distribution (SED) resembling that of a cold blackbody(e.g.,
Adams et al. 1987; Lada & Wilking 1984; André et al. 1993). The
less embedded stage is Class I, and is characterized by the central
object surrounded by a cold circumstellar envelope, an accretion
disc, along with outflow/jet/wind activity. In the more advanced
Class II stage, the envelope material has completely dissipated, and
the star is surrounded by an accretion disc only, with the presence of
micro-jets (e.g., Ray et al. 2007). Finally, for Class III objects, the
SED resembles a pure stellar photosphere with the possible pres-
ence of a remnant disc.

Over the past decade, observational surveys conducted in var-
ious star-forming regions have revealed a large populationof very
low-mass stars and brown dwarfs (e.g., Luhman 2012, and refer-
ences therein). These objects have characteristics, such as, the mor-
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phologies and structures of the discs, the dust grain chemical com-
position, the accretion and jet/outflow properties, the relative disc
fractions and lifetimes, which are very similar to Class II and Class
III low-mass stars, albeit with the disc masses and accretion rates
scaled down according to the mass of the central object (e.g., Muze-
rolle et al. 2003; Riaz 2009; Whelan et al. 2009; Riaz et al. 2012;
Harvey et al. 2012; Luhman 2012). Such similarities suggestsimi-
lar evolutionary trends for low-mass stars and very-low mass/sub-
stellar objects during these advanced stages.

There are, however, very few discoveries reported to date on
the early-stage Class 0/I objects at the very low-mass end, with
Lbol . 0.1 L⊙. Surveys in the Taurus star-forming region by e.g.,
Kenyon & Hartmann (1995) and White & Hillenbrand (2004)
identified some very-low luminosity Class I objects named IRAS
04158+2805, IRAS 04248+2612, and IRAS 04489+3042, with
Lbol of ∼0.1–0.2L⊙. A multi-wavelength search in the B213-L1495
clouds in Taurus by Barrado et al. (2009) and Palau et al. (2012) led
to the discovery of two Class I brown dwarfs or proto-brown dwarfs
with total envelope+disc dust mass of the systems, as derived from
the sub-millimetre/millimetre fluxes, between 0.3–3MJup and 2–20
MJup. Palau et al. also reported the detection of a candidate pre-
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sub-stellar core, with an estimated total mass of∼75MJup. Pre-sub-
stellar cores are considered to be the Class 0 stage or the prede-
cessors of proto-brown dwarfs; these are starless cores with high
central densities (>105 cm−3), and show signs of evolving towards
forming a proto-brown dwarf (e.g., Tafalla et al. 1998). Other dis-
coveries of pre-sub-stellar cores include Oph-B11, with anesti-
mated mass of∼20–30MJup, in the Ophiuchus region (André et al.
2012), and IC348-SMM2E, withLbol∼0.1L⊙, in the IC 348 cluster
(Palau et al. 2014). Likewise, several very low-luminosityobjects
(VeLLOs) have been discovered inSpitzer Space Telescopesur-
veys of various star-forming regions (e.g., Di Francesco etal. 2008;
Dunham et al. 2008). VeLLOs are also high density cores withLint6

0.1 L⊙, whereLint is the internal luminosity of the central source
itself without any contribution from the surrounding envelope. As
with the pre-sub-stellar cores, VeLLOs are also consideredto be in
the Class 0 stage, and with their very low internal luminosities, it
is suggested that these will probably reach a final mass closeto or
even below the hydrogen-burning mass limit (e.g., Lee et al.2009;
Dunham et al. 2008; Takahashi et al. 2013).

We conducted a search for very low-mass/sub-stellar objects
in early Class I stage in theσOrionis cluster. TheσOrionis cluster,
located around the O9.5-type multiple star of the same name,be-
longs to the Orion OB 1b association. The X-ray detection of ahigh
concentration of sources around the central star byROSAT(Walter
et al. 1994) triggered deep optical surveys dedicated to thesearch
for low-mass stars and brown dwarfs. The cluster has a most proba-
ble age of 3±2 Myr (e.g., Zapatero Osorio et al. 2002; Sherry et al.
2004; Caballero 2007) and is located at 380-385 pc (e.g., Caballero
2008; Simón-Diaz et al. 2011). Deep optical surveys of a large area
of the cluster complemented by near-infrared photometry revealed
numerous low-mass stars, brown dwarfs (e.g., Béjar et al. 1999),
and planetary-mass members (e.g., Zapatero Osorio et al. 2000).
Many objects have been spectroscopically confirmed over a large
mass range in the optical (e.g., Béjar et al. 1999; ZapateroOso-
rio et al. 2002; Béjar et al. 2001; Barrado y Navascués et al. 2001;
Kenyon et al. 2005; Caballero et al. 2006; 2008; Sacco et al. 2008;
Hernández et al. 2014) and in the near-infrared (e.g., Zapatero Os-
orio et al. 2000; Martı́n et al. 2001). Follow-up surveys with the
Spitzer, WISE, andHerschelspace telescopes have revealed a large
population of Class II disc systems among these sources, extend-
ing into the very low-mass/sub-stellar regime, as well as classical T
Tauri analog brown dwarfs with strong accretion activity (e.g., Ca-
ballero et al. 2007; Zapatero Osorio et al. 2007; Luhman et al. 2008;
Hernández et al. 2007; 2014; Rigliaco et al. 2012; Peña-Ramı́rez
et al. 2012; Harvey et al. 2012).

This work presents a detailed multi-wavelength charac-
terization of two very low-mass Class I/Flat systems, Mayrit
1701117 (hereafter, M1701117) and Mayrit 1082188 (hereafter,
M1082188), identified in theσ Orionis cluster. Section§2 de-
scribes the near- and mid-infrared observed properties forthe tar-
gets, and the sub-millimetre and optical observations. Results from
radiative transfer modeling of the SEDs, and an analysis of the ac-
cretion and outflow activity are presented in Section§3. A discus-
sion on the nature of these sources is presented in Section§4.

2 TARGETS, OBSERVATIONS AND DATA REDUCTION

2.1 Infrared Photometry

The most complete study inσ Orionis comes from the Mayrit cat-
alogue (Caballero 2008) and the UKIDSS Galactic Clusters Sur-
vey (Lodieu et al. 2009), and provides a full census of stars and

brown dwarfs down to the deuterium-burning limit over the cen-
tral 30 arcmin of the cluster. The sources in these catalogs were
searched for counterparts within 10 arcsec in the Wide FieldSurvey
Explorer (WISE; Wright et al. 2010) All-Sky source catalog. We
then classified the cross-matched objects by using the traditional
method of determining the evolutionary class of a YSO, basedon
the near- to mid-infrared spectral index,αIR = d log(λFλ)/d log(λ)
(Lada & Wilking 1984; Greene et al. 1994). We used the 2−22µm
spectral index, and the thresholds ofα2−22 > 0.3 for Class I sources,
−0.3< αIR < 0.3 for Flat Spectrum sources,−2 < αIR < −0.3 for
Class II sources, andαIR < −2 for Class III objects. The Class
Flat sources are considered to be at an intermediate stage between
Class I and II and have tenuous envelopes compared to Class I ob-
jects (Greene et al. 1994). Among the Class I/Flat systems, we
found four objects that were relatively faint in the near-infrared
(J >14 mag), suggesting that these may be very low-mass/sub-
stellar objects. The optical spectra for two of these sources showed
a profile similar to AGNs and were therefore discarded. The other
two are M1701117 and M1082188, which are characterized in the
present work. Both sources were first discovered and catalogued
by Caballero (2008). TheWISE matches for both targets are at
∼0.05 arcsec from the target position, with a detection at a signal-
to-noise ratio (SNR) of>20 in all fourWISEbands. Theα2−22 in-
dex for M1701117 and M1082188 is+0.67±0.02 and−0.23±0.02,
respectively. This index would classify M1701117 as a ClassI sys-
tem, and M1082188 as a Flat Spectrum source. The UKIDSS and
WISEphotometry for both targets is listed in Table 1.

In Fig. 1, theWISEmid-infrared colours for M1701117 and
M1082188 are compared with the sample of YSOs in five nearby
star-forming regions from the work of Evans et al. (2009). The
WISEcounterparts for these YSOs lie within 5 arcsec of theSpitzer
target position listed in Evans et al. (2009). Mid-infraredcolour-
colour diagrammes are particularly useful in separating the Class I
protostars from the disc-only Class II objects, and where the Flat
sources tend to lie between the Class II and Class I sources. The lo-
cations of our targets in the [3.4]−[4.6] vs. [12]−[22] diagramme in
Fig. 1 are consistent with the concentrations of Class I/Flat sources,
and also indicate M1701117 to be a comparatively less evolved sys-
tem than M1082188, which lies closer to the Class Flat/Class II
boundary. A detailed discussion on the classification of thesystems
is provided in Section§4.

2.2 Sub-millimetre Observations

The sub-millimetre observations for the targets were made us-
ing the Submillimetre Common-User Bolometer Array (SCUBA-
2; Holland et al. 2013) at the James Clerk Maxwell Telescope.
SCUBA-2 is a dual-wavelength (450 and 850µm) camera with
5120 pixels in each of two focal planes. A focal plane consists
of four separate sub-arrays, each with 1280 bolometers. Thetwo
planes are used simultaneously by means of a dichroic beam-
splitter, and have the same field-of-view of∼45 arcmin on the sky
(Holland et al. 2013). The default map pixels are 2 arcsec and
4 arcsec at 450 and 850µm, respectively. The observations were
obtained in August, 2013 (PID: M13BU08). Both targets were ob-
served for 170 minutes in Grade 2 weather (225 GHz opacity of
0.06). We used the CV Daisy observing mode, which provides a
twice better rms at the centre of the image for small and com-
pact sources of order 3 arcmin or less, compared to the Pong mode.
We also applied a matched-beam filter which utilises the fullflux
in the beam rather than just the peak value at the position of a
source. Using this setup, and with typical grade 2 weather condi-
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Figure 1.TheWISEmid-infrared colour-colour diagramme with the Class I
(red), Flat (blue), Class II (grey), and Class III (black) YSOs from the Evans
et al. (2009) sample. The targets M1701117 and M1082188 are marked as
green diamond and square, respectively.

tions, we expected to reach a 1-σ rmsof ∼12 mJy/beam at 450µm,
and∼1 mJy/beam at 850µm.

We used the SMURF (Sub-Millimetre User Reduction Facil-
ity), available under the Starlink package, for reducing and calibrat-
ing SCUBA-2 data. The various steps required to reduce the data,
starting from the pre-processing steps of flat-fielding, etc., to pro-
ducing the final science map, were applied using the map-making
process DIMM (Dynamic Iterative Map-Maker), as described in
Chapin et al. (2013). We used the default DIMM configurations.
For post-processing of the science maps, the KAPPA and PICARD
softwares were used. For flux calibration, a peak flux conversion
factor of 491 Jy/pW/beam and 537 Jy/pW/beam were applied in the
450 and 850µm bands, respectively, to convert from units of pW
to Janskys. The details on calibrating SCUBA-2 data are provided
in Dempsey et al. (2013). We then applied the PICARD recipe
SCUBA2 MATCHED FILTER to the flux-calibrated science maps
so to improve the point-source detectability. This recipe fits a sin-
gle Gaussian point spread function (PSF), centred over every pixel
in the map, and applies a background suppression filter to remove
any residual large-scale noise. The full-width at half maximum of
the Gaussian fit was the same as the beam size, which is 7.5 arcsec
and 14.5 arcsec in the 450 and 850µm bands, respectively.

Fig. 2 shows the signal-to-noise maps in the two bands. We
used the standard aperture photometry tasks from the IRAFphot
package. The object M1701117 was detected at a∼3-σ level in the
450µm band, and at a∼9-σ level in the 850µm band. The source
M1082188 has a fainter∼1.8-σ detection in the 450µm band, but
a bright∼5-σ level detection in the 850µm band. The black ring
surrounding the 850µm map of M1701117 is suggestive of an ex-
tended source as the PSF filtering does not take into account the
error beam. The 850µm map for M1082188 shows another point
source at a distance of∼24 arcsec south-west from the target loca-
tion, with possibly a bridge of emission between them. This bridge
of emission is at a<1-σ level, therefore the contribution from it to
the PSF of the target is expected to be non-significant. A separation
of 24 arcsec at a distance of 380 pc subtends 9100 au, which is a
distance too large to suggest the presence of extended emission due
to a disc or a flattened envelope. Considering that this object shows
a peak in emission at a∼2-σ level, it is likely to be a spurious or

Table 1.Photometry

Band M1082188 M1701117 Unit Origin

i′ 18.25±0.008 16.54±0.07 mag DENIS
Z 16.594±0.009 16.285±0.008 mag UKIDSS
Y 16.129±0.008 15.973±0.007 mag UKIDSS
J 15.292±0.006 15.455±0.007 mag UKIDSS
H 14.262±0.005 14.435±0.005 mag UKIDSS
K 12.973±0.002 13.333±0.003 mag UKIDSS

[3.6] 10.990±0.023 11.788±0.023 mag WISE
[4.5] 9.943±0.020 10.079±0.021 mag WISE
[5.8] 8.117±0.023 6.754±0.016 mag WISE
[8.0] 5.711±0.039 4.462±0.030 mag WISE

450µm <40±20 80±34 mJy SCUBA-2
850µm 7±2 12±2 mJy SCUBA-2

confused source, the proportion of which is found to increase by a
factor of four or higher at a SNR threshold of< 4.0 (e.g., Scott et al.
2002). We calculated the probability of a chance alignment with a
background sub-mm galaxy using the SHADES cumulative source
counts of Coppin et al. (2006). For galaxies of the same 850µm
flux density as our targets, i.e., 12 and 7.5 mJy, we expect their
on-sky density to be∼50 and∼300 per square degree, leading to
a probability of finding a galaxy in a beam-sized aperture centred
on the source of 0.07% and 0.4%, respectively, which is a negli-
gible probability. The observed sub-millimetre fluxes are listed in
Table 1. The 450µm point for M1082188 should be considered as
the 2-σ upper limit.

2.3 Optical Spectroscopy

Spectroscopic observations were carried out with the TWIN spec-
trograph mounted on the Calar Alto 3.5-m telescope in Augustand
December, 2012, in service mode. Weather conditions were pho-
tometric and transparency was excellent with a seeing of 1 arcsec.
The TWIN spectrograph is equipped with the Site#22b (blue) and
Site#20b (red) CCDs. We used the T13 grating in the blue arm to
cover the 350–550 nm range, and the T11 grating in the red arm,
covering the 550–1100 nm wavelength range. Both are moderate-
resolution (R∼1000) gratings. The slit width was set to 1 arcsec.

The exposure time was 1200 s for the targets in both grat-
ings. The optical spectra were reduced in a standard manner us-
ing IRAF routines. We subtracted the bias and divided by the nor-
malised internal flat taken just after the exposures. Then, we ex-
tracted optimally the one-dimensional spectrum and calibrated our
spectra in wavelength with the helium-argon lamp spectra, to an
accuracy better than 0.1 Å. The spectra were calibrated relative to
a spectro-photometric standard (HZ44; Oke 1990) observed as part
of our program, and the wavelength scale was corrected to thehe-
liocentric standard of rest. The flux calibration is only valid be-
tween∼4000 and 9000 Å, where flux is well characterized for the
spectro-photometric standard. The spectra have not been corrected
for telluric absorption. We estimate a signal-to-noise ratio (SNR)
of ∼5–10 and∼10–20 for the spectra in the blue and red arms, re-
spectively (Fig. 3).
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Figure 2. The SCUBA-2 450µm (left) and 850µm (right) SNR maps for M1701117 (top) and M1082188 (bottom). In the 850µm map for M1082188, the
target is marked by a cross. The contours in the 450µm and 850µm maps are given from 1σ to 3σ, and 3σ to 6σ, respectively, in steps of 1σ. North is up, east
is to the left.
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Figure 3. Optical spectrum for M1082188 (top) and M1701117 (bottom) with the prominent accretion- and outflow-associated emission lines marked.

3 RESULTS

3.1 Radiative Transfer Modeling of the SEDs

We used the two-dimensional radiative transfer code by Whitney
et al. (2003) to model the systems. The main ingredients of the

model are a rotationally flattened infalling envelope, bipolar cav-
ities, and a flared accretion disc in hydrostatic equilibrium. For
the circumstellar envelope, the angle-averaged density distribution
varies roughly asρ ∝ r−1/2 for r ≪ Rc, andρ ∝ r−3/2 for r ≫ Rc.
Here,Rc is the centrifugal radius and is set equal to the disc outer ra-
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dius. The disc density is proportional to̟−α, where̟ is the radial
coordinate in the disc midplane, andα is the radial density expo-
nent. The disc scale height increases with radius,h = h0(̟/R∗)β,
whereh0 is the scale height atR∗ andβ is the flaring power. The
disc extends from the dust destruction or the dust sublimation ra-
dius,Rsub = R∗(Tsub/T∗)−2.1, to some outer disc radius,Rd,max. The
dust sublimation temperature is adopted to be 1600 K. We used
large grains in the dense disc midplane, with a size distribution that
decays exponentially for sizes larger than 50µm up to 1 mm. We
placed ISM-like grains withamax ∼ 0.25µm in the disc atmosphere
and the outflow region. The grain model used in the envelope re-
gion is similar in size to the ISM-grains, except includes a layer of
water ice on the grains that covers the outer 5% of the radius.Due
to binning of photons in the models, there are a total of 10 viewing
angles, with face-on covering 0−18 deg inclinations. Bipolar out-
flow cavities are also included in the models. The cavities extend
from the centre of the protostar to the outer radius of the envelope.
We adopted the curved cavity shape, the structure of which follows
z= a̟β, where̟ = (x2+y2)1/2. Herea is a constant determined by
a relation between the envelope radius and the cavity opening an-
gle, andb is the power of the polynomial defining the cavity shape.
The shape parameter determines how quickly the cavity widens in
the envelope. A small amount of dust is included in the cavitywith
constant density,nH2 = 2× 104cm−3 (Whitney et al. 2003).

Table 2 lists the estimates on the various model parameters;
the top row lists the best-fit values based on the lowestχ2 value
of the fit to the observed SED, while the bottom row shows the
range in values for each parameter based on the degeneraciesin
the model fits obtained from the top three fits. The best-fits are
shown in Fig. 4. An important parameter in fitting a Class I SEDis
the mass infall rate, since increased/decreased envelope infall rates
correspond to denser/thinner envelopes. A thinner envelope implies
that more photons can escape through the cavity regions, resulting
in a higher near-infrared flux. Thus both the sub-millimetreand
the near-infrared points provide a good constraint to this parame-
ter. The best model fits to the observed SEDs for the targets were
obtained using an infall rate of (3–8)×10−6 M⊙ yr−1. Increasing the
mass infall rate to values>1×10−5M⊙ yr−1 results in a model fit
with large excess emission in the sub-millimetre region andmisses
the 850µm point. The best model fits shown in Fig. 4 indicate some
amount of flaring between∼20µm and the sub-millimetre points.
In order to obtain a flat structure in this wavelength region,the in-
fall rate would need to be reduced to 1x10−7M⊙ yr−1 and the en-
velope mass reduced to just 1MJup. Such a model, however, falls
well short of fitting the sub-millimetre points for both targets. We
therefore expect some flaring in the system, and not a completely
flat structure. We found a good fit using intermediate inclinations
of 45-65 deg. A smaller inclination angle results in a model with
larger near-infrared fluxes and more emission atWISEwavelengths
than the observed fluxes. Among the other parameters, the outer
envelope radius mainly effects the SED forλ > 100µm, but very
large radii can also give too much optical depth to the centreof
the envelope, thus effecting the mid-infrared fluxes. This parameter
was constrained by theWISEand sub-millimetre fluxes, and values
of around∼1500 au provide a good fit.

The best-fit parameters for both targets are similar to the Class
I/Late Class I stage standard models presented in Whitney et al.
(2003). Comparing the two objects, M1701117 is brighter in the
sub-millimetre bands than M1082188, and requires a larger enve-
lope mass to fit these points (Fig. 4; Table 2). We also tried tofit
the observed SEDs using a disc-only model, with the envelopein-
fall rate set to zero. Disc emission alone cannot fit the full SED,

Table 2.Model Parameters

Parameter M1082188 M1701117

Ṁenv (M⊙ yr−1) 3.95×10−6 7.66×10−6

(3–7)×10−6 (4–8)×10−6

Menv (MJup) 40 50

23–55 30–65
Rsub (R∗) 3.12 3.12

Renv,min (Rsub) 1 34.8

1 20–35
Renv,max (au) 1457 1765

1380–1460 1650–1770
Mdisc (MJup) 1–4 1–4

Rd,min (Rsub) 1 30

1 20–35
Rd,max (au) 108 42

30–110 37–45
Rc (au) 108 42

30–110 37–45
θin 45−60 deg 50−65 deg

θcav 21.3 deg 28.8 deg

21−29 deg 28−29 deg
β 1.138 1.149

1.07–1.14 1.08–1.15
α 2.138 2.149

2.07-2.14 2.08-2.15

particularly the rise in fluxes between∼2 and 5µm and the sub-
millimetre points. We also checked with the online SED fitting tool
(Robitaille et al. 2006)1, and all of the ‘top ten’ model fits for both
targets include the envelope component.

We derived the total dust+gas mass from the envelope+disc
components of the systems from the 850µm flux. This mass es-
timate is∼36MJup and∼22MJup for M1701117 and M1082188,
respectively. These masses have been derived assuming a dust tem-
perature of 10 K, a gas-to-dust mass ratio of 100, a dust opacity law
of 0.017 cm2 g−1 (Ossenkopf & Henning 1994), and a distance to
σ Orionis of 380 pc (e.g., Caballero 2008). The dust temperature
was estimated by solving the radiative transfer through themodel
envelope given the total luminosity of the source, and is consistent
with the average isothermal dust temperatures found from radiative
transfer models of a sample of Class I stars from the work of e.g.,
Shirley et al. (2002) and Young et al. (2003). These circumstellar
mass estimates are consistent with the lower value on the range
of the total envelope+disc mass obtained from the SED modeling
(Table 2).

3.2 Accretion and Outflow Signatures

The optical spectra for both targets exhibit strong emission in the
accretion-associated lines of Hα and the Caii infrared triplet (IRT)
at 8498, 8542, 8662 Å, as well as in the outflow-associated forbid-
den emission lines (FELs) of [Oi] λλ6300, 6363 Å, [Sii] λλ6716,
6730 Å, and the [Nii] line at 6583Å (Fig. 3). The presence of such
youth signatures is a confirmation of both targets being YSOs, and
not foreground/background stars or extragalactic contaminants. In

1 http://caravan.astro.wisc.edu/protostars/

http://caravan.astro.wisc.edu/protostars/


6 Riaz et al.

-13

-12.5

-12

-11.5

-11

-10.5

-10

-0.5  0  0.5  1  1.5  2  2.5  3

lo
g 

λ 
F

λ 
(e

rg
s/

s/
cm

2 )

log λ (µm)

M1701117

total
star
env
disk

-14

-13.5

-13

-12.5

-12

-11.5

-11

-10.5

-10

-0.5  0  0.5  1  1.5  2  2.5  3

lo
g 

λ 
F

λ 
(e

rg
s/

s/
cm

2 )

log λ (µm)

M1082188

total
star
env
disk

Figure 4. The best-fit from radiative transfer modeling of the SEDs forthe
M1701117 (top) and M1082188 (bottom) systems. Also shown are sepa-
rate contributions from the star, disc, and the envelope. The optical to sub-
millimetre photometry is plotted with open squares.

comparison with M1082188, the strength in all emission lines, ex-
cept the [Sii] FELs, are weaker in the spectrum of M1701117 (Ta-
ble 3). This can be expected since the envelope mass for this system
is larger than M1082188, and this system is therefore more extin-
guished by the cold envelope, making it fainter in the optical. The
spectra for both targets are strongly veiled, which makes itdifficult
to identify any photospheric absorption lines or bands and mea-
sure the systemic velocity. We considered the rest velocity, VLS R=

30.9 km s−1, for both sources, which is the mean value of the radial
velocities measured for several members of theσ Orionis cluster
by Sacco et al. (2008).

The presence of optical FELs is not commonly seen in Class
I protostars, due to extinction from the envelope and thus being
too faint or undetected in the optical bands. There are, however,
a few known cases of Class I systems, such as, GV Tau, HL Tau,
IRAS 04369+2539, IRAS 05451+0037, and in particular, the low-
luminosity source IRAS 04158+2805 (Lbol ∼0.3L⊙), which show
both strong emission in the optical FELs as well as some of the
other signatures observed in protostars (e.g., White & Hillenbrand
2004; Hillenbrand et al. 2012; Furlan et al. 2008). These objects are
treated as diffuse envelope systems, which are likely more evolved
and at the end of their Class I phase. The tenuous envelopes of
our targets, in addition to outflows, suggests that these maybe rare
cases among very low-mass mass objects as the few found among
protostars.

For both targets, the Hα line shows a broad profile (Fig. 5),
with a width at 10% of the line peak of 580±60 km s−1 and 380±40
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Figure 5. Accretion and outflow associated emission lines for M1082188
(left) and M1701117 (right). All radial velocities are with respect to the
systemic velocity assumed for the targets. The flux is in arbitrary units,
roughly normalized to the line peak value.

km s−1 for M1082188 and M1701117, respectively. An Hα 10%
width of>200 km s−1 is usually considered as a threshold to distin-
guish between accreting and non-accreting sources (e.g., Muzerolle
et al. 2003), based on which both targets can certainly be classified
as intense accretors. The spectrum of M1082188 also shows strong
emission in Caii IRT, which is another important accretion indica-
tor. The strength in the [Sii] FELs is stronger for M1701117. The
difference in the ratio of the [Sii] lines between the two sources
is likely due to differences in the electron density, ne, in the out-
flows. We used the [Sii] line ratios to calculate ne of 3600±1000
cm−3 and 4575±50 cm−3 for M1082188 and M1701117, respec-
tively. On the blue side of the spectrum of M1082188 (Fig. 3),the
upper Balmer lines of Hγ and Hβ are prominently detected, while
there is a weak detection for the Hδ line. The Hβ line is also a no-
table accretion indicator (e.g., Fang et al. 2011). The blueside of
the M1701117 spectrum is at a much worse SNR, with only the
Hβ line clearly identified. The strength in this line is also weaker
compared to M1082188.

It is important to note that the FELs of both objects are centred
at zero velocity. If the radial velocities of these lines were ∼100–
200 km s−1, as observed for jets from low-mass protostars (e.g.,
White & Hillenbrand 2004), we would have seen these shifts even
with the poor spectral resolution. The fact that the lines lie close
to zero velocity indicates that the radial velocities for these Class I
jets are similar to the radial velocities measured for jets in Class II
very low-mass/sub-stellar objects, which are typically measured to
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Figure 6.The accretion rates loġMacc in M⊙ yr−1 derived from various line
diagnostics (labelled) for M1082188 (black) and M1701117 (blue). Hori-
zontal lines indicate the mean level calculated without including the [Oi]
line.

be∼50 km s−1 (e.g., Whelan et al. 2009). We discount the idea that
the low radial velocities are due to the outflows being in the plane of
the sky as there is no evidence that our sources have edge-on discs
(Table 2). A low jet velocity for Class I/II very low-mass star or
brown dwarf is expected, considering that the escape velocity from
a brown dwarf should be less than a low mass star, as the escape
velocity is related to the stellar mass.

Table 3 lists the observed pseudo-equivalent widths (pEWs)
and line fluxes for the accretion and outflow emission lines. We
estimate an uncertainty on the line luminosities and pEWs of∼8–
30%, which arises from the noise level in the pseudo-continuum
selected. We obtained estimates on the disc mass accretion rate,
Ṁacc, using multiple diagnostics of the Balmer and Caii IRT lines
(Table 3), and the latest line luminosity relationships from Alcalá
et al. (2014). Figure 6 shows a plot foṙMacc derived from these line
indicators. The meaṅMacc is measured to be (6.9±0.7)×10−10 M⊙
yr−1 and (2.3±0.3)×10−10 M⊙ yr−1 for M1082188 and M1701117,
respectively. The uncertainty oṅMacc has been calculated by prop-
agating the error on the relationships of Alcalá et al. (2014) and the
error on the line flux measurements. TheṀacc estimates are con-
sistent with each other when the known accretion diagnostics are
used. In addition, we also measuredṀacc from the [O i] λ6300 Å
line as an indirect accretion indicator, using the relationfrom Her-
czeg & Hillenbrand (2008). The main assumption in using a jet
line as an accretion indicator is that the [Oi] emission line forms
in an accretion powered outflow, due to which the [Oi] line lu-
minosities are correlated with the accretion rates. TheseṀacc es-
timates are about an order of a magnitude higher; for M1082188,
the rate is (1.5±1.4)×10−8 M⊙ yr−1, and for M1701117, the rate is
(6.8±6.5)×10−9 M⊙ yr−1. An argument for a higher [Oi] derived
Ṁacc can be that the [Oi] line is forming above the envelope, and
therefore should not be extincted to the same extent as a direct ac-
cretion tracer, which comes from inside the obscuring envelope.
The [O i] line can thus be used as an indirect tracer of accretion,
and is likely to provide a more reliable measure ofṀacc rather than
the known diagnostics for stars extincted by an envelope.

For the outflow mass loss rate, a widely used method is to
use the line luminosity of the [Sii] λ6731 Å line, as outlined in

Hartigan et al. (1995). The relations in Hartigan et al. havebeen
derived from shock models and are based on certain assumptions
about the FEL critical density, the electron density, and the veloc-
ity of the outflow. We used aVtan of 50 km s−1 for both sources,
since this value is similar to the estimates obtained for some known
Class II brown dwarf outflow sources (e.g., Whelan et al. 2009).
Due to the low spectral resolution of our data, we cannot obtain a
robust estimate onVtan at present. The critical density ncr is set to
1.3×104 cm−3 from Hartigan et al. (1995). Using these values, the
mass outflow rate,̇Mout, is calculated to be (1.0±0.5)×10−9 M⊙ yr−1

for M1082188, and (1.2±0.6)×10−9 M⊙ yr−1 for M1701117. The
uncertainties were calculated in a manner similar to the uncertainty
for the Ṁacc measurements.

We consider the measurements on accretion and outflow rates
as crude estimates, mainly due to the uncertainty in the extinction
correction that should be applied to the observed line fluxes. For
the present case, we applied a correction for the interstellar redden-
ing towards the targets, using the Galactic reddening and extinc-
tion calculator provided by IRSA2. This service uses the Schlafly
& Finkbeiner (2011) Galactic reddening maps to determine the
total Galactic line-of-sight absorption at a given position. We ob-
tained anAV estimate of 0.8 mag and 1.2 mag for M1082188 and
M1701117, respectively, over an area of 5-arcmin radius centred at
the coordinates of the targets. These estimates are consistent with
the reddening estimates for theσ Orionis region (AV 6 1 mag; Lee
1968; Béjar et al. 1999). There are no usable lines in the optical,
such as the Paδ and Brγ lines observed in the near-infrared, which
could provide a more robust estimate on the extinction in theemis-
sion line region for protostellar systems (e.g., Connelley& Greene
2010). We plan to present in a subsequent study more robust esti-
mates on the accretion and outflow activity rates using near-infrared
spectroscopy.

4 DISCUSSION

We followed previous surveys on Class I protostars by e.g., Enoch
et al. (2009), Dunham et al. (2008), Furlan et al. (2008), andEvans
et al. (2009), where the bolometric luminosity of the source, as
measured from integration of the observed SED over a wide range
in wavelength from near-infrared to sub-millimetre/millimetre, has
been used to reflect on the nature of the object as a very low-
luminosity or a high-luminosity protostar. For our targets, the inte-
grated bolometric luminosity,Lbol, as measured from the observed
SEDs covering∼0.8–850µm, is 0.18±0.04 L⊙ for M1701117,
and 0.16±0.03 L⊙ for M1082188. Considering an age of 3 Myr
for σ Orionis, theseLbol estimates correspond to a mass of
∼0.3−0.35M⊙, based on the BT-Settl evolutionary models by Al-
lard et al. (2003), and is in the very low-mass range. The typical
boundary between low-mass stars and very low-mass objects is
considered to be at M∼ 0.4M⊙ (e.g., Chabrier & Baraffe 1997;
2000). A further point in favour of the targets being very low-mass
objects is that if these were T Tauri stars, we would expect tosee
FELs with radial velocities of around 200 km s−1. Jet radial ve-
locities of< 50 km s−1 as we see for both sources are more typi-
cal of very low-mass stars and brown dwarfs (e.g., Whelan et al.
2009). We can argue that since both targets are driving strong out-
flows, some of the envelope material might be dissipated further
by the outflow entrainment, as has been suggested in recent studies

2 http://irsa.ipac.caltech.edu/applications/DUST/

http://irsa.ipac.caltech.edu/applications/DUST/
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Table 3.Emission line fluxes and equivalent widths

Line λcentral (Å) Equivalent Width (Å) Line Flux (10−15 erg cm−2 s−1) log Ṁacc (M⊙ yr−1)
M1082188 M1701117 M1082188 M1701117 M1082188 M1701117

Hδ 4101.74 −36.8±2.9 – 1.7±0.2 – −9.30±0.42 –
Hγ 4340.47 −23.9±4.1 – 1.5±0.2 – −9.52±0.36 –
Hβ 4861.33 −56.9±4.5 −49.6±4.9 2.1±0.6 2.6±0.2 −9.44±0.34 −9.58±0.34

[O i] 6300.30 −122.8±11.0 −14.7±1.2 6.7±0.5 1.8±0.1 −7.81±0.41 −8.16±0.41
[O i] 6363.78 −40.3±3.2 −12.2±1.5 2.3±0.2 1.5±0.1 – –
Hα 6562.85 −227.5±25.0 −43.4±3.9 18.8±1.5 5.6±0.7 −9.08±0.37 −9.99±0.41

[N ii] 6583.45 −10.3±2.1 −4.2±0.3 0.9±0.1 0.7±0.1 – –
[S ii] 6716.44 −12.5±1.0 −11.6±0.9 0.8±0.2 1.5±0.1 – –
[S ii] 6730.82 −18.3±2.9 −17.7±1.4 1.3±0.1 2.5±0.2 – –
Ca ii 8498.02 −14.7±4.4 −4.2±0.4 0.7±0.1 0.5±0.1 −9.09±0.53 −9.52±0.55
Ca ii 8542.09 −13.9±1.9 −3.9±0.3 0.9±0.1 0.5±0.04 −9.18±0.59 −9.63±0.62
Ca ii 8662.14 −17.4±2.9 −5.7±0.4 1.2±0.4 0.6±0.07 −8.98±0.63 −9.46±0.66
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Figure 7. The observed SED for M1701117 (filled circles) and M1082188
(filled squares) compared with the the SED for a Stage I (IRS 37), a Stage
I-T (WL 17), and a Stage II (SR 21) source from van Kempen et al.(2009).

on Class I outflow sources (e.g., Koyamatsu et al. 2014; Hirano &
Liu 2014). Therefore, we do not discard the possibility thatthese
objects are proto-brown dwarf candidates, and will probably form
sub-stellar objects in the long run, reaching a final mass of the sys-
tem close to or below the sub-stellar limit.

In Fig. 7, the observed SEDs for the targets are compared with
those for a Stage I (IRS 37), a Stage I-Transition (Stage I-T;WL
17), and a Stage II (SR 21) source from van Kempen et al. (2009).
These are tenuous envelope sources with low envelope massesof

< 0.1 M⊙. The “Stage” classification scheme as first introduced
by Whitney et al. (2003) and later modified by van Kempen et al.
(2009) is based on the physical characteristics of a YSO, such that
Stage I objects have 0.1< Mdisc/Menv < 2, Stage II haveMenv=0,
while Stage 3 are pre-main sequence stars with tenuous discs. The
Stage I-T sources are in a transition from the embedded to pre-
main sequence stage, and have tenuous envelopes compared tothe
early Stage I objects. Thebestmodel-fit estimates for our targets
(Table 2) would classify both as Stage I objects. The SEDs of
M1701117 and M1082188 in Fig. 7 are flatter compared to the
Stage II source, and more similar to the Stage I SED. A com-
parison of the SEDs for the two targets shows that M1082188 is
a more evolved system than M1701117. What is also notable in
Fig. 7 is the ratio of the mid-infrared to the sub-millimetrefluxes,
which is about four orders of magnitude for Stage I-T and Stage
II SEDs, much larger than the targets or the Stage I source. As
the envelope material dissipates, the cold dust mass in the system
decreases, resulting in lower sub-millimetre fluxes and a large con-
trast between mid-infrared and sub-millimetre fluxes. The shape
of the SED therefore becomes much steeper, compared to earlier
stage SEDs. Therefore, both the observed and physical properties
of the targets indicate an earlier evolutionary stage than typical
Class II/Stage II sources. Also notable is the disc mass range for
both sources, which is at least two orders of magnitude larger than
the disc masses estimated fromHerschel/PACS observations for
Class II very low-mass stars and brown dwarfs at similar ages(Har-
vey et al. 2012), and further indicates the earlier evolutionary stage
for the targets.

Among low-mass Class I protostars in the Taurus and the
Chamaeleon I and II star-forming regions (∼1–3 Myr), the Ṁacc

as measured from optical/near-infrared spectroscopy span a wide
range between∼1×10−7 M⊙ yr−1 and 4×10−10 M⊙ yr−1, while the
values forṀout derived from the [Sii] lines have about four or-
ders of magnitude range between 2×10−10 and 3×10−6M⊙ yr−1

(e.g., White & Hillenbrand 2004; Antoniucci et al. 2011). For the
few very-low luminosity Class I objects named IRAS 04158+2805,
IRAS 04248+2612, and IRAS 04489+3042, with Lbol of ∼0.1–
0.2L⊙ identified in Taurus, the accretion and outflow rates range
between∼1×10−9 M⊙ yr−1 and 4×10−10 M⊙ yr−1 (White & Hillen-
brand 2004). TheṀout and the meanṀacc for our very low-mass
Class I/Flat targets lie within this range. In comparison, the typi-
cal mass accretion rates for Class II very low-mass stars in young
clusters at ages of∼1–3 Myr are found to be small, witḣMacc of
the order of 10−10 – 10−12M⊙ yr−1 (e.g., Muzerolle et al. 2003;
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2005), while the estimated range iṅMout is ∼ (2–11)×10−10 M⊙
yr−1 (e.g., Whelan et al. 2009). Recent studies using high-resolution
spectroscopy of strong accretors among Class II very low-mass
stars inσ Orionis have reporteḋMacc between∼4×10−10 M⊙ yr−1

and 4×10−11 M⊙ yr−1, with the exception of the Class II object
Mayrit 1040182 (V604 Ori), which is an intense accretor withṀout

of ∼1×10−9 M⊙ yr−1 (Rigliaco et al. 2012). Overall, these compar-
isons suggest that the activity rates are not significantly different
between Class I and Class II stages for very low-mass stars, and are
also within the wide range observed for the Class I low-mass stars.
This has also been noted by e.g., White & Hillenbrand (2004),who
found the medianṀacc andṀout for Class I and Class II low-mass
stars to be indistinguishable. The observed trends can be explored
further once the outflow and accretion properties for a greater num-
ber of very low-mass stars during the early evolutionary stages have
been studied, and the rates can be calculated with less degeneracy.

5 SUMMARY

We conducted a multi-wavelength study of two very low-
luminosity Class I/Flat sources, Mayrit 1701117 and Mayrit
1082188, in theσ Orionis cluster. Both objects exhibit prominent
signatures of accretion and outflow activity, with the mean accre-
tion rate of 6.4×10−10 M⊙ yr−1 for M1701117, and 2.5×10−10 M⊙
yr−1 for M1082188. The outflow mass loss rates for the two systems
are similar and estimated to be∼1×10−9 M⊙ yr−1. The activity rates
lie within the range observed for low-mass Class I protostars. The
bolometric luminosity of the targets as measured from the observed
spectral energy distribution over∼0.8–850µm is 0.18±0.04L⊙ for
Mayrit 1701117, and 0.16±0.03 L⊙ for Mayrit 1082188. The to-
tal dust+gas mass from the envelope+disc components, derived
from the 850µm flux, is estimated to be∼36MJup and∼22MJup

for Mayrit 1701117 and Mayrit 1082188, respectively. Thereis the
possibility that some of the envelope material might be dissipated
by the strong outflows driven by these sources, resulting in afinal
mass of the system close to or below the sub-stellar limit. Weare
conducting further follow-up observations at various wavelengths
to perform a more detailed charaterization study, which will help
shed light on the true nature of these sources.
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at the Centro Astronómico Hispano Alemán (CAHA) at Calar Alto,
operated jointly by the Max-Planck Institut für Astronomie and the
Instituto de Astrofsica de Andaluca (CSIC).

REFERENCES

Adams, F. C., Lada, C. J., Shu, Frank H. 1987, ApJ, 312, 788
Allard, N. F., Allard, F., Hauschildt, P. H., Kielkopf, J. F., Machin,
L. 2003, A&A, 411, L473
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