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ABSTRACT

We present the results of ALMA band 7 observations of dust and CO gas in the disks around 7 objects with
spectral types ranging between M5.5 and M7.5 in Upper Scorpius OB1, and one M3 star in Ophiuchus. We detect
unresolved continuum emission in all but one source, and the 12CO J=3− 2 line in two sources. We constrain the
dust and gas content of these systems using a grid of models calculated with the radiative transfer code MCFOST,
and find disk dust masses between 0.1 and 1M⊕, suggesting that the stellar mass/disk mass correlation can be
extrapolated for brown dwarfs (BDs) with masses as low as 0.05Me. The one disk in Upper Sco in which we
detect CO emission, 2MASS J15555600, is also the disk with the warmest inner disk, as traced by its H–[4.5]
photometric color. Using our radiative transfer grid, we extend the correlation between stellar luminosity and mass-
averaged disk dust temperature, originally derived for stellar mass objects, to the BD regime to
T L L22 Kdust

0.16( )*á ñ »  , applicable to spectral types of M5 and later. This is slightly shallower than the
relation for earlier spectral type objects and yields warmer low-mass disks. The two prescriptions cross at 0.27 Le,
corresponding to masses between 0.1 and 0.2Me depending on age.

Key words: brown dwarfs – protoplanetary disks – submillimeter: stars

1. INTRODUCTION

Circumstellar (and likely protoplanetary) disks are ubiqui-
tous around solar-mass stars (Williams & Cieza 2011). It is also
now well-established that such disks are common around
young brown dwarfs (BDs) and very low-mass stars (VLMS)
(Bulger et al. 2014). As the size of the sample of such disks has
grown, it has become increasingly possible to examine
astrophysically significant trends. For example, one important
question is whether there is a relation between the disk mass
and the central stellar (or sub-stellar) mass (Andrews et al.
2013; Mohanty et al. 2013). This, of course, is directly related
to the probability of planet formation around such objects as
well as the likely size of young planets. A second related
question is the lifetimes of these disks, both for the dust and the
gas components. Understanding the mass and lifetimes of the
gas and dust disks around a wide range of mass of the central
object is key to understanding the evolution of the disks and the
physical processes that produce this evolution. The most
obvious of these processes include grain growth, dust settling,
and photo-evaporation of the gas, in addition to accretion onto
the central object and onto any planets forming within the disk.
The sizes and masses of BD disks may also provide clues to the
details of their formation mechanism(s) as well. For example, if
sub-stellar objects form by different processes than hydrogen-
burning stars, such as ejection of stellar embryos (e.g., Reipurth
& Clarke 2001; Bate et al. 2003) or erosion of star-forming
clouds by radiation from massive stars (Watkins et al. 1998),
then the disks may be proportionally smaller than those around
higher mass objects.

The difficulty of observing disks around BDs and VLMS is
linked to the most obvious difference between T Tauri-like
stars (of order 1Me) and much lower mass objects, that is, their
luminosities. The disks around BDs and VLMS will naturally
be both fainter and colder, even if the same mass were present
in both. Since both theoretical considerations and early
observations have suggested some level of Mdisk–Mstar relation,
the observational issue is likely even more biased against easy
detectability of such low-mass disks.
Disks around BDs have up to now mostly been studied at

infrared wavelengths, which trace warm dust on the disk surface
close to the star and can be used to constrain the inner disk shape
and lifetime (e.g., Luhman & Mamajek 2012). To measure
the disk mass one has to move to longer, submillimeter,
wavelengths. Given the expected weak submillimeter emission
from the disks around BDs, only a handful of these disks
have been detected at submillimeter wavelengths to date (see
Scholz et al. 2006; Bouy et al. 2008; Andrews et al. 2013;
Ricci et al. 2014; Rodriguez et al. 2015).
Recent studies using Spitzer and Herschel have investigated

substantial samples of BD/VLMS (Harvey et al. 2012a; Alves
de Oliveira et al. 2013; Bulger et al. 2014). This paper
describes the first half of an ALMA program to extend the first
two of these studies to the submillimeter spectral region. This
entire program was motivated by the availability of a sample of
“older” BD/VLMS in Upper Sco from Harvey et al. (2012a)
with some much younger BD/VLMS observed in the program
of Bulger et al. (2014). Here we report on results from the
ALMA observations of the ∼11Myr old Upper Sco sample
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(and one Ophiuchus object) from Harvey et al. (2012a). Our
results complement and extend the results of Carpenter et al.
(2014), who report on ALMA continuum observations of
K-type and early M-type stars in Upper Sco.

In Sections 2 and 3 we describe our choice of targets and the
observational details, including both continuum and 12CO
J=3− 2 observations. In Section 4 we list our basic results,
whose modeling we describe in Section 5 and then discuss in
Section 6.

2. TARGET SELECTION

Upper Sco is the youngest part of the nearest OB association
Sco-Cen (de Zeeuw et al. 1999). The most recent age estimates
are ≈10Myr (David et al. 2016) and 11±2Myr based on
comparisons with the HR diagram (Pecaut et al. 2012),
although ages derived from HR diagram fitting may be
systematically older than activity indicators and kinematic
traceback analysis (Song et al. 2012). While absolute ages are
more difficult to determine, the relative age of Upper Sco is
unambiguously older than star-forming regions such as Taurus
and Ophiuchus. Using Spitzer data the disk population in the
Upper Sco association has been estimated by Luhman &
Mamajek (2012) at ∼500 members. The presence of detectable
circumstellar disks at this age makes this region ideal to study
the late stages of disk evolution over a substantial range of
stellar masses. Indeed, based on Spitzer and WISE data,
Luhman & Mamajek (2012) were able to show that disk
lifetimes are likely longer at lower masses.

Our sample was selected based on the results of the far-IR
Herschel PACS survey of Harvey et al. (2012a) that targeted
stellar/substellar objects across multiple nearby star-forming
regions. The Upper Sco sample of Harvey et al. (2012a)
consists of 11 targets that possess the largest mid-IR excesses
initially drawn from the results of the 35 object Upper Sco
Spitzer IRS and MIPS survey of Scholz et al. (2007). In order
to maximize the likelihood of detecting disk emission from
these late-M type targets at submillimeter wavelengths, our
sample includes 7 of the 8 targets that were detected in both
PACS channels at 70 and 160 μm. Our target list also includes
one object later identified as belonging to Ophiuchus, 2MASS
J16214199.

The massive star population of Upper Sco has been
identified with Hipparcos measurements (de Zeeuw et al.
1999) and the membership probability has been refined
(Rizzuto et al. 2012). The low-mass population membership,
however, is incomplete due to the large spatial extent of the OB
association (e.g., Preibisch et al. 2001; Slesnick et al. 2008).
The seven Upper Sco targets for this study have spectral types
ranging from M5.5 to M7.5, based on spectroscopic measure-
ments with an uncertainty of ∼0.5 in spectral type (Martín et al.
2004; Ardila et al. 2000). Our sample represents 7.2% of the 97
objects in the spectral type range between M4 and M8 in Upper

Sco that show excess emission in the W2 and [4.5] bands as
counted by Luhman & Mamajek (2012). Table 2 summarizes
the target properties, including spectral type. The transition
from stellar to substellar objects is expected to occur at a
spectral type of M6 based on evolutionary tracks that predict a
temperature of ∼3000 K for a 75MJup object at 10Myr (Baraffe
et al. 1998) and the effective temperature-spectral type scale of
Luhman (2003). All the targets are near or below the stellar/
substellar boundary. Three of the targets have been included in
a proper motion survey, and two have high probabilities of
membership (90%–100%; 2MASS J15555600, 2MASS
J16024575), while one, 2MASS J15560104, has a membership
probability of only 51.4% (Bouy & Martín 2009).
Another factor that may influence disk properties is the

presence of a companion. One target, 2MASS J16024575, has
a similar brightness companion at a separation of ∼0 12
(Kraus et al. 2005; 18 au for a distance of 144 pc; de Zeeuw
et al. 1999) and another target, 2MASS J16193976, is a binary
or possibly a triple system with the B and C components at a
separation of 0 18 and 2 60 (25 and 374 au), and a position
angle of 310° and 141°, respectively (Bouy et al. 2006). The
remaining five targets are single objects within the detection
limits compiled from several studies in Kraus & Hillen-
brand (2012).

3. OBSERVATIONS AND DATA REDUCTION

ALMA Early Science Cycle 1 band 7 observations were
conducted on 2014 March 20 and 2014 April 27 with 2519 and
2588 s of total execution time, respectively, translating to
4.55 minutes per source. During each execution all sources
were observed, leading to comparable sensitivities and beam
sizes for all targets. The array configuration provided baselines
ranging between 15.1 and 558.2 m. During the observations the
precipitable water vapor in the atmosphere was stable between
0.8 and 1.1 mm with clear sky conditions, resulting in a median
system temperature of 175 K.
Three of the four spectral windows of the ALMA correlator

were configured in Time Division Mode (TDM) to maximize
the sensitivity for continuum observations (128 channels over
1.875 GHz usable bandwidth) in minimum observing time. The
three TDM spectral windows were centered at 331.8, 333.8,
and 343.8 GHz. The fourth spectral window was configured in
Frequency Division Mode to target the 12CO J=3− 2 line,
using 1.875 GHz total bandwidth and an individual channel
width of 488.281 kHz (0.42 km s−1), corresponding to a
spectral resolution of 976.562 kHz (0.847 km s−1) after Han-
ning smoothing. Details of the observations and calibration are
summarized in Table 1. We estimate the absolute flux
calibration, based on the scatter of flux values of the calibrators
in the different executions, to be accurate within ∼15%.
We used the standard reduction tools within the

Common Astronomy Software Applications package (CASA,

Table 1
Observational Details

UT Date Number Baseline Range pwv Calibrators

Antennas (m) (mm) Flux Bandpass Gain

2014 Mar 20 34 15.1 to 437.8 0.97 Titan J1517-2422 J1626-2951
2014 Apr 27 35 22.2 to 558.2 1.20 Titan J1517-2422 J1517-2422

Note. During data reduction we flagged two and five antennas for the March 20 and April 27 data sets, respectively.
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McMullin et al. 2007) to calibrate and combine the data.
We extract the fluxes using the CASA task uvmodelfit, while
we image the disks with the CLEAN task in CASA (Högbom
1974) using natural weighting due to the faintness of our
targets, which results in a synthetic beam size of
0 56×0 44 at PA=−82° (Figure 1). Finally, we shift
our images using the proper motion correction from the
PPMXL Catalog (Roeser et al. 2010), whose values are
repeated in Table 2.

4. RESULTS

We detect 7 out of 8 observed sources in the continuum and
2 out of 8 in the 12CO J=3− 2 line. We reach a 1σ sensitivity
of 0.13 mJy beam−1 for the continuum maps, and
9 mJy beam−1 per 0.423 km s−1 channel for the CO line
images. The continuum sensitivities are reached by combining
both the continuum and the line spectral windows in those
sources where we do not detect CO emission. For the two
sources with CO emission detected, we exclude those channels

Figure 1. 885 μm continuum maps of the 8 sources described in this manuscript. For each map, the pointing center [0,0] has been shifted following the proper motion
values listed in Table 2 and is shown by the white plus sign. The synthesized beam size (white ellipse) is shown in the bottom left corner. All plots show −3 (red) and
3, 5, and 10 (yellow) σ contours. The offset of all disks from the [0,0] coordinate is within the proper motion errors reported.

Table 2
Properties and ALMA Band 7 Results of Sample VLMOs and BDs

2MASS ID Alternative Sp.Type pmRAa paDECa M*
b F885 μm FCO J = 3−2 Multiplicityc Refs.

ID (mas yr−1) (mas yr−1) (Me) (mJy) (Jy km s−1) (au)

J15555600-2045187 usd155556 M6.5 −17.9 −24.9 0.07 0.68±0.13 0.275±0.025 S 1; 6
J15560104-2338081 usd155601 M6.5 −19.0 −35.5 0.07 2.46±0.12 �0.045 S 1; 6

usd155601B L −19.0 −35.5 L 0.83±0.13 �0.037 S L
J15591135-2338002 usco128 M7 9.9 −13.6 0.06 2.00±0.12 �0.051 S 2; 6
J16024575-2304509 usco55 M5.5 −20.8 −34.3 0.10 0.49±0.13 �0.047 18 2; 5
J16060391-2056443 usd160603 M7.5 −11.7 −24.5 0.04 �0.13 �0.049 S 1; 6
J16100541-1919362 usd161005 M7 −6.8 −37.7 0.06 0.52±0.13 �0.041 S 1; 6
J16193976-2145349 usd161939 M7 −9.4 −6.0 0.06 0.94±0.12 �0.037 25 and 374 1; 4
J16214199-2313432 Allers 8 M3 −11.2 −29.8 0.34 3.68±0.13 0.350±0.036 L 3

Notes.Reported uncertainties are 1σ values, the CO uncertainty is calculated assuming a line width of 14 km s−1.
a Proper motion values from the PPMXL catalog (Roeser et al. 2010). Typical errors on the proper motion are 5 mas yr−1.
b Stellar masses extrapolated from the 10 Myr BHAC15 models (Baraffe et al. 2015) using the spectral type to temperature conversion from Luhman (2003).
c S=observed single, projected separations given in au based on the distance of 144 pc from de Zeeuw et al. (1999).
References. (1) Martín et al. (2004), (2) Ardila et al. (2000), (3) Gully-Santiago et al. (2011), (4) Bouy et al. (2006), (5) Kraus et al. (2005), (6) Kraus &
Hillenbrand (2012).
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within 0.1 GHz of the CO line center. One source in our
sample, 2MASS J16214199, is likely to be a member of
Ophiuchus instead of Upper Scorpius OB1. This source is
detected both in continuum and CO. We describe the results for
this source in Sections 4 and 5, but do not discuss it in
Section 6.

4.1. The Band 7 Continuum Data

We list the extracted flux densities in Table 2 and show
885 μm continuum maps for all targets in Figure 1. We detect 7
sources above 3σ, as well as a 5σ point-like signal that is offset
from 2MASS J15560104 by a distance of 1 75 at position
angle of 284°. Visual inspection of the K=17.1 and H=17.2
magnitudes deep UKIDSS images does not show a counterpart
at those wavelengths, and we consider it possible that this
emission comes from a background source instead of, e.g.,
originating from a heavily extincted (edge on) disk. We do not
detect continuum emission at the location of the binary
companions around 2MASS J16193976, limiting any possible
disk emission from that source to be below 0.49 mJy (3σ). All
continuum emission is spatially unresolved, limiting the
detected disk emission to be within a radius of ≈40 au. We
note that the continuum emission for 2MASS J16024575 is
detected above 3σ when fitting in the uv-plane, but that there
are similar strength features visible in the field, depending on
the weighting scheme used to reconstruct those images.

4.2. 12CO J=3− 2 Line Emission

We detect CO emission above 3σ intensity from the disks
around 2MASS J15555600 and 2MASS J16214199. We
extract the CO emission for these sources using an elliptical
aperture with a major and minor axis diameter of 0 90×0 72
for 2MASS J15555600, and 1 35×0 99 for 2MASS
J16214199, respectively. The CO emission in 2MASS
J15555600 and 2MASS J16214199 exceeds 3σ levels per
channel between 0.0 and 8.0 km s−1 and −0.5 and 11.5 km s−1,
and the line fluxes integrated between these velocities are
175±20 and 333±33 mJy km s−1, respectively. This is a
lower limit to the line flux. If we relax the constraints and
integrate between −5.0 and 8.5 km s−1 and −2.0 and
12.5 km s−1, the line fluxes increase to 275±25 mJy km s−1

and 350±36 mJy km s−1, respectively. For all other disks we
define a 1σ upper limit to the CO line by using an extraction
ellipse that encompasses the CO emission of both 2MASS
J15555600 and 2MASS J16214199 and a linewidth of
14 km s−1. The velocity field (gradient) for both detections is
consistent with a disk in Keplerian rotation. We show the
integrated emission lines, the integrated intensity (moment 0)
maps, and the velocity field (moment 1) maps in Figure 2 and
list the CO detections and 1σ upper limits in Table 2.

5. RADIATIVE TRANSFER MODELS

The data presented above provide new constraints at long
wavelengths. They allow us to explore in more detail the
structure of disks at the faint end of the stellar mass spectrum.
In particular, we can verify and improve the dust mass
estimates previously provided by Harvey et al. (2012a) based
on Herschel PACS data, and compare with the dust masses
estimated with analytical prescriptions (Section 6.1).

We have modeled the detected disks with the radiative
transfer code MCFOST (Pinte et al. 2006, 2009), choosing a

parameter space that encloses most documented cases
(Williams & Cieza 2011, and references therein). MCFOST
is a 3D, Monte-Carlo based radiative transfer code. For this
paper, parametric disk models were constructed to fit the
observed spectral energy distributions (SED). The approach
used here is similar to the one we previously used (see Bouy
et al. 2008; Harvey et al. 2012a, 2012b; Alves de Oliveira
et al. 2013). The disks we model have low masses and are
largely optically thin,10 even at MIR–FIR wavelengths (see
Harvey et al. 2012a). This implies that most of their
geometrical parameters are not well-constrained by SED
modeling alone. Despite these limitations, the dust mass and
to some extent the inner disk geometry that is probed most
directly by the optically thick NIR part of the SED can be
constrained to some degree in the modeling.
In all our models we have fixed the dust properties. We use

distributions of compact particles made of astronomical
silicates (Draine & Lee 1984) with minimum size
amin=0.05 μm, maximum size amax=1 mm, and size
distribution dn (a)∝a−3.5da. The continuum opacity of this
grain population is 3.72 cm2 g−1 at λ=885 μm. The surface
density profile is described by a power law Σ(r)∝r p with p in
the range [−1.5, −0.5] in steps of 0.5. The scale height profile
is given by h(r)=H0(r/r0)

β au, with r0=100 au and H0

values of [2, 5, 10, 15, 20] and β in the range [1.0, 1.2] with 5
linear intervals. We set the disk outer radius to 100 au in the
absence of strong constraints on disk size, and explore the
effects of shrinking outer radii in Section 6.1. Other parameters
that we allowed to vary are the dust disk mass and inner radius.
Both varied in logarithmic space in 7 equal steps between 10−4

and 10−7Me for the disk mass, and for the inner radius
between 5×10−3 and 0.25 au. The inclination angle is
allowed to varied over 10 equally spaced bins in cosine
(corresponding to randomly distributed inclinations in 3D), and
the stellar parameters T* and R* are restricted to values
between 2800 and 3200 K and 0.2 and 2 Re respectively, each
in 7 steps to match the temperature range expected for our
spectral type range, see again Harvey et al. (2012a) and also
Luhman & Mamajek (2012). Finally, we allow extinction
values Av between 0 and 7 with steps of 0.5.
We show the SEDs for the best fit models in Figure 3 and the 

best fit dust masses in Table 3 and Figure 4. For each model, 
the fitting quality was assessed via the χ2 metric. Uncertainties 
were set to the maximum between the observed value and 10%
of the measured flux, to avoid giving too much weight to 
optical data points, where variability can be important. For each 
model we estimated the Bayesian probability via exp(−χ2/2), 
assuming flat priors. The probability distribution, which is 
presented in Figure 4, was obtained by marginalizing the multi-
dimensional probability over each dimension successively. We 
assumed the model uncertainties were negligible compared to 
the observed ones. The disk masses we derive here are in 
agreement with those from our previous study (Harvey et al. 
2012a) within a factor of 3, often better. This is a validation of 
our previous claim that the disk masses are so low for these BDs 
that their
10 See, for example, the second panel of Figure13 from Harvey et al. (2012b).
This Figure is made for a disk twice as heavy as the most massive disk in the
parameter space we explore, and shows the optical depth of the disk as function
of radius for several wavelengths. For this disk at the wavelength of our
observations, the disk becomes optically thick at ≈0.5 au. The median value
for the mass of our best-fit disks is about 20 times lower than the disk used for
said figure, justifying the assumption that our modeled disks only become
optically thick at 885 μm at a fraction of an au.
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Figure 2. 12CO J=3 − 2 line profile (left), integrated intensity (moment 0, center) and velocity field (moment 1, right) maps for 2MASS J15555600 (top row), and
2MASS J16214199 (bottom row). The moment 0 maps have been made by collapsing all channels between −20 and 20 km s−1, the moment 1 maps using only those
parts of the maps containing emission above 3σ. All moment maps have a 3σ continuum emission contour overplotted in yellow. The beam is shown in orange at the
bottom left.

Figure 3. Spectral energy distributions of the sample. The MCFOST best-fit models are shown (blue lines), in addition to representative stellar atmospheric models
(gray lines) normalized to 1.6 μm. Photometry measurements (black points) from optical to far-IR wavelengths are compiled from Allers et al. (2006), Ardila et al.
(2000), Bouy & Martín (2009), Cutri et al. (2003, 2012), Harvey et al. (2012b), Scholz et al. (2007), and Slesnick et al. (2008). Our ALMA Band 7 (885 μm) flux
densities and upper limit are shown by the red stars and downward arrow, respectively.
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disks are optically thin already in the Herschel/PACS range
(70, 100, and 160 μm) and that these continuum fluxes are
adequate tracers of the disk dust mass, even at 70 μm. We
compare the dust masses derived here with the masses derived
by other methods below.

Although the dust masses are well constrained by SED
fitting, we caution again that because the disks are optically
thin at most wavelengths, SED fitting is not sensitive to the
disk geometry, and the disk structural parameters are poorly
constrained, and uncertainties in the dust opacities directly
impact the derived dust masses.

6. DISCUSSION

In this section we compare our results with previous studies.
BDs in Upper Sco are of special interest because they allow us

to compare the evolution of disk masses as a function of
spectral type in Upper Sco itself, but also as a function of time
in comparison with other younger associations. We stress,
however, that our sample is by construction significantly
biased toward far-IR bright sources, and therefore also biased
toward sources with larger disk masses (see Harvey et al.
2012a).

6.1. Comparison of Dust Masses from Radiative Transfer
Models and Analytical Prescriptions

An easy way to relate observed submillimeter fluxes to disk
masses is by assuming the emitting dust is optically thin and
well represented by a single temperature:

M S d B Tlog log 2 log log log , 1dust dust( ) ( )k= + - - á ñn n n

Table 3
Comparison of Disk Masses Using Different Approaches to Estimate the Disk Mass-averaged Dust Temperature

Object Luminosity Analytic Dust Massa Analytic Dust Massa Analytic Dust Massa Model Dust Mass
Le Td=25(L*/Le)

0.25 Tdust=22(L*/Le)
0.16 Disk-averaged from model

(1) (2) (3) (4) (5) (6)

2MASS J15555600 0.0075 1.20 (0.88) 0.54 (0.39) 0.13 (0.09) 0.33
2MASS J15560104 0.0075 4.35 (3.18) 1.96 (1.43) 1.54 (1.12) 1.05
2MASS J15591135 0.0114 3.91 (2.86) 1.67 (1.21) 0.90 (0.65) 1.05
2MASS J16024575 0.0064 0.68 (0.49) 0.35 (0.25) 0.21 (0.15) 0.11
2MASS J16060391 0.0045 0.32 (0.23) 0.12 (0.09) 0.04 (0.03) 0.03
2MASS J16100541 0.0064 1.02 (0.74) 0.44 (0.32) 0.21 (0.15) 0.33
2MASS J16193976 0.0064 1.84 (1.34) 0.79 (0.57) 0.43 (0.31) 0.33
2MASS J16214199 0.078 1.94 (1.42) 1.57 (1.14) 2.03 (1.47) 1.05

Note. In column (2) we list the luminosity used for calculating the dust temperatures of the objects in the left column (1). From column (3) onward we list the masses
(M⊕) calculated following Equation (1) and using temperatures from the Andrews et al. (2013) relation (3), an updated version of this relation suitable for BD disks
using lower luminosity objects and smaller disk sizes (4), and the mass-averaged dust temperatures in out best-fit radiative transfer models (5, both this paper). In the
rightmost column (6) we report the disk mass taken directly from the best-fit radiative transfer model for each source.
a Parenthetical values indicate scaled masses corresponding to an 885 μm opacity of 3.7 cm2 g−1 to match the model parameters. Original values correspond to a
scaled 885 μm opacity of 2.7 cm2 g−1 (cf. Carpenter et al. 2014).

Figure 4. Dust mass probability distributions for all sources within our survey, calculated from the radiative transfer grid presented in Section 5.
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where Sν is the flux density, d is the distance, κν is the dust
opacity, and B Tdust( )á ñn is the Planck function evaluated at the
mass-averaged dust temperature. This equation estimates the
dust mass in the disk. Andrews et al. (2013) calibrated the
relationship between the mass-averaged dust temperature,
Tdustá ñ, and the stellar luminosity, L*, using a suite of radiative
transfer models in the luminosity range 0.1Le<L*<100 Le.
In that range, the dust temperature scales with the stellar
luminosity as T L L25 Kdust

1 4( )*á ñ »  .
In Upper Sco, this temperature scaling was used by

Carpenter et al. (2014) to calculate the dust masses around K
and early M type stars. Following them, we calculate the dust
masses for our targets in a similar way using the same opacity
as used by Andrews et al. (2013) but scaled to the wavelength
of our observations: κ885=2.7 g−1 cm2 at 885 μm, assuming
κ1.3mm=2.3 g−1 cm2, κ∝νβ, and β=0.4 as in Andrews
et al. (2013) and Carpenter et al. (2014). We call these dust
masses the “analytical masses.”

The analytical dust masses we derive under these assump-
tions are on average a factor of 3.5 larger than the masses
derived using the radiative transfer modeling described in
Section 5. Even if we allow for the difference in dust opacity
between the value above and that for our radiative transfer
models (3.7 cm2 g−1, see Table 3), the analytical dust masses
are still a factor of 2.5 larger than the model masses. We note
also that the BDs in our sample have luminosities in the range
0.002Le<LBD<0.05 Le, well outside of the range tested by
Andrews et al. (2013). This may lead to significant deviations
in the calculated disk masses as discussed below.

One likely candidate for this discrepancy is the very low dust
temperature in the disks around late M stars required by the
scaling relation. This low temperature is motivated by the tight
correlation observed between stellar luminosity and
Spitzer24 μm flux (Luhman et al. 2010; Rebull et al. 2010),
which suggests that stellar luminosity provides the sole heating
contribution to the isothermal disk regions producing the
greatest amount of mm-wave emission (Andrews et al. 2013).

There are several factors that can interfere with this scaling
for disks around very low-mass objects. One important
weakness for example, is that at low luminosities dust heating
by the general interstellar and intra-cloud radiation field is
significant in the outer parts of the disks. Another reason why
VLMS and BD disk temperatures may deviate from the

proposed scaling relation is their possible smaller disk size
and/or shape. If the extent of the disk radius is significantly
smaller for lower-mass primaries, and/or if the scale height
distribution differs, the dust temperature scaling relationship
will be accordingly different. If we consider a changing disk
radius with primary mass as the most significant factor, it has
been shown for a benchmark suite of models, including
MCFOST and RADMC-3D (used by Andrews et al. 2013), that
beyond a saturation point of incident flux at the innermost
region of the disk, the dust temperature within the disk falls
with radius in a T∼1/R0.4 to 0.5 fashion (Figure3 of Pinte
et al. 2009; Pinte & Laibe 2014). Finally, as young objects are
moving toward the main sequence and contract, their
luminosities decrease for similar spectral types. The Andrews
et al. (2013) grid was constructed using objects of 2.5 Myr,
markedly different from the 11Myr Upper Sco objects. This in
turn has a direct influence on the heating of the disk.
To test the influence of disk size, stellar luminosity (age) and

external radiation field, we calculate a grid of disks similar to
the models described in Section 5, but with most parameters
fixed at a representative value. These fixed values are: a scale
height H0 of 10 au, β (the exponent of the scale height
profile)=1.125, an inclination of 45°, the inner radius Rin at
0.1 au, a surface density exponent p of −0.5, and a disk mass
fixed at 1% of the (sub)stellar mass. We vary the disk outer
radius Rout between 10 and 200 au, and use stellar parameters
(R*, M*, and T*) from the Baraffe et al. (2015) models for
objects of 1 and 10Myr. These models cover a mass range
between 0.01 and 1.4Me, and luminosities between 0.00013
and 3.3 Le. Results are summarized in Figure 5. For all but the
second from the left panel, we show results for disks with an
outer radius fixed at 100 au.
We fit a power law to the correlation between luminosity and

mass-averaged disk dust temperature for the models with an
outer radius of 100 au and obtain a best fit represented by
T L L22 Kdust

0.16( )*á ñ »  . (left panel Figure 5). This power
law predicts higher values for the disk mass-averaged dust
temperature than the prescription derived for higher luminosity
disks (Andrews et al. 2013), which is not unreasonable since in
their Figure 17 the dust temperature decrease seems to flatten
out for lower luminosities. In our parameter space we explore
low luminosities largely unexplored by the Andrews et al.
(2013) study, and we want to stress that the luminosity-

Figure 5. Mass-averaged model dust temperatures Tdustá ñ for a set of generic disk models disk models around low luminosity objects with the stellar parameters taken
from the 1 (filled circles) and 10 Myr (filled triangles) isochrones of Baraffe et al. (2015). Shown from left to right: (a) dust temperature as function of central object
luminosity, overplotted a power-law fit in blue, and the Andrews et al. (2013) solution in red. The downward arrows show the luminosities of our Upper Sco (black)
and Ophiuchus (gray) objects; (b) the effect of an outer disk radius varying between 10 and 200 au. Dust temperatures for each outer radius following a power law of
the shape Tdá ñ=a×(L*/Le)

b are also shown in the panel; (c) the effect of stellar age on dust temperature; (d) the effect of an external radiation field on dust
temperature.
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temperature scaling relations we derive in this work are valid
for spectral types later than ≈M5. Furthermore, SED fitting in
absence of spatially resolved data allows finding a good fit to
the data up to the point where a small enough optically thick
disk cannot reproduce the observed flux anymore. Following
Figure5 from Bouy et al. (2008), and keeping in mind the
lower fluxes for our objects, this puts a lower size limit on our
disks of a few au. Any disk size beyond this lower limit is
possible for our sample, and we remind the reader that as Tdustá ñ
increases with shrinking Rout, the mass required to fit the SED
decreases.

In panel (b) of Figure 5 we examine the dependence of the
disk outer radius on the disk mass-averaged dust temperature.
As expected, the disk outer radius has a large influence on the
mass-averaged dust temperature, with temperatures as low as
0.8 (rout=200 au) and as high as 2.8 (rout=10 au) times the
baseline value we set at 100 au. We fit a scaling relation in the
form of a Tdustá ñ=a×(L*/Le)

b for each separate outer radius
and note these [a, b] values in the figure.

The effect of stellar age on the mass-averaged dust
temperature for stars of equal mass is that Tdustá ñ in the disks
around the older stars is systematically lower by between 2 K
and 7 K, or between 13% and 64%, compared to Tdustá ñ in the
disks around the younger (1Myr) objects (panel (c)). For the
stellar mass range represented by our target list, the average
dust temperature in the 10Myr old grid is between 30% and
50% lower compared to the 1Myr old grid. This effect is, of
course, directly driven by the decreasing luminosity as both the
temperature and stellar radius decrease with age.

Finally, we tested for the influence of an external
(interstellar) radiation field (ISRF) by including a cosmological
background + diluted O-B stars field, described in Woitke
et al. (2009). The effect of the contribution from an
external radiation field on the disk temperature is at most a
few percent (right panel of Figure 5) and is negligible for our
purposes.

6.2. Comparison with Objects of Earlier Spectral Types in
Upper Sco

The largest study of disk evolution for Upper Sco is that of
Luhman & Mamajek (2012). Based on Spitzer and WISE data,
both sensitive to emission from the inner disk but not to dust
mass, they conclude that disks are longer lived around the
lower mass members of the association than around the earliest
spectral types. Since total disk mass cannot be traced using
wavelengths where the emission is optically thick, this does not
directly address the evolution of the total mass of the disks.
Millimeter and submillimeter observations of Upper Sco disks
(Mathews et al. 2012; Carpenter et al. 2014), including our
own, have observed a modest number of total objects, but there
does appear to be a trend of disk mass with host mass. Our
observations extend the host mass down to a few×10−2Me.
As shown in Figure 6 for all the millimeter/submillimeter
observations including ours, there is some correlation of disk
mass and host mass with, albeit, substantial scatter. If we view
our data as sampling the upper end of the distribution of disk
masses for Upper Sco BD/VLMS, then this rough correlation
is still present in the comparison with earlier type young objects
in Upper Sco.

6.3. Declining Detection Rates for the Gas Disks with Time

We detect 12CO J=3− 2 emission in 1 of the 7 disks in
Upper Sco. This disk, around the M6.5 object 2MASS
J15555600, has an estimated dust mass of 0.33M⊕, which is
one of the weaker detections in our sample. An emission line
with similar line/continuum brightness would have been
detected around any of our other sources. Yet, dust should
become optically thinner than CO very rapidly if the mass is
reduced similarly for dust and gas. Keeping in mind that our
sample is selected to cover the brightest disks in this spectral
type range in Upper Sco, these low detection statistics suggest
that most of the gas-phase CO in these old disks has decreased
or disappeared, either by freeze out onto dust grains, accretion
onto the star, or photo-evaporation. While we still detect dust
emission, it is also possible that these disks are transitioning
into debris disks
We estimate a lower limit to the emitting gas mass of

0.07–0.43M⊕ by following the prescription from Rodriguez
et al. (2015) and references therein, adopting a CO:H ratio of
10−4, a line optical depth of τ=1 and a temperature range of
7.5–26.6 K (see Table 3), equal to the mass-averaged dust
temperatures found for 2MASS J15555600. Note that this
number ignores the frozen out CO reservoir, and that 12CO
J=3− 2 emission in general has optical depths exceeding 1.
Changing the optical depth modifies the CO mass with a factor
τ/(1− e−τ).
One possible explanation as to why we detect CO emission

in the disk around 2MASS J15555600 but not around any of
the other disks in Upper Sco is that this disk has a H–[4.5]
photometric color of 2.17, while that value for the rest of our
sources is between 1.07 and 1.81. This color is a proxy for the
warm dust in the inner disk, which suggests that the inner dust
disk of 2MASS J15555600 is warmer compared to the other
targets. This in turn could boost the emissivity of the CO gas.
Interestingly, this photometric color is similar to the color of 2
other VLMS/BD disk found in Taurus by Ricci et al. (2014)

Figure 6. Derived disk dust mass as a function of central object mass. Shown
are the new Upper Sco targets from this survey (star symbols), with dust
masses calculated from the 885 μm continuum flux. Shown for comparison are
a recent survey of higher primary mass Upper Sco members from Carpenter
et al. (2014, purple circles) and Mathews et al. (2012, blue squares).
Overplotted with dotted lines are lines of constant disk mass to stellar mass
ratios of 0.2% and 0.6% assuming a dust-to-gas ratio of 100. 3σ upper limits
are denoted by downward arrows.
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and detected in CO, 2M044 (2.36, spectral type M7.25), and
CIDA 1 (2.45, spectral type M5.5).

7. CONCLUSIONS

We summarize our conclusions as follows.

1. We detect 885 μm emission from 6 out of 7 surveyed BD
disks in the Upper Sco star-forming region, and from 1
disk in Ophiuchus.

2. We find that the dust masses of the detected disks are
low, between 0.1 and 1M⊕. The ratio of these disk
masses to the central object mass is in agreement with
previous results of Mathews et al. (2012) and Andrews
et al. (2013) on the disk/central object mass ratio for
disks around stellar mass objects, and suggests that this
correlation can be extrapolated down to the BD regime.

3. The correlation between stellar luminosity and mass-
averaged dust temperature for BD disks can be
approximated by T L L22dust

0.16( )*á ñ »  K for disks
with an outer radius of 100 au, but increases with
shrinking disk outer radius. See Figure 5 for scaling
relations for other outer disk radii.

4. We detect 12CO J=3− 2 emission in two disks, one of
which belongs to Upper Sco: 2MASS J15555600
(spectral type: M6.5). The other detection is in the disk
around 2MASS J16214199 in Ophiuchus.

5. The disk of 2MASS J15555600 appears warm compared
to other Upper Sco targets in our sample based on the H–
[4.5] photometric color. Interestingly, this photometric
color is similar to the color of two other VLMS/BD disks
with detected CO emission found in Taurus by Ricci
et al. (2014).

In this manuscript we present the first part of our survey of 
disks around stars crossing the stellar/substellar boundary. We 
will present a similar analysis on disks in the Taurus  
star-forming region in K. Ward-Duong et al. (2016, in 
preparation, for the continuum emission) and in G. van der Plas 
et al. (2016, in preparation, for the CO emission).
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